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Preface

It is our pleasure to present this Reprint, a focused collection on sexual and asexual reproduction
in forest plants—core to biodiversity conservation, ecological resilience, and sustainable forestry.
As Guest Editors, we have curated it to address urgent forest challenges amid climate change and
resource demands, bridging fundamental insights with practical applications.

Covering woody oilseed trees, ornamental shrubs, clonal dioecious plants, and more, the Reprint
synthesizes reproductive mechanisms (physiological, genetic, molecular) and innovations like in
vitro regeneration, cryopreservation, and pathogen control. It serves researchers, forest managers,
breeders, and policymakers, offering evidence-based strategies for restoration, propagation, and
genetic diversity protection.

With appreciation of the scientific rigor of the authors, Plants editorial team, and reviewers, we
hope this Reprint inspires further research and collaboration to sustain forests through an enhanced

understanding of plant reproductive biology.

Ling Yang
Guest Editor
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Abstract: Aerides rosea (Orchidaceae) boasts high ornamental value due to its pleasant aroma, foxtail
spike, and elegant floral morphology. Inducing A. rosea to become tetraploid enhances horticultural
traits and facilitates fertile intergeneric hybrids through crosses with other market-available tetraploid
species. The experimental design involved the application of colchicine at varying concentrations—
0.05%, 0.1%, and 0.2%—to a solid medium. Exposure durations were 5, 10, and 15 days, with
treatments conducted under sterile conditions on 6-week-old protocorms post-germination. Re-
sults indicated that the protocorms were sensitive to colchicine concentrations exceeding 0.05%,
with high concentrations leading to a mortality rate exceeding 50%. Flow cytometry (FCM) with
4/ 6-diamidino-2-phenylindole (DAPI) staining confirmed a doubling of chromosome numbers in
tetraploid plants (2n = 4x = 76) compared to diploid controls (2n = 2x = 38). Induction efficiency
was significantly influenced by colchicine concentration and treatment duration. A 10-day treatment
with 0.2% colchicine yielded a 70.00% tetraploid induction rate; however, considering protocorm
survival, a 5-day treatment with 0.05% colchicine was preferable, achieving a 63.55% survival rate
and a 56.67% tetraploid induction rate. Tetraploid plants exhibited distinct morphological traits, such
as a more compact growth habit, thicker leaves, and increased stem and root thickness. Leaf mor-
phology changes included larger stomata with reduced density, denser spongy mesophyll, and more
pronounced venation. Tetraploids also demonstrated a 1.94-fold increase in genome size compared
to diploids. The tetraploid genotypes developed in this study hold significant potential for future
Aerides breeding programs.

Keywords: Aerides; chromosome doubling; orchid breeding; polyploid

1. Introduction

Orchidaceae, with approximately 30,000 species, is one of the largest families of flow-
ering plants, exhibiting tremendous floral diversity [1]. Orchids are closely associated with
forests, as many species primarily grow within forest ecosystems, where they play essential
roles [2]. For hundreds of years, orchids have been prized by collectors and adventurers.
Some of them, such as Phalaenopsis and Cattleya, have been cultivated as major ornamental
crops. However, many species with significant horticultural value remain underutilized.
Aerides rosea, among the vast array of orchid species, stands out as a particularly noteworthy
example of the family’s diversity and ecological significance. This species has not been fully
exploited for its horticultural potential. This rare and endangered [3] epiphytic orchid (liv-
ing on trunks or branches of the host trees without absorbing nutrients and water from the

Plants 2024, 13, 3535. https:/ /doi.org/10.3390/ plants13243535 1 https://www.mdpi.com/journal /plants
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hosts) is primarily distributed in the forests of southwestern China, Bhutan, northeastern
India, Myanmar, Laos, and Vietnam [4]. Characterized by monopodial branching and suc-
culent leaves, A. rosea produces long inflorescences densely packed with numerous flowers.
The flowers are pink, pleasantly fragrant, and uniquely shaped, making this species highly
valuable as an ornamental plant for both potted and cut flower markets [5]. As a member
of the subtribe Aeridinae, A. rosea can hybridize with species from related genera within
the subtribe. Its fragrant flowers make it a valuable resource for the production of many
scented artificial hybrids and cultivars [6]. Within the subtribe Aeridinae, Phalaenopsis
and Vanda are among the most popular and sought-after orchids in the global market [7].
According to the RHS database [8], there are 469 hybrid offspring involving Aerides, with
286 intergeneric hybrids with Vanda and 16 with Phalaenopsis. This indicates the extensive
use of Aerides in intergeneric hybridization.

However, achieving successful hybridization can be challenging. Interspecific hybrids
often suffer from reduced fertility due to problems with chromosome pairing and segre-
gation during meiosis [9]. Polyploid breeding can address this issue of hybrid infertility
by restoring fertility. Additionally, it is crucial to overcome barriers to hybridization. In
some cases, obtaining desirable crosses is challenging due to differences in ploidy levels
between potential parents. By adjusting the ploidy levels to be compatible before hybridiza-
tion, these interploidy barriers can be overcome, allowing successful hybridization. [10].
Polyploids are defined as individuals with three or more sets of chromosomes in their
somatic cells [11]. They are valuable to breeders due to their potential traits, including
increased leaf thickness and length, larger and more textured flowers, prolonged blooming
periods, thicker stems, greater biomass, and improved stress resistance compared to their
diploid counterparts [12,13]. Polyploidy has been an important factor in the development
of improved commercial varieties and hybrids of orchids [14]. However, there are currently
no reports of tetraploid germplasm of Aerides being used for breeding.

Polyploid induction is an important method for genetic improvement and hybridiza-
tion in orchids [15]. The primary mechanisms of natural polyploidy in orchids include
endopolyploidy and hybridization [16]. Artificial induction is mainly achieved by apply-
ing antimitotic agents to tissues, organs, or whole plants [17]. Studies have shown that
the efficiency of artificial polyploid induction in Orchidaceae depends on concentration,
exposure time of the antimitotic agent, the type and age of explants, and the in vitro in-
duction protocol [18]. The most widely used antimitotic agent for polyploid induction
in plants is colchicine [19,20]. Significant progress has been made in inducing polyploid
orchids in vitro using colchicine. This progress includes the successful somatic chromo-
some doubling in species such as Phalaenopsis [21], Vanda [22], Cattleya [23], Cymbidium [24],
and Dendrobium [25], achieved through the application of colchicine in both solid and
liquid media at concentrations ranging from 0.005% to 0.5%. It inhibits the formation
of spindle fiber and effectively arrests mitosis at the anaphase stage. At this point, the
chromosomes are doubled after cells pass another cycle. Orchid polyploidy can be induced
either by culturing explants on a medium with colchicine at a precise concentration [21] or
by submerging them in a colchicine solution [26]. Nonetheless, there are no reports on the
polyploidization of A. rosea.

In addition to an effective system for polyploidy induction, confirmation methods
are crucial for obtaining polyploids. Flow cytometry (FCM) is a rapid and relatively
accurate method for the large-scale identification of artificially induced polyploids [27].
Chromosome counting in mitotic cells of root tips is an accurate procedure to determine
ploidy, but it is time consuming and requires significant expertise. Therefore, attempts
have been made to find indirect methods for ploidy determination. The area of stomata has
been used to differentiate diploid and tetraploid regenerants of orchids [15]. The number
of chloroplasts per guard cell pair [28] and differences in stomata density [29] have also
been used as criteria in the distinction between diploid and tetraploid plants.

Inducing tetraploidy in A. rosea not only improves its horticultural traits but also en-
ables crosses with other market-available tetraploid species, resulting in fertile intergeneric
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hybrids. In this study, we achieved tetraploids in A. rosea through in vitro colchicine treat-
ment of protocorms. The resultant polyploid plants were identified based on morphological
characteristics and confirmed via FCM and chromosome counts in root tip mitotic cells.

2. Materials and Methods
2.1. Plant Material and In Vitro Protocorm Establishment

A. rosea plants (2n = 2x = 38) were cultivated in the greenhouse of the Institute of
Vegetables and Flowers, Chinese Academy of Agricultural Sciences, located in Beijing,
China. The plants were hand pollinated at full bloom in early June 2021, and capsules
were harvested before dehiscence in late September. Detailed phenotypic characteristics
are shown in Figure 1.

| 000 Tl
- Dy

Figure 1. Morphology of A. rosea flowers, pods, and protocorms. (A) Flowers; (B) fruit pods; and
(C) 6-week-old protocorms. Bars =1 cm.

To produce in vitro protocorms, the capsules were disinfected in 75% ethanol for
30 s, washed once with sterile water, then were surface disinfected in a 10% (v/v) NaClO
solution with an active chlorine content of 6-14% for 15 min. After rinsing three times
with sterile distilled water, the capsules were cut with a sterile blade. Using sterilized
tweezers, the capsule was held at one end above the mouth of the culture bottle, and
carefully, the seeds were scraped out from the capsule into the culture bottle using the
tip of the blade. The seeds were then spread onto the surface of the 1/2 Murashige and
Skoog (MS) culture medium [30] with 5 g-L~! carrageenan [31], 20 g-L~! sucrose, and
100 mL-L~! coconut water [32] at pH 5.8. The cultures were incubated at 25 °C under a
16/8 h light/dark photoperiod at a light intensity of 40 pmol/m?/s provided by white
florescent tubes. Protocorms developed 6 weeks after sowing. Subsequently, protocorms
with shoot apical meristem were used as explants for polyploid induction (Figure 1C).

2.2. Polyploidy Induction

Six-week-old protocorms of A. rosea were used for colchicine treatment. The proto-
corms used in the study were approximately 1-2 mm in diameter. They were cultured in
the 1/2 MS culture medium with 1.0 mg-L~! 6-benzylaminopurine, 5 g-L.~! carrageenan,
20 g-L~! sucrose, 1.5 g-L ™! activated carbon, and 100 mL-L~! coconut water, supple-
mented with colchicine at concentrations of 0, 0.05%, 0.1%, and 0.2% for 5, 10, and 15 days
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(Table 1). The colchicine solutions were sterilized by passing them through a 0.45 pm
Millipore filter [21]. The experiment followed a completely randomized design with a
factorial arrangement. Fifteen protocorms were used per replication, and three replicates
were established for each colchicine treatment. After exposure to colchicine, the proto-
corms were rinsed three times using sterile distilled water and transferred onto fresh
antimitotic-free seedling formation medium (growth conditions as mentioned above). The
surviving protocorms were subcultured in medium and developed into plantlets within
two months. Survival rates of protocorms were recorded at 6 weeks after colchicine treat-
ment. The surviving protocorms were then transferred to a similar medium for further
ploidy level analysis.

Table 1. Effects of colchicine on the survival rate and the mutation rate of A. rosea protocorms.

Antimitotic Agent Treatment Exposure Time (d)  Concentration % Survival Rate % Rate of Mutation %
Control CK 0 0 98.56 £3.02a 0
Colchicine 1 5 0.05 63.55 £ 6.08 b 56.67 £ 2.89 ¢
2 10 0.05 47.61 £2.09 ¢ 41.67 £2.89e
3 15 0.05 1693 £1.7f 41.67 £5.77 e
4 5 0.1 46.09 £ 0.61 c 4333 £2.8%e
5 10 0.1 33.06 £ 1.69 de 46.67 £2.89 de
6 15 0.1 1024 £1.04 ¢g 51.67 £2.89 cd
7 5 0.2 3492 +£1.37d 63.33 £2.89b
8 10 0.2 29.74 +1.37 ¢ 70.00 £ 5.00 a
9 15 0.2 6.69+045¢g 51.67 +2.89 cd

Note: Number of treated protocorms = 45. Data are the means + SE of three replicates. Different lowercase letters
in the same column indicate significant differences (p < 0.05).

2.3. Flow Cytometry Polyploidy Analysis

Fresh leaves of 7-month-old seedlings were harvested after colchicine treatments
for ploidy level identification using a CyFlow ploidy analyzer (Sysmex-Partec GmbH,
Norderstedt, Germany). Sample preparation was performed according to the CyStain
UV Precise P kit’s (Sysmex-Partec GmbH, Norderstedt, Germany) manual with minor
modifications as follows: Samples were chopped in 400 puL nuclear extraction buffer for 30 s
using a razor blade. The nuclei were mixed with 1600 pL of 4,6-diamidino-2-phenylindole
(DAPI) staining buffer and filtered through a 30 pm Cell-Trics filter (Sysmex-Partec GmbH,
Norderstedt, Germany) into a sample tube. For each experimental setup, samples of young
leaves from the in vitro seedlings of untreated (control) diploid A. rosea were selected as
the calibration standard to adjust the gain of the flow cytometer such that the first GO/G1
peaks were set at channel 100 on a 1000 channel scale. Histograms were generated after
analyzing >5000 nuclei using the De Novo FCS Express 7 software (De Novo Software, Los
Angeles, CA, USA). The number of polyploid plants was recorded based on FCM analysis.

2.4. Morphological Analysis

Fifteen diploid and fifteen tetraploid plantlets were cultured in a plant tissue culture
laboratory for 24 months. Morphological characteristics, including plant height, stem
diameter, leaf count, maximum leaf length and width, leaf thickness, root count, and
maximum root diameter, were analyzed. Leaf and root counts were directly recorded,
while other parameters were measured with a digital vernier caliper.

2.5. Stomatal Observation and Leaf Anatomy

Leaves from diploid and colchicine-treated tetraploid plants were selected. Three
leaves from each plant were cut from the middle regions of the third fully expanded leaves
from the top of the stem. To observe stomata characteristics, upper and lower epidermal
peels were taken from the leaves using forceps. Each peel was mounted on a glass slide
with a drop of water and then covered with a cover slip [33]. The slides were observed
under a microscope (OLYMPUS BX53, Olympus Corporation, Tokyo, Japan). The stomatal
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length and width of 10 randomly selected stomata from each leaf were measured. Then,
stomatal density was recorded in two randomly selected microscopic fields of view on the
adaxial and abaxial sides of each leaf.

Diploid and tetraploid leaf samples (5 mm x 5 mm) were cut from the middle regions
of the third fully expanded leaves from the top of the stem and fixed in FAA (5% formalde-
hyde: 5% acetic acid: 90% ethanol, v/v) at room temperature overnight. Dehydration
was performed in a series of ethanol solutions (50%, 70%, 85%, 95%, 100%, 100% v/v)
for 15 min each. The samples were then processed through a 1:1 xylene: ethanol (v/v)
mixture, followed by two rounds of xylene clearing for 15 min each. Gradual infiltration
with paraffin wax at 62 °C was performed, involving a 1:1 xylene: paraffin (v/v) mixture
and three rounds of paraffin immersion for 4 h each. The samples were cut into 10 um trans-
verse sections using a semi-motorized rotary microtome (Leica RM 2255, Leica Biosystems,
Nussloch, Germany) and stained with toluidine blue. Sections were observed under an
optical microscope (OLYMPUS BX53, Olympus Corporation, Tokyo, Japan). Four samples
were analyzed for each ploidy level. For each sample, at least three random cross sections
were chosen to measure leaf, mesophyll, vein, and upper and lower epidermal thicknesses.

2.6. Chromosome Counting

Root tips approximately 0.5 cm in length were collected and pretreated with a 0.1%
colchicine solution for 6 h at 20 °C in the dark to induce chromosome contraction. Following
this, the root tips were fixed overnight in Carnoy’s solution (ethanol:glacial acetic acid = 3:1).
The fixed samples were then washed twice with distilled water and dehydrated in a series
of ethanol solutions of varying concentrations, ultimately being preserved in 75% ethanol
at 4C. Cell wall separation was facilitated by immersing the root tips in 0.075 mol/L KCl
for 30-60 min at 37 °C. Subsequently, the root tips were treated with 1 mol/L HCI and
heated in a water bath at 60 °C for 10 min. The samples were then squashed in a modified
phenol fuchsin solution and observed under a microscope (OLYMPUS BX53, Olympus
Corporation, Tokyo, Japan) to determine the chromosome number.

2.7. Genome Size Measurement

The nuclear DNA content of three plantlets from each solid diploid and tetraploid
were estimated using a CyFlow ploidy analyzer with a 532 nm laser light source. Due to
the unknown genome size of diploid A. rosea and the extensive endopolyploidy in orchids,
making them potentially inaccurate as reference standards [34], Zea mays L. ‘B73" [35]
was chosen as the internal reference standard. Fresh leaves from the samples and the
internal reference standard of Z mays ‘B73’ were simultaneously chopped with a sharp
razor blade according to the manual for the Partec Cystain Propidium Iodide (PI) Absolute
P kit (Sysmex-Partec GmbH, Norderstedt, Germany). Histograms were generated after
analyzing >2000 nuclei [36], and representative flow histograms were analyzed using the
De Novo FCS Express 7 software.

Values for the nuclear DNA content of the test sample were estimated using the
following formula [37]:

Sample 2C DNA content = [(sample G1 peak mean)/(standard G1 peak mean)] x
standard 2C DNA content (pg DNA)

1 pg DNA = 0.978 x 109 bp

2.8. Statistical Analysis

Plant height was measured as the vertical distance from the base of the plant to the
highest point of the plant; shoot diameter was measured across the root to the nearest
millimeter scale; root length was measured from the leaf base to the tip of the roots to
the nearest millimeter scale; root diameter was measured across the root to the nearest
millimeter scale; leaf thickness was measured as the distance between the two surfaces at
the mid-point of the leaf; leaf length was measured from the leaf base to the tip to the nearest
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millimeter scale; leaf width was measured across the leaf to the nearest millimeter scale;
the total number of roots of each plant was counted and recorded; and the total number of
leaves of each plant was counted and recorded. The data analysis was conducted using
Excel 2016 for basic analysis. One-way ANOVA and mean comparisons among treatments
using the LSD method (at alpha = 0.05) were performed using SPSS 22. The experiment
was biologically replicated three times. The values in the table represent the range of data
changes (+) with respect to the standard deviation.

3. Results
3.1. The Impact of Colchicine Treatment on Survival and Induction Rates

The different concentrations of colchicine (0.05%, 0.1%, and 0.2%) and varying expo-
sure times (5 days, 10 days, and 15 days) significantly affect the survival and mutation rates
of protocorms. Data indicate that when colchicine concentration exceeds 0.05%, protocorm
survival rate drops significantly. For instance, at 0.05% concentration, the survival rate
is 63.55% after 5 days of treatment, but it decreases to 16.93% after 15 days. Similarly,
at 0.2% concentration, the survival rate is 34.92% after 5 days and drops to 6.69% after
15 days. These results show that higher concentrations of colchicine have strong toxicity to
protocorms, leading to high mortality rates. Additionally, high concentrations (0.2%) of
colchicine result in mortality rates exceeding 50% across all exposure times, with a mortality
rate of 93.31% after 15 days of treatment (Table 1).

The interaction between colchicine concentration and exposure duration was crucial
for the induction rate, highlighting the importance of optimizing both factors for in vitro
tetraploidy induction in A. rosea. The highest survival rate, 70.00%, occurred in the 0.2%
treatment for 10 days, although the actual survival rate was 29.74%. Compared to Treat-
ment 8, which had the highest induction rate, Treatment 7 used the same concentration
but had a shorter 5-day treatment duration. This led to a 6.33% decrease in tetraploid
induction rate and a 5.18% drop in protocorm survival rate. Treatment 1, with a 0.05%
concentration for 5 days, experienced a 13.33% reduction in induction rate but a 33.81%
increase in protocorm survival rate.

Tetraploid plants were identified using FCM on 121 surviving regenerated plants
(Table 1). Diploid controls showed an initial G1 peak at channel 100 (Figure 2A), whereas a
peak at channel 200 indicated tetraploidy (Figure 2B). All control plants were confirmed
as diploid. Histograms in Figure 2 revealed three distinct peaks for both diploid and
tetraploid samples, suggesting endopolyploidy in in vitro-regenerated cells. Chromosome
counts confirmed the FCM results: diploids had 2n = 2x = 38 (Figure 2C), and tetraploids
had 2n = 4x = 76 (Figure 2D).

3.2. Morphological Comparison

Twenty-four months after colchicine treatment, tetraploid plants (Figure 3B-I) ex-
hibited significant morphological differences compared to diploid plants (Figure 3A).
These differences included shorter stature, more compact growth, thicker stems and roots,
rougher leaf texture, and thicker leaves. Under the same in vitro conditions, significant
morphological differences were observed between diploid and tetraploid A. rosea plants
(Table 2).

The average leaf width was 6.21 mm for diploids and 8.34 mm for tetraploids. Leaf
thickness increased from 0.97 mm in diploids to 1.42 mm in tetraploids. Tetraploid plants
had larger root diameters, measuring at 4.30 mm compared to 2.29 mm in diploids. Stem
diameters also increased, from 2.01 mm in diploids to 3.22 mm in tetraploids. However,
tetraploid plants were shorter and had shorter leaves than diploids. There was no signifi-
cant difference in the number of leaves and roots between the two ploidy levels.
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Figure 2. Ploidy detection of diploid and tetraploid plantlets via FCM and chromosomal counting.
FCM histograms of DAPI-stained nuclei from in vitro leaf tissue for diploid (A) and tetraploid
plantlets (B); chromosome of root tip cells from diploid 2n = 2x = 38 (C); and tetraploid 2n = 4x = 76 (D).
Bars = 50 um.
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Figure 3. Morphologies of one-year-old diploid and tetraploid plantlets after colchicine treatment.
(A) Diploid control plantlet; (B) 0.05% colchicine; (C) 0.05% colchicine; (D) 0.05% colchicine; (E) 0.05%
colchicine; (F) 0.05% colchicine; (G) 0.1% colchicine; (H) 0.1% colchicine; and (I) 0.2% colchicine.
Bars =1 cm.
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Table 2. Comparison of morphological indexes of diploids and tetraploids induced by colchicine.

Phenotypic Characteristics Diploid Tetraploid
Plant height (mm) 49.77 £1.85a 29.75+1.04b
Stem diameter (mm) 2.01£0.03b 322+0.02a
Number of leaves per plant 525+05a 4254+096a
Leaf length (mm) 21.03 +1.04a 11.13+ 0.34b
Leaf width (mm) 6.21 +0.03b 8.34+0.02a
Aspect ratio of leaves 377 +£024a 170+ 0.07b
Leaf thickness (mm) 097 +£0.14b 142 +0.13a
Root length (mm) 43.21 £4.89b 26.82 £229a
Root diameter (mm) 229 +0.18b 430+0.36a
Number of roots per plant 525+ 050a 425+09a

Note: Data are the means & SE of three replicates. Different lowercase letters in the same column indicate
significant differences (p < 0.05).

3.3. Stomatal and Mesophyll Cell Differences

Differences in stomata between tetraploid and diploid plants provide a straightforward
method for identifying polyploids. The stomatal density in tetraploids (Figure 4B) is
significantly lower than in diploids (Figure 4A), with diploids at 31.09 um and tetraploids
at 8.06 um. Tetraploid stomata (Figure 4D) are larger, with lengths and widths 39.51% and
52.86% greater than those of diploid stomata (Figure 4C) (Table 3). Both diploid (Figure 4E)
and tetraploid (Figure 4F) plants have polygonal epidermal cells.

A ﬁr wgw b :—a;w

Figure 4. Leaf epidermal characteristics of diploids (left) and tetraploids (right). Abaxial epidermal
stomatal density (A,B); stomatal size (C,D); and adaxial epidermal cell densities (E,F).
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Table 3. Leaf anatomical structure of diploid and tetraploid plantlets.

Stomatal Properties Diploid Tetraploid

Stomatal width (um) 3290+ 1.83b 4590 +£4.52a
Stomatal height (um) 30.02 £ 0.84b 45.89 £5.86a

Stomatal aspect ratio 1.10 £ 0.06 a 1.02£0.18a

Stomatal density (mm?) 31.09 £1.35a 8.06 £1.12b
Leaf vein diameter (um) 62.43 +7.80 b 9147 £ 1291 a
Upper epidermal thickness (um) 4329 £343Db 54.81 £3.56 a
Lower epidermal thickness (um) 30.44 £ 0.90 b 4776 £3.58 a

Mesophyll thickness (mm) 0.83+0.01b 1.04 £0.05a

Note: Data are the means + SE of three replicates. Different lowercase letters in the same column indicate
significant differences (p < 0.05).

Longitudinal sections of the leaves show that both diploid (Figure 5A) and tetraploid
(Figure 5B) orchid leaves have uniform mesophyll cells without distinct palisade or spongy
tissues. The mesophyll cells are tightly packed and vary in shape from polygonal to
elliptical. Stomata are distributed on the lower epidermis of the leaves. Table 3 shows that
the thickness of epidermal cells, veins, and mesophyll in tetraploid leaves is significantly
greater than that in diploid leaves.
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Figure 5. Leaf cross-section structure of diploids (A) and tetraploids (B). Ue—upper epidermis;

Lm—Ileaf mesophyll; Lv—leaf vein; Le—lower epidermis; and S—stomata. Bars = 200 pum.

3.4. Changes in DNA Content

Histograms from the simultaneous analysis of nuclear suspensions from A. rosea and
the internal reference standard (Z. mays ‘B73’) stained with PI displayed clear fluorescence
peaks, confirming successful DNA content estimation. The mean CV values for both the
reference and sample plantlets were below 5%. By utilizing Z. mays ‘B73" as an internal stan-
dard (Figure 6A) in conjunction with diploids (Figure 6B) and tetraploids (Figure 6C), the
average 2C DNA contents were found to be 2.90 and 5.62 Gb, respectively. The tetraploids
exhibited a genome size that was 1.94 times larger than that of their diploid counterparts.
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Figure 6. Genome size of A. rosea was estimated via FCM. DNA histograms of Pl-stained nuclei
of internal reference standard Z. mays ‘B73’, (A) the diploid, (B) and tetraploid (C). Peaks of the
internal reference standard in the histograms of diploids and tetraploids were indicated by an asterisk.
(* represents the 2C peak of Z. mays ‘B73’).

4. Discussion

The artificial induction of polyploids significantly increases the frequency of poly-
ploid plants in breeding programs. An efficient in vitro mitotic chromosome doubling
protocol depends on various factors, including species, explant type, antimitotic agents,
exposure concentration and time, application method, and confirmation technique [19].
Protocorm-like bodies (PLBs) and protocorms are the primary explants for in vitro poly-
ploid induction [18]. In orchids, thousands of seeds can be obtained from a single capsule,
which after one or several months of in vitro germination, become numerous protocorms.
Therefore, this study used the protocorms of A. rosea for induction. Research indicates that
using protocorms for polyploid induction in orchids is widespread and highly effective.
For instance, almost all reported Dendrobium species have used protocorms or PLBs as
in vitro induction materials, with induction efficiencies reaching up to 80% [38].

The optimum concentration and duration of colchicine exposure differ among species,
even within the same genus of plants. For instance, a 0.5% colchicine treatment for 10 days
induced the most polyploids in P. amabilis Blume and P. amboinensis ].J.Sm. [39], while a
0.01% concentration for the same period was optimal for P. pulcherrima (Lindl.) ].J.Sm [40].
Moreover, the ideal colchicine concentration and exposure time for orchid polyploid induc-
tion depend significantly on the explant type and application method used. For C. hybrid, a
24 h soak of stem segments in a 0.05% colchicine solution resulted in a high induction rate
of 28.2% [41]. However, when treating PLBs with the same concentration, it required 5 days
to achieve its highest induction rate of 23.7% [42]. In our study, a colchicine concentration
of 0.2% proved to be more effective in inducing polyploidy compared to concentrations
of 0.05% and 0.1%. However, considering the balance between survival and induction
rates, treatment with 0.05% colchicine for 5 days was also relatively effective. This protocol
yielded an acceptable induction rate while maintaining a higher survival rate among the
treated protocorms.
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Colchicine has been shown to significantly reduce cell viability. In this experiment, our
findings indicate that higher concentrations and longer exposure durations of colchicine
absorbed by protocorms result in lower survival rates for both the protocorms and the re-
sulting plantlets. This outcome is consistent with results in many plants, such as pear (Pyrus
communis L.), mulberry (Morus alba L.), and perennial ryegrass (Lolium perenne L.) [43-45].
Low doses over extended periods are generally considered safer and more effective for
inducing polyploidy without severely compromising plant health [46]. In this study, 0.05%
colchicine reduced the survival rate of protocorms to below 50%, likely due to the greater
sensitivity of A. rosea to colchicine [47]. Moreover, although low concentrations may not
immediately affect cell viability, prolonged exposure can lead to cell death and reduced
proliferation rates [48]. Additionally, negative effects of polyploidy can be observed during
the growth stages. Manzoor et al. [49] observed that colchicine-treated gladiolus plants
exhibited a range of leaf abnormalities, with the severity of these effects increasing at higher
concentrations. In our study, the diploid leaves were upright and smooth, but the colchicine-
treated leaves showed varying degrees of crimping and stunted growth. Specifically, leaves
treated with 0.2% colchicine were semicircular and grew particularly slowly.

In polyploid induction, soaking plant tissues in colchicine tends to increase the occur-
rence of chimeras, which are plants with genetically different tissues. This is likely because
the treatment does not uniformly affect all cells, leading to mixed ploidy levels within
the same plant. Conversely, adding colchicine to solid culture media reduces chimera
formation by promoting more stable polyploidy. The solid medium allows for more con-
sistent exposure and treatment, thereby reducing variability. For instance, research on D.
wardianum R. Warner has shown that cultivating protocorms in a culture medium with
75 uM colchicine for 30 days resulted in a 34% mutation rate and produced more stable
polyploids compared to soaking. Using solid culture media helps to ensure uniformity
in ploidy induction, thus reducing the formation of chimeras. [50]. Furthermore, higher
concentrations of colchicine for shorter periods can cause severe malformations and reduce
the production of tetraploid plants. Therefore, moderate concentrations with longer ex-
posure periods have proven to be more effective and less toxic, reducing side effects and
enhancing the overall induction rate of stable polyploids [51]. In this study, it is reasonable
to increase the duration of colchicine exposure in the solid culture medium to 5-10 days.

The artificial induction of chromosome doubling in orchids, particularly through the
use of colchicine, results in significant changes in stomatal and anatomical characteristics.
Polyploid orchids typically exhibit larger stomata compared to their diploid counterparts.
While the size of stomata increases, stomatal density often decreases in polyploids [50].
These changes in stomatal characteristics can influence photosynthetic efficiency and water
regulation within the plant. Larger stomata can facilitate increased gas exchange, while
reduced density might help minimize water loss under stressful conditions. Chromo-
some doubling leads to an overall increase in cell size, contributing to thicker leaves and
stems [18]. Research indicates that colchicine treatment can lead to approximately a one-
third reduction in plant height [9]. The extent of height reduction is influenced by the
concentration of colchicine used, with higher concentrations exacerbating growth inhibition
and reducing overall plant vigor [50]. Consequently, both plant morphology and stomatal
features have been established as reliable indirect indicators for determining the ploidy
level of A. rosea.

Moreover, endoreduplication, a phenomenon where cells have multiple sets of chromo-
somes, is prevalent in various orchid species [52]. In orchids, endoreduplication is linked
to the rate of plant growth [53]. Tissue culture techniques that use endopolyploid cells,
involving successive cycles of sectioning protocorms, have been adopted. For example,
Chen observed endopolyploidy in diploid P. aphrodite Rchb. f. protocorms. Protocorms,
measuring 3-5 mm in length after germination, were horizontally sectioned into equal parts
before the expansion of the first leaf. The basal portion, with the sectioning surface facing
upward, was placed into the culture medium for ex vitro regeneration. FCM determined
that 34% of the PLBs in the first cycle of regeneration from the protocorms were poly-
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ploid [54]. In this study, endopolyploid cells were also detected in genotype-regenerated
plantlets derived from diploid control protocorms. The ploidy level analysis showed that
they were all diploids.

The genome size of artificially doubled plants does not always increase in direct multi-
ples of the diploid genome. In our study, we used FCM with PI as the DNA fluorochrome
on young leaf tissue to estimate the genome sizes of both solid diploids and colchicine-
induced tetraploids. The tetraploids exhibited 1.94 times the DNA content of the diploids,
with genome sizes of 2.90 and 5.62 Gb, respectively. These findings suggest that DNA loss
or genome downsizing may occur after polyploid formation [55]. Furthermore, the exten-
sive endoreduplication in orchid somatic tissues complicates genome size analysis. This
challenge affects both whole and partial genome assessments, and the potential absence of
2C DNA content nuclei in the G1 phase could lead to the overestimation of genome size
values. To address this, it is essential to randomly select multiple plants for analysis, with
each plant being analyzed multiple times. Repeated measurements from the same plant
can detect process variations and estimate differences between plants. While traditionally
used leaves might yield inaccurate C-values, especially in species with gradual partial
endoreduplication, young ovaries and pollinated pollen consistently show clear 2C and 1C
peaks for G1 phase nuclei, making them optimal for orchid genome size studies, followed
by leaf tips [56]. In this study, since the induced polyploid plants did not flower, leaf tips
were used to measure genome size.

5. Conclusions

In this study, we report for the first time the induction of autotetraploids in A. rosea by
treating diploid protocorm explants with colchicine in vitro. The appropriate concentration
of colchicine and exposure time are crucial for increasing the rate of tetraploid induction.
Based on our findings, the most effective approach, considering the balance between sur-
vival and induction rates, was treatment with 0.05% colchicine for 5 days. Compared
to diploids, the tetraploids exhibited significant changes not only in morphological and
anatomical characteristics but also in genome size. These tetraploid plants have the poten-
tial to serve as progenitors in the creation of novel fragrant germplasms, offering a diverse
array of fragrances within the subtribe Aeridinae breeding programs.
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Abstract: There is an urgent need for the cryopreservation of dormant buds to conserve the genetic
resources of woody plants, particularly fruit trees, as this method is less time-consuming and
relatively inexpensive. In the present study, three different cryopreservation protocols were tested
on dormant buds from three varieties of Vitis amurensis Rupr. The explants were collected between
November 2017 and March 2018. Twig segments harvested from field-grown plants, each containing
one dormant bud, were desiccated in a low-temperature test chamber at —5 °C. The viability of the
buds was highest (45%) after 28-30 days of desiccation, when the moisture content was approximately
25-30%. Cryopreservation using the CP3 protocol (which involves decreasing the temperature at
a rate of 0.1 °C/min to —30 °C and holding this temperature for 24 h, followed by a 0.5 °C/min
decline to —80 °C, a 1 °C/min decline to —180 °C, and finally reaching —196 °C in a CryoMed
controlled rate freezer) significantly enhanced the viability (66.67%) when the samples were packed
in aluminum-foil bags. Additionally, immersing the twigs in ice-cold (4 °C) water for 24 hin a
refrigerator during thawing proved to be more conducive to viability. The dormant buds of all
three V. amurensis varieties collected in January exhibited the highest viability after cryopreservation,
followed by those collected in February and December. In contrast, the dormant buds collected in
November and March showed the lowest viability after cryopreservation. The average viability of
twigs of ‘Shuanghong’, “Zuoshanyi’, and ‘Shuangfeng’ collected between 2019 and 2021 all exceeded
60%. After the cryopreservation process, the outer multilayered cells in the buds were completely
damaged; however, the inner cells exhibited moderate damage and were able to resume growth
after thawing. Therefore, based on graft viability and histological observations, the dormant bud
cryopreservation protocols tested in this study could be applicable to these three V. amurensis varieties.

Keywords: conservation of resources; dormant buds; viability; Vitis amurensis; structural changes

1. Introduction

The conservation and availability of a wide variety of fruit germplasm including
varieties and wild relatives require a strong genetic resource pool. Traditionally, field gene
pools serve as ex situ resources for problematic materials. However, several limitations that
hinder their utility pose significant threats to germplasm security [1]. Genetic resources are
vulnerable to pests, diseases, natural disasters such as drought, human error, and vandalism.
Furthermore, germplasm exchange under these conditions carries substantial risks due to
the potential transfer of diseases through vegetative propagation [1,2]. Current in vitro gene
pools offer a viable option for the short-term and medium-term preservation of various
crops [3] including temperate fruit trees and horticultural species [4-7]. Nevertheless,
these in vitro gene pools are not ideal for long-term preservation, as this method can be
costly and may result in resource loss due to contamination or technical challenges during
regrowth intervals.

Cryopreservation is a valuable tool for the long-term storage of clonally propagated
plants and seeds [8,9]. Significant advancements in plant cryopreservation have occurred
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since the initial experiments conducted from the 1970s to the 1990s, leading to the de-
velopment of various cryopreservation techniques since the 2000s. Numerous studies
on germplasm cryopreservation have been published for a wide range of plant species
including herbs, vines, shrubs, and trees across diverse growth regions, from tropical
and subtropical to temperate climates [8,10]. Propagules such as shoot tips and dormant
buds are candidates for clonal cryopreservation, in which the traits of interest from the
parent plant are retained [11,12]. The cryopreservation of dormant buds (DBs) is less time-
consuming than that of the shoot tips, as DBs do not require aseptic culture or additional
time for excision, increasing the cryopreservation capacity [13]. In a pioneering study,
Sakai initiated the cryopreservation dormant buds on Salix and Populus, and then extended
this to other species such as Vitis [14-17]. Since then, dormant bud cryopreservation has
been used for other species such as Betula pendula [18], Prunus cerasus [19], blueberry [20],
Malus [21], Ulmus [22], Fraxinus [23], Pyrus [24], Pinus sylvestris [25], and other tree species.
Although there may have been successful scientific reports, the dormant bud approach has
not been widely adopted for the preservation of crop germplasm. One possible reason for
this is that the method is primarily utilized for shrubs and trees that can survive dormancy;
however, the DB of crops may not yield satisfactory post-cryopreservation viability.

Vitis amurensis Rupr. (Vitaceae), a nature-state vine, is widely distributed from the
northeastern regions of China to northern Korea. It is considered as one of the most
desirable wine grape varieties in China [26]. Modern pharmacological studies indicate
that V. amurensis exhibits anti-inflammatory [27], antimicrobial [28], antioxidant [29,30],
and anticancer properties [31,32]. V. amurensis vines are generally dioecious, although
hermaphroditic vines have also been occasionally reported. This plant species demonstrates
high resistance to cold temperatures [33], allowing the viability of branches and roots at
—40 °Cand —16 °C, respectively [34]. Consequently, V. amurensis is regarded as one of the
most valuable germplasm resources in grape breeding. The cryopreservation of Vitis shoot
tips and dormant buds has been reported in some species, but most studies have been
carried out on shoot tips, and only one study has been published on dormant buds [35-38].
Limited results were obtained when Vitis dormant buds were cryopreserved. To the best
of our knowledge, there are currently no reports on the cryopreservation of V. amurensis
germplasm resources. The cryopreservation of DB is more cost-effective, and the recovery
process is simpler, utilizing direct grafting or tissue culture [39,40]. In this study, we
investigated the optimal conditions for the cryopreservation of DB of V. amurensis. We tested
various cryopreservation protocols on three varieties of V. amurensis and examined the
ultrastructural changes during the successive steps of desiccation prior to cryopreservation
as well as after thawing. The findings of this study provide effective guidelines, protocols,
and methods for the conservation and sustainable utilization of V. amurensis.

2. Materials and Methods
2.1. Plant Material

A total of 1800 one-year-old dormant twigs from 30 individual plants of V. amurensis
‘Shuanghong’, “Zuoshanyi’, and ‘Shuangfeng’ (planted in 2010) were collected between
November (autumn) 2017 and March (spring) 2018, and in January (winter) 2019, 2020, and
2021 at the orchard of the Jilin Agricultural University (latitude 43°86'; longitude 125°28'),
Changchun, China. The lowest and average temperatures are shown in Figures 1 and 2.
Twigs were cut into 70 mm segments, and each segment contained one dormant bud, which
was 1 cm away from the top. The basal and uppermost part of the shoots were not used.
The top diameter of the twigs of between 6 and 7 mm was used.
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Figure 1. The lowest temperature profile at the orchard of the Jilin Agricultural University (latitude
43°86/; longitude 125°28"), Changchun, China from November 2017 to March 2018.
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Figure 2. The average temperature at the orchard of the Jilin Agricultural University (latitude 43°86’;
longitude 125°28'), Changchun, China. (A) The average temperature from November 2017 to March
2018. (B) The average temperature of January in 2019, 2020, and 2021.

The standard cryopreservation procedure was as follows (Figure 3). The twigs were
desiccated in a low-temperature test chamber at —5 °C for 28 days to the moisture content
of approximately 25-30%. Three twigs were packed in aluminum-foil bags and then
transferred to a CryoMed controlled rate freezer for cooling down at a rate of 0.1 °C/min
to —30 °C, maintaining this temperature for 24 h, followed by a decline of 0.5 °C/min
to —80 °C, then a decline of 1 °C/min to —180 °C, and finally dropped into LN. The
thawing procedure consisted of immersing the twigs in ice-cold (4 °C) water for 24 h.
Twig segments were then grafted onto the rootstock Beta “Zaohong” (1~2-year-old) in
a greenhouse maintained at 25 + 3 °C and 75-95% relative humidity. Rootstocks were
selected for grafting based on their thickness, which should match the thickness of the
scion. The rootstock was cut flat approximately 5 cm from the rhizome, and the bud eye
was removed. A rootstock was split about 1 cm from the center of the stem. The lower part
of the scion was split into two opposing inclined planes, each about 1 cm in length. The
cut end of the scion was inserted into the incision made in the rootstock, ensuring proper
alignment. Finally, the joined sections were secured with thin plastic strips. The buds’
viability was evaluated as the number of buds that sprouted five weeks after grafting.
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Figure 3. Cryopreservation process of the dormant twigs of V. amurensis. (A) Twig desiccation

at 5 °C in a refrigerator; (B) desiccated twigs were vacuumed packed with aluminum-foil bag;
(C) desiccated twigs frozen in a CryoMed controlled rate freezer; (D) desiccated twigs cryopreserved
in LN; (E) cryopreserved twigs after thawing; (F) twigs that survived after grafting for two months.

2.2. The Effect of the Desiccation Procedure

Twigs of ‘Shuanghong’ were desiccated in a low-temperature test chamber (DW-100,
Yashilin) at —5 °C for 7, 14, 20, 25, 28, 30, or 32 d. Twigs without desiccation were used
as the control. Water loss during desiccation and bud viability were determined at each
time point. To construct a desiccation curve, the twigs were weighed immediately after
desiccation and after drying at 60 °C until reaching a constant weight. The moisture content
(MC) was calculated as follows:

MC = (FW — DW)/FW % 100%

Desiccated twigs were packed with aluminum-foil bags and immersed in liquid
nitrogen (LN) for 28 d. To thaw, the twigs were removed from the aluminum-foil bags
and immersed in ice-cold water (4 °C) for 24 h. The viability of the buds was determined
as indicated in Section 2.1. Each treatment contained 30 twigs, and all experiments and
analyses were performed in triplicate.

2.3. The Effect of Packing and Cryopreservation Procedure

Desiccation was performed as described above, and the amount of water loss and
corresponding bud viability were determined at 28 d. Subsequently, the desiccated twigs of
‘Shuanghong’ were either sealed in cryovials (Nunc™, Thermo Fisher Scientific®, Waltham,
MA, USA) or vacuum sealed in aluminum-foil bags; desiccated twigs subjected to no
packing were used as controls. The twig samples were then treated with a different
cryopreservation procedure—CP1, CP2, or CP3. For CP1, twigs were immersed in LN
directly; for CP2, twigs were exposed to a decreasing temperature gradient of —10 °C
for 6 h, —20 °C for 6 h, and —30 °C for 6 h in a low-temperature test chamber (DW-100,
Yashilin, Beijing, China), —80°C in an ultra-low temperature freezer (DW-861626, Haier,
Qingdao, China) for 6 hm and transferred to LN thereafter; for CP3, twigs were cooled
down at a rate of 0.1 °C/min to —30 °C for 24 h, followed by a 0.5 °C/min decline to —80
°Cand a1 °C/min decline to —180 °C in a CryoMed controlled rate freezer (Forma7451TF,
Thermo Forma, Waltham, MA, USA). Then, the twigs were submerged in LN for 28 d.
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To thaw, the twigs were removed from the aluminum-foil bags and immersed in ice-cold
water (4 °C) for 24 h. The viability of the buds was determined as indicated in Section 2.1.

2.4. The Effect of Thawing and Regrowth Procedures

The moisture content of the twigs was measured at approximately 28-30%. Desiccated
twigs were packed in aluminum-foil bags and subsequently cryopreserved using the CP3
procedure described in Section 2.3. These twigs of the ‘Shuanghong’ variety were stored
in LN for a duration of 28 d, as previously described. Following this storage period, the
twigs were thawed using one of three methods: rapid thawing (10 min immersion in a
water bath at 40 °C), room temperature thawing (30 min immersion in water at 25 °C), or
slow thawing (24 h immersion in water at 4 °C in a refrigerator). During the slow thawing
process, the water was replaced every hour for the initial 6 h. The thawed twigs were
subsequently utilized for grafting purposes. The viability of the buds was determined as
indicated in Section 2.1.

2.5. The Effect of Varieties and Harvest Time

Cryopreservation was conducted using buds from various cultivars, specifically
‘Shuanghong’, “Zuoshanyi’, and ‘Shuangfeng’, which were collected during the months of
November, December, January, February, and March. The experimental procedures com-
menced in November and extended through to March of the following year. Desiccation
of the twigs was achieved by subjecting them to a low temperature test at —5 °C. The
desiccated twigs were subsequently vacuum packed in aluminum-foil bags and frozen
according to the CP3 protocol. Following this, the twigs were stored in LN for a duration
of 28 d. Thawing was performed slowly by immersing the twigs in water for 24 h at a
temperature of 4 °C. The viability of the buds was determined as indicated in Section 2.1.

2.6. Sample Preparation for Transmission Electron Microscopy (TEM)

To assess the effects of cryopreservation on the cell and organelle structure, the ul-
trastructure of cells in the apical meristem was observed under a transmission electron
microscope. An assessment was made for the injury degree and seriousness in the duration
of the desiccation—freezing-thawing cycle. Frozen buds (1-3 mm?) stored in LN for 28 d
were sampled under sterile conditions and fixed in 4% glutaraldehyde by vacuum infil-
tration. The fixed buds were incubated at 5 °C overnight and then rinsed with 0.1 mol/L
phosphate buffer (pH 6.8) five times, once each for 5, 10, 15, 20, and 30 min. Subsequently,
the buds were fixed in 1% osmium acid at 4 °C for 2 h and rinsed 4-5 times with 0.1 mol/L
phosphate buffer (pH 6.8) for 10 min each. Then, the buds were subjected to gradient
ethanol dehydration as follows: 30% for 15 min, 50% 15 min, 70% ethanol for 15 min,
80% for 20 min, 90% for 20 min, and 100% for 30 min. Finally, the buds were dehydrated
with 100% acetone twice, each for 30 min. The dehydrated buds were penetrated with
acetone:embedding agent (Spon812) (3:1) for 2-3 h, acetone:embedding agent (1:1) for
4-6 h, acetone:embedding agent (3:1) for 12 h, and twice with pure embedding agent for
24 h each. The embedding buds were oven dried at 30 °C for 12-24 h and then at 60 °C for
24-48 h. After sample preparation, the embedding blocks were restored and positioned
with half-thin parts. Samples were double stained with uranium acetate and lead citrate,
and the structural changes in the cells and organelles were observed and photographed by
a JEM—1400 TEM.

2.7. Experimental Design and Data Analyses

Each treatment contained 30 twigs, and all experiments and analyses were performed
in triplicate. An analysis of variance and comparison of means were carried out using SPSS
22.0 (SPSS Inc. Chicago, IL, USA), and significant differences were determined at p < 0.05
using Duncan’s multiple range test.
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3. Results
3.1. Effects of Drying Duration and Moisture Content on the Viability of V. amurensis Buds

The moisture content of plant tissues is a critical factor that influences their viability
following cryopreservation. Figure 4 demonstrates that after 14 days of dehydration at
—5 °C, the moisture content of the twigs exceeded 60%, resulting in a viability rate of 0% for
the DBs post-cryopreservation. After 20 days of dehydration, the moisture content of the
twigs decreased to 50%, and the viability of the DBs after cryopreservation was recorded at
13.33%. As the moisture content decreased, the viability of the buds post-cryopreservation
increased. The highest bud viability, at 45%, was observed within a moisture content range
of 25-30%, with an average moisture content of 28%. However, with further reductions in
moisture content, the viability of the DBs also declined.
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Figure 4. Effects of different drying times on the moisture content in twigs of ‘Shuanghong’ collected
in January 2018 and the viability of the DBs after the cryopreservation of V. amurensis. Note: Mean
values in each point with the same letter were not significantly different at p < 0.05 by the Duncan’s
multiple range test.

3.2. Effects of Packing and Cryopreservation Protocols on the Viability of V. amurensis Buds

The procedures employed for both packing and cryopreservation had a significant
impact on the viability of the DBs (Table 1). DBs that were unpacked, those stored in
cryovials, and those enclosed in aluminum-foil bags demonstrated viability rates of 45.56%,
53.33%, and 66.67%, respectively, when subjected to the CP3 cryopreservation procedure.
Additionally, when comparing twigs that were unpacked and those stored in cryovials, it
was observed that the twigs vacuum sealed in the aluminum-foil bags exhibited superior
bud viability (66.67%) across all three cryopreservation protocols (CP1, CP2, and CP3).
In summary, twigs that were vacuum sealed in aluminum-foil bags and cryopreserved
using the CP3 protocol exhibited the highest viability rates. Furthermore, twigs stored in
cryovials and vacuum sealed in aluminum-foil bags demonstrated enhanced bud viability
with the CP2 procedure in comparison to CP1; conversely, twigs that were unpacked
showed greater bud viability with the CP1 procedure relative to CP2.
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Table 1. Effects of different packing modes and cryopreservation procedure on the viability of the
dormant buds of ‘Shuanghong’ collected in January 2018 after cryopreservation.

Moisture Content . Average Viability of
Packing Mode in Twigs Cryopreservation Cryopreserved Buds
%) Procedure (%) + Standard
Errors (SD)

No packing 28~30 CP1 30.00 =2 de
28~30 CP2 2556 £ 6e
28~30 CpP3 4556 £ 8¢

Cryovial 28~30 CP1 3333 +2d
28~30 CP2 36.67 £2d
28~30 CP3 53.33 £4b

Aluminum foil bag 28~30 CP1 4222 +4cd
28~30 CP2 48.89 £5¢
28~30 CP3 66.67 £4a

Note: Mean values in each column with the same letter were not significantly different at p < 0.05 by the Duncan’s
multiple range test.

CP1: Samples were immersed in LN directly; CP2: Samples were subjected to a
decreasing temperature gradient: —10 °C for 6 h, =20 °C for 6 h, and —30 °Cfor6hina
low temperature test chamber, followed by —80 °C in an ultra-low temperature freezer
for 6 h, and finally immersed in LN; CP3: Samples were processed using a CryoMed
controlled rate freezer, which decreased the temperature at a rate of 0.1 °C per min to
—30 °C, maintaining this temperature for 24 h. This was followed by a temperature decline
of 0.5 °C per min to —80 °C, then a decline of 1 °C per min to —180 °C, before being
transferred to LN.

3.3. Effect of Thawing Procedures on the Viability of V. amurensis Buds

The thawing method has a significant effect on the recovery of DBs. Specifically, DBs
that underwent a 24 h slow thaw at 4 °C demonstrated a markedly higher viability rate of
66.67%. In contrast, the viability rates for fast thawing at 40 °C and at room temperature
were only 20% and 13.33%, respectively (Figure 5). To improve water absorption and reduce
the dissolution of pectin from the damaged cell walls resulting from cryopreservation, we
implemented a protocol to change the water every hour during the initial 6 h of the slow
thawing process.
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Figure 5. Effects of different thawing methods on the viability of dormant buds of ‘Shuanghong’
collected in January 2018 after cryopreservation. Note: Mean values with the same letter were not
significantly different at p < 0.05 by the Duncan’s multiple range test.
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3.4. Varieties and Harvest Time on the Viability of V. amurensis Buds

DBs harvested at different times exhibited significant variation in regeneration rates,
ranging from 24.44% to 66.67% after cryopreservation. Buds collected from various geno-
types at similar temperatures demonstrated considerable differences in their freezing
tolerance. Notably, DB from all three varieties collected in December, January, and February
displayed the highest viability following cryopreservation: ‘Shuanghong’ (55.56%, 66.67%,
and 61.11%, respectively), ‘“Zuoshanyi” (55.56%, 60.00%, and 58.89%, respectively), and
‘Shuangfeng’ (56.67%, 65.56%, and 62.22%, respectively) (Table 2). We hypothesize that
the DBs on twigs harvested in November were insufficiently dormant to endure cryop-
reservation, while those collected in mid-March had completed their dormant phase and
therefore could not survive the ultra-low temperatures of LN. The average temperatures at
which the twigs were harvested showed no correlation with the viability of the cryopre-
served DBs. Although the viability of the cryopreserved DBs was higher in January, the
average temperature in January was actually higher than that in December. Consequently,
it is advised that twigs are harvested only after sufficient cold hardiness has developed.
The viability of V. amurensis DBs after cryopreservation between 2019 and 2021 was also
examined, and the average viability of all exceeded 60% (Table 3).

Table 2. Effects of genotype and harvest time on the viability of V. amurensis dormant buds after

cryopreservation.
Total Moisture Total Moisture Average Viability Average Viability
. Harvest Date ;
Variety (mm/dd/yy) Content Content After 28 Days of CK After Cryopreservation
vy (%) Desiccation (%) (%) (%)
‘Shuanghong’ 11/10/17 42.16 29.49 9222+ 4b 3778 £4d
12/10/17 40.33 28.78 9778 £2a 55.56 £ 8¢
01/08/18 41.06 27.78 8333+ 8¢ 66.67 =12a
02/01/18 45.10 28.03 8778+ 3¢ 61.11+6b
03/03/18 51.60 29.00 8778 4 ¢ 36.67 +£2d
‘Zuoshanyi’ 11/10/17 44.63 27.86 88.89 +=4b 26.67 +2c¢
12/10/17 44 .47 28.30 9333 £5a 55.56 £9a
01/08/18 43.10 28.04 84.44+12D 60.00 =10 a
02/01/18 43.25 27.98 9222+ 4a 58.89 £ 3a
03/03/18 48.03 27.56 83.33+5b 3778 £4b
‘Shuangfeng’ 11/10/17 46.61 28.74 87.78 £ 7b 2444 +4c
12/10/17 48.18 29.01 8222+ 5b 56.67 = 5b
01/08/18 46.61 28.36 88.89 £11b 6556 £ 7a
02/01/18 48.18 28.03 90.00+5a 6222+ 6b
03/03/18 52.74 27.98 88.89 = 4b 3223+ 4c
Note: CK represents the twigs before cryopreservation. Mean values in each column with the same letter were
not significantly different at p < 0.05 by the Duncan’s multiple range test.
Table 3. The viability of V. amurensis DBs after cryopreservation between 2019 and 2021.
Moisture Content Average Viability Average Viability Average Viability
Variety in Twigs in 2019 in 2020 in 2021
(%) (%) (%) (%)
‘Shuanghong’ 28-30% 68.89 6 a 6633 +9a 70.00 £ 5a
‘Zuoshanyi’ 28-30% 6211 +2b 64.67 = 8b 63.11+5¢
‘Shuangfeng’ 28-30% 66.67 =2 a 66.12+5a 67.44 +3Db

Note: Mean values in each column with the same letter were not significantly different at p < 0.05 by the Duncan’s
multiple range test.

3.5. Effect of Cryopreservation on Cell Ultrastructure

Transmission electron microscopy (TEM) was utilized to investigate the effects of desic-
cation and cryopreservation on meristematic cells in axillary buds. The non-cryopreserved
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(control) DBs exhibited large, prominent nuclei, numerous clear starch granules within
plastids, and an abundance of mitochondria. These buds also displayed an intact nuclear
membrane, a thick cell wall, and a complete nuclear skeleton (Figure 6A,B). Furthermore,
the cell wall and cell membrane were in close proximity, with the cell membrane appearing
smooth, orderly, and maintaining a distinct bilayer structure in the control buds. Dehydra-
tion removes free water from cells, thereby enhancing the stability of the cell membrane and
other cellular structures. Consistently, dehydration resulted in an increase in cytoplasmic
thickness and the coloration of the nuclei and nucleoli, a reduction in the abundance of
large vacuoles, improved visibility of the mitochondria, and a slight separation between the
cell wall and cell membrane. Nevertheless, the overall structure remained intact following
dehydration (Figure 6C,D).

2pum

Figure 6. Ultrastructural observations of meristem cells in V. amurensis buds. (A,B) The buds before
desiccation; (C,D) the buds desiccated for 28 d; (E,F) the buds after cryopreservation. Abbreviations:
cm: cell membrane; cw: cell wall; Ib: lipid body; m: mitochondrion; n: nucleus; nu: nucleolus;
p: proplastid; s: starch; v: vacuole.

After cryopreservation, the outer six multilayered cells sustained irreparable damage,
resulting in significant alterations to their structure (Figure 6E,F). In the cryopreserved
samples, the gap between the cell wall and the cell membrane increased, causing the
cytoplasm and nucleus to be compressed together. The plasmodesmata were disrupted,
and the organelles appeared indistinct. Some cells exhibited large vacuole-like cavities filled
with fibrous substances, likely representing debris formed by the disintegration of certain
organelles due to drastic temperature changes, which led to lethal damage to the cells.
Furthermore, the plasma membranes were compromised to varying extents, leading to an
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uneven surface or complete rupture. Starch, which is associated with protection against
freezing injury, was not detected in the plastids. Despite some structural changes and slight
plasmolysis, the endothelial cells remained intact and contained dark-colored nuclei. The
endothelial cells demonstrated the capacity to resume growth following thawing, as the
damage incurred during cryopreservation was assessed to be moderate. The following
experiments also demonstrated that the DBs after cryopreservation had the ability to sprout
after grafting (Figure 6).

4. Discussion

Cryopreservation protocols have been described with various propagules for grapevines
such as pollen [41,42], seeds [43], somatic embryos [44—48], and shoot tips [35-37]. The
method of cryopreservation for dormant buds is gaining significant interest for the preser-
vation of genetic resources in woody plants because this method is easy to operate, and
the technical requirements are not particularly high. Buds intended for cryopreservation
can be collected from either field-grown or greenhouse plants of the tested genotypes.
Furthermore, this technique has emerged as a viable option for cryopreservation that
does not require in vitro laboratory support. In 1960, Sakai demonstrated the viability of
dormant winter twigs from Salix and Populus under low-temperature conditions by slowly
freezing the twigs at —30 °C before immersing them in LN [16]. Among the cryopreser-
vation protocols developed for Populus, the cryostorage of dormant in vivo buds is the
most suitable technique for ensuring a backup resource for field collections [49-52]. An
efficient cryopreservation protocol for V. amurensis DBs was developed for the first time in
this study.

The desiccation of twigs prior to cryopreservation requires considerable effort and
time, and it is a widely used technique in many dormant bud cryopreservation protocols.
Desiccation reduces the moisture content of DBs, which may decrease the cryodamage
and enhance bud recovery. Dehydrating samples to a moisture content of 25-35% of
their fresh weight before storage in LN has been shown to improve recovery success
post-cryopreservation, depending on the species, compared to samples that were not
dehydrated [53]. Vogiatzi et al. indicated that the key volume reduction in bulk water
varied among apple varieties and that slow cooling under winter conditions to 30% had
a significant effect on their survival [54]. According to Volk et al., Malus buds exhibited
high viability after 10 years of storage in LN vapor, with some accessions demonstrating
better viability when desiccated prior to slow cooling compared to those that were not
desiccated [53]. During the cold acclimation process in winter, all apple varieties exhibited
resistance to moderate dehydration stress. Hofer concluded that the initial moisture content
and duration of dehydration had no impact on viability following cryopreservation, as all
materials were desiccated to 30% moisture before exposure to LN [55]. However, opinions
vary regarding the necessity of dehydration prior to cryopreservation. Some fruit trees
do not require pre-freezing desiccation [56]. Esensee et al. reported that buds desiccated
to 18% moisture content resulted in survival for certain "Valiant” grape buds [38]. For
instance, Rantala et al. suggested that dormant blackcurrant buds should retain their
natural moisture content to enhance the cryopreservation process [57]. In the present study,
the moisture content of dormant V. amurensis buds was approximately 25-30%, which was
beneficial for bud viability after cryopreservation. Excessive moisture may lead to the
formation of large ice crystals that can damage cellular tissue, which is detrimental to the
cryopreservation of V. amurensis buds.

Another important parameter is the cryopreservation protocol, which can ensure high
recovery rates following cryopreservation. In this study, we investigated the twigs of
V. amurensis using three types of packaging and three cryopreservation procedures. The
results indicated that twigs packed in vacuum-sealed aluminum-foil bags exhibited greater
viability across all three cryopreservation methods compared to the other two packaging
types. Notably, the twigs packed in vacuum-sealed aluminum-foil bags and cryopreserved
using the CP3 method achieved the highest viability. In the current study, the sections were
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desiccated to a moisture content of 25-30% in a refrigerator at —5 °C. Pre-freezing was
conducted using a CryoMed controlled rate freezer, with a cooling rate of 0.1 °C-min~!
to —30 °C, followed by a 24-h hold at —30°C. The temperature was then decreased at
a rate of 0.5 °C/min to —80 °C, and subsequently at 1 °C/min to —180 °C (CP3) in the
same CryoMed controlled rate freezer (Forma 7451TF, Thermo Forma). After this process,
the twigs were submerged in LN for 28 days. This procedure aligned with the three-step
desiccation process utilized in Malus [58], which also indicates that desiccation to a 30%
moisture content in a cold chamber at —5 °C is effective. The pre-freezing phase involved a
controlled rate freezer with a cooling rate of 1 °C-h~! to —30 °C. The 24-h preservation at
—30 °C provided efficient cold hardening. To enhance recovery, the treatment of artificial
cold acclimation following collection is likely to benefit the buds’ cold acclimation, thereby
improving their resistance to cryopreservation. Sakai conducted classic research that
identified a temperature range of —3 to —5 °C as the most effective for maximizing frost
hardiness in twigs [59]. Vogiatzi et al. reported that the desiccation step at —4 °C was
essential, and that the 24-h holding period at —30 °C contributed to improved recovery [13].

The distinct thawing methods can significantly influence the recovery of buds. In this
study, slow thawing, which involved immersing the twigs of V. amurensis in water for 24 h
at 4 °C in a refrigerator before transferring them to a substrate, resulted in markedly better
recovery compared to those that were rapidly thawed. This difference may be attributed to
the fact that slow thawing gradually restores the water absorption capacity of DBs, which
lose excessive water during the desiccation process. Slow thawing has been widely utilized
in Malus species. The cryopreserved tissues of Malus germplasm were subjected to gradual
thawing through a nearly 24-h transfer to 4 °C in a cold room prior to removing the sections
from vials and placing them in wet, autoclaved sand at the same temperature for 15 days
of dehydration [38,58]. The researchers conducted a series of rehydration time tests on
the preservation of different genotypes [55], and the results indicated that the genotypes
exhibited varying requirements for thawing time. Therefore, the thawing duration for
different genotypes of V. amurensis needs to be further adjusted and investigated.

Genotype and its response to the environment are equally important factors in cryop-
reservation. The genotype may influence the recovery of DBs following cryopreservation.
Vogiatzi et al. demonstrated that the viability of winter-dormant apple buds after cry-
opreservation is strongly genotype-dependent [59]. Hofer conducted a detailed analysis
of data from various Malus germplasms, indicating that the variability within a specific
species deviated significantly from the standard deviations [60]. Genotypic differences in
freezing tolerance were not reflected in the moisture content of the trees [61]. Reed showed
that there was some genotypic variation in recovery; however, the viability of all genotypes
exceeded the minimum threshold of 40% proposed as an acceptable limit for germplasm
conservation [62]. Towill et al. adjusted the system to enhance the successful application of
cryopreservation on dormant Malus buds, considering factors such as tolerance, modera-
tion, and sensitivity [63]. In this study, the viabilities of the three species we harvested for
cryopreservation all exceeded 55%. Therefore, the cryopreservation technique established
in this research could be applied to the conservation of V. amurensis resources.

Dormancy, defined as the quiescent status of tissues and organs, may be relevant for
cryopreservation due to its physiological basis related to growth systems and mechanisms
of cold hardiness. Cold hardiness in woody perennials is influenced by a complex interplay
of factors including the timing and rate of cold acclimation as well as the maximum level
of cold tolerance achieved [64]. Furthermore, winter conditions prior to scion cutting
significantly affect the moisture content and distribution within bud tissues, thereby im-
pacting the recovery rate of DBs after cryopreservation [65]. Bilavcik et al. reported a
direct correlation between cryosurvival and cold hardening [66]. The dormancy phase
and extreme cold conditions exert notable effects on the post-cryopreservation survival
of dormant Malus buds [13,39,56,59,67]. In this study, the viability of DBs of V. amurensis
collected in November (autumn) and March (spring) was significantly lower compared
to buds harvested in winter (January, February, and December). The majority of buds

25



Plants 2024, 13, 3590

collected in November likely lacked sufficient dormancy to withstand cryopreservation. In
contrast, buds collected in March had already exited their dormancy period, making them
unable to survive the extremely low temperatures of LN. The duration of dormancy varies
among different plant species across distinct regions. For dormant buds, cryopreservation
is primarily suitable for species undergoing a dormancy phase, with low-temperature
periods in the Northern Hemisphere typically occurring from late November to the end
of January, occasionally extending into early February [68]. The timing for the successful
cryopreservation of hybrid aspen aligns with findings that the maximum cold hardiness of
forest trees in Finland is achieved between November and January [69]. Over 66% of DBs
from P. tremula, originating from both coastal and continental Norway, have been shown to
survive immersion in LN when collected in January and February [48]. In P. tremuloides,
the cryopreservation of DBs collected from the mountains of Colorado, USA, demonstrated
good survival rates of 79-92% in November and 100% in December [36]. Different from
other grape varieties, V. amurensis is the most cold-resistant grape, so further research is
needed to access the effectiveness of the proposed protocol on other grapevine species
before its implementation.

The ultrastructure of cells in DBs of V. amurensis preserved at ultra-low temperatures
was examined. It was observed that following the dehydration of meristematic cells,
the degree of vacuolation decreased, along with a reduction in the content of free water
within the cells. The ultrastructural changes in dehydrated cells serve as indicators of
enhanced freeze resistance and dehydration tolerance, suggesting that these ultrastructural
alterations are correlated with physiological changes, especially the water content and
tissue [70]. Dehydration is a critical step in cryopreservation; only by removing sufficient
water can cells achieve vitrification without the formation of ice crystals during rapid
freezing. The cell membrane is a primary indicator of cellular damage during freezing,
and electrolyte leakage serves as a measure of membrane integrity. Therefore, maintaining
the integrity of the cell membrane is essential for maximizing the recovery rate of frozen
samples. After cryopreservation, the perinuclear space expands, leading to significant
nuclear deformation, severe contraction of the protoplasm, extensive damage to various
organelles and membrane structures, and potentially lethal effects on the cells. Addition-
ally, most of the cells experienced dehydration, which significantly enhanced their freeze
resistance. Ultrastructural observations revealed that while the cell structure was slightly
deformed, the organelles and membranes remained largely intact. Following thawing, the
cells exhibited high viability, indicating that this cryopreservation method is effective for
preserving the DBs of V. amurensis.

5. Conclusions

This is the first detailed report on the cryopreservation of DBs of V. amurensis, to the
best of our knowledge. An improved recovery rate of 66.7% from the initial 30% was
achieved through the program as follows. The bud viability was reached at a moisture
content range of 25-30%. Then, the temperature of the twigs was decreased at a rate of
0.1 °C/min to —30 °C, maintaining this temperature for 24 h, followed by a decline of
0.5 °C/min to —80 °C, then a decline of 1 °C/min to —180 °C, before finally reaching
—196 °C in a CryoMed controlled rate freezer. The low-temperature thawing procedure
consisted of immersing the twigs in ice-cold (4 °C) water for 24 h and changing the water
every hour during the initial 6 h to facilitate recovery. Twigs packed in aluminum-foil
bags resulted in significantly higher recovery rates. Regarding the cell ultrastructure, the
most significant changes in cells occurred during the processes of dehydration, freezing,
and thawing. Therefore, optimizing the preservation procedure to achieve complete
vitrification and enhance the relative viability of preserved cells is crucial for vitrification
cryopreservation technology. In summary, it is only through a comprehensive investigation
of the mechanisms underlying freezing injury and cellular antifreeze responses that we
can establish a set of universally effective and straightforward cryopreservation methods
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for plant tissues and cells. This advancement will enable cryopreservation technology for
plant cells to play a more significant role in bioengineering research and applications.
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Abstract

Nitric oxide (NO) breaks a seed’s dormancy and stimulates germination by signaling.

However, the key physiological metabolic pathways and molecular regulatory mechanisms
are still unclear. Therefore, this study used physiological, transcriptomic, and metabolomics
methods to analyze the key genes and metabolites involved in the NO regulation of plant
embryo germination and their potential regulatory mechanisms. The physiological analysis
results indicate that the appropriate concentration of NO increased the content of NO and
hydrogen peroxide (H,0O,) in cells, stimulated the synthesis of ethylene and jasmonic acid
(JA), induced a decrease in abscisic acid (ABA) content, antagonistic to the gibberellin (GA3)
effect, and promoted embryo germination and subsequent seedling growth. However, the
high concentrations of NO caused excessive accumulation of H,O,, destroyed the reactive
oxygen species (ROS) balance, and inhibited embryo germination and seedling growth.
The combined analysis of transcriptomics and metabolomics showed that the genes related
to phenylpropanoid (phenylalanine ammonia-lyase, trans-cinnamate 4-monooxygenase,
ferulate-5-hydroxylase, coniferyl-alcohol glucosyltransferase), and flavonoid synthesis (10
genes such as CHS) were significantly up-regulated during embryo germination. The
high concentration of exogenous NO inhibited embryo germination by up-regulating the
expression of 4-coumaric acid coenzyme A ligase (4CL) and negatively regulating the
expression of flavonoid synthesis genes. This suggests that NO concentration-dependently
regulates phenylpropanoid and flavonoid biosynthesis, thereby affecting ROS metabolism
and hormone levels, and ultimately regulates the dormancy and germination of Sorbus
pohuashanensis embryos.

Keywords: nitric oxide; seed dormancy; Sorbus pohuashanensis; transcriptome; metabolome;
hormones

1. Introduction

Sorbus pohuashanensis has a high ornamental value [1]. Its seeds have a deep dor-
mancy [2]. Sodium nitroprusside (SNP) can release NO, which is a potent plant regulatory
substance that affects the content and metabolism of ROS and NO in cells under light
conditions [3-5]. A large number of studies have reported that exogenous NO donor-
SNP can relieve seed dormancy and promote germination by increasing NO levels [6-8].
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However, higher concentrations of exogenous NO may affect the biosynthesis pathway
of phenylpropanoids by inhibiting the expression and enzyme activity of some key genes,
thereby inhibiting seed germination [9]. Therefore, the concentration of NO is one of the
key factors affecting seed dormancy and germination.

NO regulates seed germination with the production of reactive oxygen species (ROS)
and reactive nitrogen species (RNS), which is a necessary signal from dormancy to germi-
nation [10]. Many studies have confirmed that NO may have dual functions. For example,
low concentrations of NO break the embryo dormancy of S. pohuashanensis (Sorbus pohuasha-
nensis) by relying on ethylene synthesis [6]. This hormone-related signaling pathway is
closely related to the accumulation of reactive oxygen species and antioxidant defense
responses [11,12]. However, a high concentration of NO has a complex effect on seed
germination, which can not only promote germination and enhance stress resistance but
also may inhibit seed germination due to the high concentration. In addition, the promotion
or inhibition of seed germination by NO is related to the role of ROS metabolism-related en-
zymes [13]. For instance, peroxisomes can produce NO and participate in lipid metabolism,
amino acid oxidation, and ROS metabolism [14]. Catalase (CAT) can be activated by phos-
phorylation, which enhances its catalytic ability to scavenge ROS [15]. The physiological
response of seed germination, which is regulated by NO, can be explained by the changes
in the transcriptional abundance of enzymatic and non-enzymatic antioxidant defense
genes [16,17]. Furthermore, the response and adaptation of plant embryos to NO is a very
complex process involving the regulation of numerous genes in different metabolic path-
ways. NO and ROS can act independently in the same signaling pathway and have similar
downstream responses and outcomes, but their internal molecular regulatory mechanisms
need to be further investigated [18].

In this work, we used RNA sequencing (RNA-seq) and UPLC-MS/MS technology
to provide an integrated map of transcriptomics and metabonomics of S. pohuashanensis
embryos to fill the gaps in understanding the gene expression and metabolic regulation
during the dormancy release and germination of S. pohuashanensis embryos caused by
exogenous NO. We have provided a large body of evidence that the regulation of NO on
S. pohuashanensis embryo germination is activated by a combination of gene transcription
and metabolic homeostasis, particularly through the regulation of reactive nitrogen species
(RNS), ROS, and hormones. These results help us to understand the mechanism of NO
concentration-dependent regulation of embryo germination in S. pohuashanensis. It provides
a reference for the study of dormancy release and plant seed germination at the multi-
omics level.

2. Results

2.1. Phenotypic Concentration-Dependent Response to NO on Embryo Germination of
S. pohuashanensis

To help understand how SNP affects the growth of S. pohuashanensis embryos, we
used a growth model in which S. pohuashanensis embryos were cultured in 5 mL of a
sodium nitroprusside solution (0~100 mmol/L) for 8 days. We used a growth model to
culture the embryos of S. pohuashanensis in 5 mL SNP if solution (0~100 mmol/L) for
8 days. The results showed that SNP had a biphasic concentration effect on the dormancy
release of S. pohuashanensis seeds. Among them, compared with the control, the 40 mmol/L
and 60 mmol/L SNP treatments significantly increased the embryo germination rate of
S. pohuashanensis (increased by 28.9% and 39.2%, respectively), while 80 mmol/L and
100 mmol /L SNP treatments decreased by 6.2% and 9.3%, respectively (Figure 1).
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Figure 1. Effect of different concentrations of SNP on the embryo germination rate of Sorbus pohuasha-
nensis. (Note: ns means p > 0.05, ** means p < 0.01, **** means p < 0.0001).

At the same time, we also found that, compared with untreated (CK, water), the
embryos of S. pohuashanensis treated with 60 mmol/L of SNP (PG for short) germinated
faster, the seedlings grew healthily, and the leaves developed well. The embryos of S.
pohuashanensis treated with 100 mmol/L of SNP (IG for short) germinated faster in the
pre-germination stage, and the seedlings grew poorly and yellowed in the mid-germination
stage (Figure 2a). In this study, the germination process was divided into three stages
(Figure 2b): pre-germination (0-3 d), mid-germination (3-5 d), and late-germination (5-8 d).
During the pre-germination stage, the two cotyledons began to stretch slightly and turned
pale green. At the mid-germination stage, the color of the two cotyledons continues to turn
green, the opening angle of the cotyledons increases, accompanied by the elongation of the
hypocotyl, and the radicle begins to appear. At the late-germination stage, the hypocotyls
and radicles elongated rapidly.

late germination

Figure 2. Germination model of an embryo of Sorbus pohuashanensis. (a) The phenotype of Sorbus
pohuashanensis embryos cultured to day 8 after treatment with different SNP concentrations; (b) There
are three stages of embryo germination of Sorbus pohuashanensis: 0-3 d is pre-germination, 3-5 d is
mid-germination, and 5-8 d is late-germination.
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2.2. Physiological Response to NO in Embryo Germination of S. pohuashanensis
2.2.1. The Response of NO-Dependent Concentration to RNS During the Embryonic
Germination of S. pohuashanensis

To investigate the dynamic changes in physiological responses of S. pohuashanensis
embryos during germination, NO content, nitric oxide synthase (NOS), and nitrate re-
ductase activities (NR) were measured at 3 h, 3 d, 5 d, and 8 d after germination. The
endogenous NO content increased continuously during the germination of the control
embryos (Figure 3a, CK). At the pre-germination and mid-germination stages, the en-
dogenous NO content of the embryos increased after treatment with exogenous NO (PG
and IG) (compared to CK) but decreased at the late-germination stage (Figure 3a). At the
pre-germination stage (3 h-3 d), PG treatment significantly increased endogenous NOS
(Figure 3b) and NR (Figure 3c) activities (compared to CK), and thereafter NOS and NR
decreased (but not less than the control). After 3 h of IG treatment, NOS activity was
significantly higher than that of CK, and thereafter, there was no significant difference
from CK (Figure 3b), while NR activity always showed no significant difference from CK
(Figure 3c).
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Figure 3. Effect of different concentrations of SNP treatment on the RNA content of Sorbus pohuasha-
nensis embryos. (a) NO content. (b) NOS. (c) NR. Note: Different small letters in the figure indicate
significant differences between the different treatments (p < 0.05).

2.2.2. The Response of NO-Dependent Concentration to ROS During the Embryonic
Germination of S. pohuashanensis

To investigate the dynamic changes of ROS during germination of the embryo of S.
pohuashanensis under different concentrations of NO, the levels of H,O, and superoxide
anions, as well as the activities of the corresponding enzymes, were measured during
germination. The content of H,O, and superoxide anion in CK and PG first increased
and then decreased, with PG and IG significantly increasing the content of H,O, and
decreasing the content of superoxide anion in the pre-germination stage (Figure 4a) and
the content of H,O; and superoxide anion in IG was significantly higher than that in CK in
the late-germination stage.

During pre-germination, PG significantly increased the activities of enzymes related
to reactive oxygen species, such as SOD, POD, and CAT. During the late-germination stage,
the activities of POD and CAT were significantly higher in PG-treated embryos than those
of CK and IG. In addition to affecting the activity of active oxygen-scavenging enzymes,
NO treatment also increased the levels of antioxidant substances (GSH and GSSG) and
showed a “ first increasing and then decreasing” trend in the germination process.
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Figure 4. Effect of different SNP concentrations on the content of reactive oxygen species in the
embryos of Sorbus pohuashanensis. (a) HyO, content. (b) superoxide anion formation rate. (¢) malon-
dialdehyde content. (d) SOD content. (e) POD content. (f) CAT content. (g) soluble protein content.
(h) glutathione (i) glutathione (oxidized). Note: Different small letters in the figure indicate significant
differences between the different treatments (p < 0.05).

2.2.3. The Concentration-Dependent Hormone Response to NO on Embryo Germination of
S. pohuashanensis

The levels of ABA, GA3, ACC, and JA were determined to investigate the concentration-
dependent regulation of the hormone balance during germination of the embryo S. po-
huashanensis (Figure 5). The ABA content of embryos treated with PG and IG was higher
than that of the control. GA3/ABA and JA/ABA of Ig treatment were significantly higher
than those of CK and PG. With increasing germination time, JA/ABA of IG treatment
first decreased and then increased, while CK and PG first increased and then decreased
(consistent with the biphasic concentration-response curve).

The results of the correlation analysis showed (Figure 6) that the NO content of S.
pohuashanensis embryos had a significant positive correlation with H,O; and JA and a
significant negative correlation with ABA. There was a significant positive correlation
between NO content and H,O; content in S. pohuashanensis embryos. H,O, was positively
correlated with JA, GA3, and ACC and negatively correlated with ABA.
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Figure 5. Effect of different concentrations of SNP treatment on the hormone content of Sorbus
pohuashanensis embryos. (a) ABA content. (b) GA3/ABA. (c) ACC/ABA. (d) JA/ABA. Note: Different
small letters in the figure indicate significant differences between the different treatments (p < 0.05).
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Figure 6. Correlation analysis of RNS, ROS, and hormones. Note, the diagonal represents the sample
name. The color from blue to red indicates the change of correlation from negative to positive. The
larger the figure of the upper and lower triangular regions, the greater the correlation, and vice versa.

2.3. Summary of Transcriptome Analysis

In this study, we selected embryos treated with CK, PG, and IG at 3 h and 3 d in the pre-
germination stage as experimental materials for transcriptome sequencing analysis. A total
of 43,304 differentially expressed genes were identified by RNA-seq analysis (clean reads;
q30 > 91.76%; see Table 1 for a summary of RNA sequencing data). The GC contents of these
sequences were higher than 45.96%, indicating that the sequencing results were of high
quality. By pairwise comparison, the differentially expressed genes DEGs were determined
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between exogenous NO treatments with different concentrations (Figure 7a). Compared
to CK-3h, PG-3h and IG-3h up-regulated 2247 and 1355 genes and down-regulated 3083
and 2440 genes, respectively. Compared to CK-3d, PG-3d and IG-3d up-regulated 85 and
183 genes and down-regulated 911 and 143 genes, respectively. Interestingly, the number
of differentially expressed genes was significantly higher 3 h after embryo germination
was significantly higher than after 3 days. All DEGs are divided into two categories, one
grouped by the DEGs in 3 h and the other by the DEGs in 3 d (Figure 7b).

Table 1. The RNA-seq information of samples.

Sample Raw Reads Clean Reads Q20 (%) Q30 (%) GC Content (%)
CK-3h-1 56,725,510 55,160,662 97.82 93.14 46.34
CK-3h-2 54,750,690 53,237,138 97.89 93.37 46.41
CK-3h-3 53,956,558 52,231,748 97.9 93.39 46.29
CK-3d-1 64,708,806 62,885,714 97.9 93.37 46.8
CK-3d-2 70,509,068 68,250,268 97.84 93.18 46.83
CK-3d-3 62,635,840 60,728,020 98 93.72 46.79
PG-3h-1 58,613,942 56,862,708 97.8 93.06 46.1
PG-3h-2 80,612,590 78,953,442 98.48 95.86 45.96
PG-3h-3 62,406,360 60,066,066 97.92 93.44 46.08
PG-3d-1 51,615,176 50,409,014 97.35 91.76 46.67
PG-3d-2 55,948,152 54,195,682 97.99 93.67 46.77
PG-3d-3 58,913,916 57,146,268 97.87 93.3 46.8
1G-3h-1 63,467,176 61,660,990 97.93 93.47 46.07
1G-3h-2 65,084,926 63,275,686 97.79 93.06 46.15
IG-3h-3 75,233,136 72,775,194 97.82 93.09 46.23
1G-3d-1 67,369,076 65,026,244 97.83 93.15 46.79
1G-3d-2 58,658,806 56,981,024 97.79 93.05 46.73
1G-3d-3 61,788,888 60,412,016 98.01 93.71 46.81
@) o) O ——
i
400077 gy Down-regulated ] % E'}Rfi‘rld
" mm Up-regulated —_— o ERIGN
O 3000
s m— |
::: 2000 4
£ e
Z 1000 =
W ——
& C»”b & Cz-”’b
§ - < P Q(;;w < p

Figure 7. Effects of different concentrations of NO treatment on the transcriptome changes of Sorbus
pohuashanensis embryos. (a) The number of differential genes in Sorbus pohuashanensis. (b) Differential
enrichment analysis of Sorbus pohuashanensis.

2.4. Differentially Expressed Genes Analysis

The results of KEGG and GO enrichment showed that the non-overlapping DEGs
of NO concentration-dependently promoted the embryonic germination of S. pohuasha-
nensis and were significantly enriched in lipid synthesis and metabolism, carbohydrate
metabolism, amino acid biosynthesis, and metabolism, while the non-overlapping DEGs
of NO-concentration-dependently inhibited the embryonic germination of S. pohuashanensis
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and were significantly enriched in plant hormone signal transduction, flavonoid biosynthesis,
amino acid metabolism, and other pathways (Supplementary Material Figures S1 and S2).
In PG-3d compared to CK-3d and IG-3d compared to CK-3d, the NO-dependent, non-
overlapping DEGs that promoted embryo germination were significantly enriched in the
MAPK signaling pathway, protein processing in the endoplasmic reticulum and plant
hormone signaling, while non-overlapping DEGs that inhibited embryo germination were
significantly enriched in fructose and mannose metabolism, pentose and glucuronate
interconversions, plant hormone signaling transduction, and other pathways.

In summary, we found that exogenous NO can promote seed germination by regu-
lating lipid metabolism, sugar conversion, and carbohydrate metabolism. The DEGs that
inhibit germination regulate embryo germination mainly via plant hormone signaling,
sugar conversion, and other metabolic pathways.

2.5. Validation of Differentially Expressed Genes by qRT-PCR

There was no significant difference between RNA-Seq and qRT-PCR data of S. po-
huashanensis, and the trend was similar. Therefore, it was confirmed that the RNA-Seq data
used in this study were reliable (Figure 8).
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Figure 8. Verification of differential genes by qRT-PCR.

2.6. Metabolome Analysis

Using metabolomics analysis, the PCA method was used to compare the metabo-
lite peaks detected between 3 h and 3 d after different concentrations of SNP treatment
(Figure 9), and samples were separated into PC1 (58.16%) and PC2 (6.81%). The levels
of metabolites in the samples of 3 h and 3 d were separated, indicating that there was a
significant difference in metabolism between the samples of 3 h and 3 d. The metabolites
of PG, IG, and CK in the 3 d samples were separated from each other, but the content of
metabolites in the 3 h samples was summarized, indicating that the germination of seeds
at the 3 d level changed significantly at the metabolic level. This shows that the transient
effect of NO makes the change in transcriptome faster than the change in metabolite level.
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in the three replicate samples under each treatment. (b) Venn diagram of DAMs among various

pair-wise comparisons.

Subsequently, the differentially expressed metabolites were identified by comparing
three replicate samples treated with different SNP concentrations for 3 h and 3 d (Figure 10).
A total of 229 metabolites (120 up-regulated and 109 down-regulated) were screened
between PG-3h and CK-3h, 73 metabolites (34 up-regulated and 39 down-regulated) were
screened between PG-3d and CK-3d, 198 metabolites (96 up-regulated and 102 down-
regulated) were screened between IG-3h and CK-3h, and 132 metabolites (98 up-regulated
and 34 down-regulated) between 1G-3d and CK-3d.
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Figure 10. Difference analysis of gene expression after treatment with different concentrations of SNP.
(a) PG-3h vs. CK-3h; (b) PG-3d vs. CK-3d; (c¢) IG-3h vs. CK-3h; (d) IG-3d vs. CK-3d.
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To analyze the function of DAMs, the major differentially expressed metabolites of
NO that concentration-dependently regulate the dormancy of S. pohuashanensis embryos
for 3 h, we compared the differentially expressed metabolites of PG vs. CK and IG vs. CK
(Supplementary Material Figure S3). In the non-overlapping-differential metabolites of
PG-3h vs. CK-3h and IG-3h vs. CK-3h, the differential metabolites of NO concentration-
dependently promoted embryo germination of S. pohuashanensis and were mainly enriched
in lipid metabolism, biosynthesis of secondary metabolites and biosynthesis of amino
acids. The differential metabolites of NO that concentration-dependently inhibited the em-
bryo germination of S. pohuashanensis were mainly enriched in the biosynthesis of flavone
and flavonol biosynthesis, amino acid metabolism, and carbohydrate pathways. It is hy-
pothesized that low concentrations of exogenous NO may promote the germination of S.
pohuashanensis embryos through the biosynthesis of amino acids. If the concentration of ex-
ogenous NO is too high, it may inhibit embryo germination through amino acid metabolism.
This is consistent with the results of transcriptomics. In the non-overlapping differential
metabolites of PG-3d vs. CK-3d and IG-3d vs. CK-3d, the differential metabolites of NO
that concentration-dependently promoted the embryo germination of S. pohuashanensis
were mainly enriched in the biosynthesis of secondary metabolites, while the differential
metabolites of NO the concentration-dependently inhibited the embryo germination of
S. pohuashanensis were mainly enriched in lipid metabolism, biosynthesis of secondary
metabolites, amino acid metabolism, and other metabolic pathways. By analyzing different
metabolites between 3 h and 3 d, the results showed that for embryos treated with NO
for 3 h, DAMs were significantly enriched in phenylpropane and flavonoid biosynthesis,
lipid metabolism, and phenylalanine metabolism (also in a concentration-dependent man-
ner). The DAMs treated for 3 days were significantly enriched in flavonoid and flavonol
biosynthesis, phenylalanine metabolism, and other metabolic pathways.

These results suggest that changes in metabolite accumulation are strictly controlled
by differential gene expression. Flavonoid biosynthesis and phenylpropanoid biosynthesis
are considered to be the major metabolic pathways of exogenous NO affecting embryo ger-
mination. Therefore, we analyzed the metabolites and crucial genes involved in NO-related
metabolic pathways and investigated the mechanism of NO’s concentration-dependent
effect on dormancy selection of dormancy and germination of S. pohuashanensis embryos.

2.7. Comprehensive Metabolome and Transcriptome Analysis of Differential Regulation of Key
Genes and Metabolites

To further analyze the DEGs and DAMs, we annotated them in the KEGG database
and found many joint common pathways (Figure 11). PG-3h vs. CK-3h was enriched in
45 pathways, while IG-3h vs. CK-3h was enriched in 9 pathways. Among these pathways,
the flavonoid biosynthetic pathway and the phenylpropanoid biosynthetic pathway were
highly enriched pathways under PG and IG treatments. The correlation coefficients of
the nine quadrants showed that the differential expression of genes and metabolites was
consistent in the third and seventh quadrants (Figure 12). We conclude that these genes are
positively correlated with the regulation of metabolites and that the changes in metabolites
may be positively regulated by these genes.

39



Plants 2025, 14, 344

4
@ 125 ®)
100 i
3 3
[ ©
z 75 > |
[ o ,|pjaluel001 I Metabolome
=] =] W Transcriptome
850 2 | pyaiflels0.05
1
2.5/pvall 310.01
398 || | lahay
000 eobARARS ss!Jééééﬁégdéééééei:«E N ] S R s EEES
LA SOROD 0K 8P PLLOACSLRATLS PEEARLTLL LELESE L ELELLL S
B S S O O S S S i O S A0 & SRS O OLS o8 SSESESSSE
goaﬁ@@ccook&?%cﬁwo%®§%§§§¢S&%m§‘§w(,, S SSEES55F &
R L T S R SN S SESESTEES
e et eo e o So s s oo 00 500y oy la vy Sl NSO
OOCF S22 O S A TR T R RIS A ANy S SLSILTLLD
B N R U S T A FESE3554 2
ENTESTOTIHY SO SEI HILEEIEQ S £ o OSUGT SYADL: R R
ST WEAES 950 TS SIPESINCTO S REST X0 5 IS I
I8 BSET e ORI Sy SIS ¢ S5&F &8
o9 SR Y o c?’s-‘gy 05% Jo6 S9NV » & S TR X &L
@ 0 S Yo NoFos8® L8 b7 5 I S el s s &
2 g £ & & 9IS SS So2 & g & L LT
FA0) 509 Se L30T 55§ S 2 L OLs
§ e & & §520%0 O35 & £ &8s
§ FIE VG g GEas p S d
& L N S §U &7 o S Qg
& 9 o L. > S, Q &
=S IS IS K S I3
(&) N () Q LS éz
& Q 0‘17\,5 IS
<

a b

501 ; : i

25 1

(O

E - R B R f--- - -
— o
o] Q
S 0.0 =
He o0
ISR R E 5 R S --0
oo |
o
-

2.5

Log2FC of gene

Log2FC of gene

Figure 12. Transcriptome and metabolome combined analysis of nine quadrants. The black dotted
line, from left to right, from top to bottom, is divided into 1-9 quadrants. (a) PG-3h vs. CK-3h,
(b) IG-3h vs. CK-3h.

2.8. The Role of Differential Genes and Differential Metabolites in Phenylpropanoid Biosynthesis
and Flavonoid Biosynthesis Pathways

Considering all the results of the transcriptome and metabolome, we focused on the
genes and metabolites that showed significant differences between PG-3h and 1G-3h. The
results showed that phenylpropanoid and flavonoid genes/metabolites changed signif-
icantly after treatment with different concentrations of exogenous NO. We hypothesize
that these genes and metabolites may play a different role in the response of PG and IG to
pre-embryonic germination.

Therefore, we performed a Pearson correlation analysis on 450 genes and 30 metabo-
lites in the phenylpropanoid and flavonoid biosynthetic pathways and constructed a
correlation network diagram of the different genes and the different metabolites. Based
on Irl >0.8, p <0.05 as the threshold, the regulatory co-expression network was visual-
ized in Cytoscape (Figure 13). The results show that a total of 390 nodes were connected
to 1365 edges of PG-3h, and 405 nodes were connected to 1109 edges of IG-3h. In the
comparison between PG-3h and CK-3h, there were 62 key gene nodes: 5 key metabolite
nodes significantly associated with phenylpropanoid biosynthesis, 11 key gene nodes, 6 key
metabolite nodes associated with flavonoid biosynthesis, and 11 key gene nodes involved
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in both phenylpropanoid biosynthesis and flavonoid biosynthesis. In IG-3h compared
to CK-3h, there were 47 key gene nodes: 4 key metabolite nodes related to the phenyl-
propanoid biosynthetic pathway, 21 key gene nodes, 6 key metabolite nodes involved in
flavonoid biosynthesis pathway, and 6 key gene nodes related to both the phenylpropanoid
and flavonoid biosynthetic pathway. We hypothesize that these genes and metabolites may
play a key role in the response of exogenous NO's concentration-dependent effects on the
release of dormancy in S. pohuashanensis embryos.

a
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Figure 13. Regulatory co-expression network of different genes and different metabolites related to
the biosynthesis of phenylpropanoids and flavonoids. The Cytoscape software (version 3.10.0) was
used to visualize the network. (a) PG-3h vs. CK-3h, (b) IG-3h vs. CK-3h.

Based on the expression patterns of key genes and metabolites, we constructed models
for the phenylpropanoid and flavonoid biosynthetic pathways. About 93 key DEGs and
5 DAMs were involved in the phenylpropanoid biosynthetic pathway, and about 37 key
DEGs and 6 DAMs were involved in the flavonoid biosynthetic pathway. About 68 major
DEGs and 4 DAMs were involved in the phenylpropanoid biosynthetic pathway, and about
27 major DEGs and 6 DAMs were involved in the flavonoid biosynthetic pathway.

Under exogenous NO treatment, a large number of phenylpropanoid biosynthesis
genes were upregulated, and their expression levels were significantly higher than those
of the control (Figure 14). Compared with CK treatment, PG significantly promoted
phenylalanine ammonia-lyase [EC: 4.3.1.24] and trans-cinnamate 4-monooxygenase [EC:
1.14.14.91] in the phenylpropanoid biosynthetic pathway. The expression of ferulate5-
hydroxylase [EC: 1.14.-.-] and coniferyl-alcohol glucosyltransferase [EC: 2.4.1.111] was
significantly inhibited by IG treatment, while the expression of 4-coumarate-CoA ligase [EC:
6.2.1.12] and coniferyl-alcohol glucosyltransferase [EC: 2.4.1.111] was significantly inhibited
by IG treatment. The key metabolites, such as p-coumaric acid, caffeic acid, ferulic acid,
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and caffeoyl-aldehyde, were down-regulated overall. Therefore, different concentrations of
exogenous NO treatment may continue to affect the metabolism of phenylpropanoids. The
higher the concentration of exogenous NO, the lower the expression of the metabolites.
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Figure 14. Phenylpropanoid biosynthetic pathway. (a) NO concentration-dependent regulation
of phenylpropanoid biosynthesis signaling pathway during embryo germination of Sorbus po-
huashanensis. The blue frame indicates PG-3h vs. CK-3h, and the yellow frame indicates that
IG-3h vs. CK-3h influences the pathway of phenylpropanoid biosynthesis compared to PG-3h vs.
CK-3h. Red indicates upregulated genes/metabolites, blue indicates upregulated and downreg-
ulated genes/metabolites, and green indicates downregulated genes/metabolites. (b) Heatmap
of gene and metabolite expression levels. Note, PAL, phenylalanine ammonia-lyase; CYP73A,
trans-cinnamate 4-monooxygenase; 4CL, 4-coumarate-CoA ligase; CCR, cinnamoyl-CoA reduc-
tase; HCT, shikimate O-hydroxycinnamoyltransferase; CSE, caffeoylshikimate esterase; COMT,
caffeic acid 3-O-methyltransferase/acetylserotonin O-methyltransferase; CYP98A(C3'H), 5-O-(4-
coumaroyl)-D-quinate 3'-monooxygenase; K22395, cinnamyl-alcohol dehydrogenase; POD, peroxi-
dase; UGT72E, coniferyl-alcohol glucosyltransferase; CAD, cinnamyl-alcohol dehydrogenase; REF1,
coniferyl-aldehyde dehydrogenase; CYP84A (F5H), ferulat-5-hydroxylase.

Compared to CK-treated embryos, most of the genes involved in flavonoid biosynthe-
sis were upregulated by exogenous NO (Figure 15). With the increase in NO concentration,
the expression levels of key genes such as trans-cinnamate 4-monooxygenase, 5-O-(4-
coumaroyl)-D-quinate 3’-monooxygenase, flavonol synthase, and anthocyanidin reductase
were decreased. This shows that exogenous NO upregulates the up-regulation of flavonoid
synthesis genes, but the higher the concentration, the lower the series of flavonoid synthe-
sis genes.
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Figure 15. The pathway of flavonoid biosynthesis pathway. (a) NO concentration-dependent
regulation of flavonoid biosynthesis signaling pathway during embryo germination of Sorbus po-
huashanensis. The blue outer frame indicates PG-3h compared to CK-3h, and the grey outer frame
indicates IG-3h compared to CK-3h. (b) Heatmap of gene and metabolite expression levels. Note,
CHI, chalcone isomerase; CHS, chalcone synthase, FLS, flavonol synthase; NAC, naringenin chalcone;
CYP75B1, flavonoid 3'-monooxygenase; CYP73A, trans-cinnamate 4-monooxygenase; HCT, shikimate
O-hydroxycinnamoyl transferase; CYP98A(C3'H), 5-O-(4-coumaroyl)-D-quinate 3'-monooxygenase;
ANR, anthocyanidin reductase; PTG1, phlorizin synthase.

3. Discussion

3.1. NO Concentration-Dependently Regulates ROS Signaling During Embryo Dormancy Release
in S. pohuashanensis

NO is regulated by both environmental and endogenous signaling and has both syner-
gistic and antagonistic effects. It is a free radical that can effectively regulate physiological
responses in plant growth and development [19-22]. Our results showed that PG could pro-
mote the embryo germination of S. pohuashanensis, but embryo germination and seedling
growth and development were inhibited after IG treatment. This biphasic concentration
effect is consistent with previous reports on seed germination in Arabidopsis thaliana (L.)
Heynh. [4,23], apple (Malus pumila Mill.) [24], barley (Hordeum vulgare L.) [4], Paulownia
elongata S. Y. Hu [25] and many halophytes [26]. At the same time, the NO content in
S. pohuashanensis embryos increased after SNP treatment for 3 h, which may be due to
the increase in endogenous NO level in embryos by exogenous NO through oxidation
or reduction pathway [27] and the increase in NO content may come from enzyme or
non-enzyme pathway [28]. The results of Krasuska showed that the transition of apple
flowers from dormancy to germination is related to the increase in NOS activity [10]. This
is in line with our results. Due to the high activity and instability of NO, the existence
of NOS in the context of its synthesis in higher plants is very elusive. Moreover, it is not
yet clear at the molecular level how NO concentration regulates embryonic dormancy
release and germination [10]. In the stage of pre-germination, in this study, the decrease
in nitrate reductase activity caused by high concentrations of nitric oxide may be due to
the participation of NR in the synthesis of NO. Exogenous NO controls its production by
regulating GSNOR activity and nitrate assimilation to reduce NR activity [19,29,30].
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ROS (such as H,O,, superoxide anions, etc.) and NO play a crucial role in regulating
the dormancy and germination of plant seeds [31]. Low levels of ROS act as signaling
molecules that promote the abrogation of dormancy and trigger seed germination [8].
Excessive accumulation of ROS accumulation can lead to the accumulation of reactive
oxygen species in germinated seeds, and the change in the redox state of cells leads to
the induction of gene expression [5]. In our results, PG treatment led to a significant
increase in hydrogen peroxide content in embryos during embryo dormancy release, which
positively regulated embryo germination and seedling morphogenesis. With increasing
culture duration, treatment with a high concentration of exogenous NO led to a significantly
higher H,O, content than in the control and PG treatment. In the late stage of germination
(8 d), the excessive accumulation of H,O; in IG-treated S. pohuashanensis embryos destroyed
the balance of ROS and affected the growth and development of seedlings in the late stage
of seed germination. The ROS content depends not only on the ROS production system but
also on the efficiency of the redox feedback mechanism between NO and ROS content [31],
such as SOD. Many studies have shown that the activity of antioxidant enzymes increases
during seed impregnation [32]. However, in most cases, the activation of the antioxidant
system is a late event in the germination process, and the activity of antioxidant enzymes
increases in the presence of stress [15]. In our results, the significant increase in SOD, POD,
and CAT levels caused by treatment with a high concentration of exogenous NO on day
5 of embryo germination confirmed this point, and the significant changes in POD and
CAT activities at the early and late stages of germination depended on the concentration of
exogenous NO [14]. It is characterized by the active metabolism of ROS and is a target for
NO-mediated PTM [33]. Treatment with PG significantly increased the CAT activity of S.
pohuashanensis embryos during germination. Compared with PG, the significant inhibition
of CAT by IG might mean that the ability of embryos to remove internal H,O; is lower,
which is closely related to the physiological or adverse processes leading to an increase in
oxidative metabolism [14,34]. The effect was significant during embryo dormancy (on the
third day of germination). The effect was significant during the dormancy release period
of the embryo (the third day of germination). This result is consistent with our previous
research results, findings suggesting that NO acts upstream of HyO,, thereby regulating
CAT activity [35]. Similar studies in plants have also shown that NO donors can react with
superoxide anions and inhibit enzyme activity [14,36].

Studies have shown that the process of cell division depends on the increase in
glutathione levels during the transition from germination to seedling growth [37-39]. This
is consistent with our findings that the appropriate concentration of SNP treatment resulted
in an increase in GSH levels during the abrogation of embryonic dormancy. However,
the excessive accumulation of GSSG is toxic, and the high concentration of exogenous
NO treatment leads to the inhibition of embryonic germination and seedling growth of
S. pohuashanensis.

3.2. NO Concentration-Dependently Regulates Hormone Levels During Embryo Dormancy and
Germination in S. pohuashanensis

Plant hormones act together with the gas signaling molecules NO and ROS as second
messengers to regulate seed germination and seedling growth after germination [5]. Seed
germination and dormancy, although mainly dependent on hormone balance, are primar-
ily regulated by abscisic acid, gibberellin, ethylene, and JA by maintaining appropriate
ROS/RNS levels [40]. GA3 and ABA are considered to be the most important hormones
counteracting the regulation of seed germination [41]. Similar to previous studies, our
results also showed that NO concentration regulated ABA content in the embryo through-
out seed germination and seedling growth and development. NO significantly promoted
embryo germination and seedling growth by causing a decrease in ABA content, which
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counteracted the effect of GA3. Furthermore, the ABA content of the IG treatment was
significantly lower than that of the control, while the GA3 content was significantly higher
than that of the control. Our previous study found that NO significantly abolished embryo
dormancy in S. pohuashanensis, which was related to the increase in ethylene synthesis [35].
In this experiment, the concentration-dependent effect of NO on endogenous ethylene
content was studied. The results showed that IG could significantly promote the increase
in ethylene content in the embryo of S. pohuashanensis, which was significantly higher than
that of PG treatment. At the same time, in the period of embryonic dormancy, release,
seedling growth, and development were significantly higher than that of the control. In
this study, it was found that treatment with exogenous NO throughout germination and
seedling morphogenesis exogenous NO treatment significantly increased the endogenous
JA content of S. pohuashanensis embryos, and the JA content increased with the increase in
exogenous NO concentrations. This indicates that NO concentration-dependently stimu-
lated the biosynthesis of JA, which was an important step in the abrogation of embryonic
dormancy and late seedling growth and development of S. pohuashanensis by NO. It is well
known that JA can regulate multiple adaptive responses of plants to various environmental
stresses [42]. In this study, the increase in JA content caused by the high concentration of
exogenous NO may be due to the stress response of plants to excessive exogenous NO.
However, the JA-mediated protective mechanism of the embryo caused by exogenous NO
needs to be further investigated. In addition, in agriculture, plant hormones can regulate
the genes encoding NR, NIR, GS, and GOGAT and the activities of corresponding enzymes
in the process of NO regulating the absorption and transport of nitrogen by plants, thereby
regulating nitrogen assimilation [43].

3.3. NO Concentration-Dependently Regulated the Changes of Key Genes and Metabolites in the
Biosynthesis Pathway of Phenylpropanoid and Flavonoid in the Early Stage of Embryo Germination
of S. pohuashanensis

We performed a comprehensive analysis of transcriptomes and metabolomes to de-
termine the metabolites and metabolic pathways significantly affected by exogenous NO
concentration-dependent regulation at the early stage of S. pohuashanensis embryo germina-
tion, especially phenylpropane and flavonoid biosynthesis related to seed germination [44].
Phenylpropanoids make an important contribution to NO regulation of S. pohuashanensis
embryo germination. The flavonoids produced by phenylpropanoids have a strong antioxi-
dant capacity and can scavenge ROS [45], protect seeds from oxidative damage, and play
an important role in seed germination. Similarly, in our results, the differentially expressed
genes in NO concentration-dependently promoted/inhibited embryo germination of S. po-
huashanensis and were significantly enriched in the phenylpropanoid biosynthetic pathway.
By comparing the nonoverlap of differential genes and differential metabolites in PG-3h
vs. CK-3h and IG-3h vs. CK-3h, the specific metabolic pathways of NO’s concentration-
dependent regulation of S. pohuashanensis embryos were determined. Our results showed
that the differential genes of NO concentration-dependently promoted Sorbus embryo
germination and were significantly enriched in the phenylpropanoid and flavonoid biosyn-
thetic pathways. The differential genes of NO that concentration-dependently inhibited
embryo germination of S. pohuashanensis were significantly enriched in phenylalanine
metabolism and flavonoid and flavonol biosynthesis. The phenylpropanoid biosynthetic
pathway begins with phenylalanine metabolism, so a high concentration of exogenous NO
in embryo treatment can inhibit the upstream pathway of the phenylpropanoid biosynthetic
pathway, thereby inhibiting embryo germination.

The genes related to phenylpropanoid biosynthesis (PAL, CYP73A, F5H, UGT72E)
were significantly upregulated by an appropriate concentration of exogenous NO (PG)
during the regulation of embryo germination of S. pohuashanensis. PAL is the first step of the
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phenylpropanoid pathway involved in the synthesis of phenolic compounds, such as phe-
nolic acids, lignin, flavonoids, etc. It plays an important role in the formation of the cell wall
and the connection between cells in the process of exogenous NO regulation of germination
of S. pohuashanensis embryos [46]. UGT72E is mainly involved in the glycosylation process
of phenylpropanoid compounds. In this study, UGT72E was significantly upregulated
under PG treatment, but there was no significant difference under IG treatment, suggesting
that an appropriate concentration of exogenous NO may affect the structure and function of
the cell wall by regulating the glycosylation process and promote the embryo germination
of S. pohuashanensis embryo. 4CL (4-coumaric acid-CoA ligase) is an important gene in
phenylpropanoid biosynthesis, which affects the biosynthesis of flavonoids and plays an
important role in plant physiology and plant protection [46]. In this study, we found that
the expression of 4CL was significantly upregulated during embryonic germination of S.
pohuashanensis, which is regulated by a high concentration of NO, in contrast to an appro-
priate concentration of exogenous NO, and that a high concentration of exogenous NO can
inhibit embryonic germination by impairing the high expression of 4CL. In conjunction
with our previous studies, we found that exogenous NO could significantly increase the
ROS content in S. pohuashanensis embryos, suggesting that the reduction of p-coumaric acid,
caffeic acid, ferulic acid, and caffeyl-aldehyde can stimulate the accumulation of ROS in S.
pohuashanensis embryos, thereby inhibiting the germination of S. pohuashanensis embryos
treated with high concentrations of exogenous NO.

Flavonoids are widely distributed secondary metabolites. In this study, embryo germi-
nation was influenced by the concentration of key genes and metabolites involved in the
flavonoid biosynthetic pathway. CHS is the first reaction step responsible for catalyzing the
flavonoid pathway. It is significantly upregulated in NO, dependent on concentration, to
promote S. pohuashanensis embryo germination, but the difference is not significant under
IG treatment, suggesting that the appropriate concentration of exogenous NO promotes
the accumulation of the CHS gene family to promote seed germination. Similar to our re-
sults, the abrogation of seed dormancy of Polygonatum sibiricum significantly promoted the
germination of the flavonoid biosynthetic pathway [47]. Most of the flavonoid biosynthetic
genes were upregulated in the embryos of S. pohuashanensis treated with exogenous NO
(Figure 13). However, with increasing NO concentration, the expression of key genes such
as CYP73A, C3H, FLS, and ANR decreased. It is suggested that although exogenous NO
causes upregulation of flavonoid synthesis genes, the higher the concentration, the lower
the expression of a number of flavonoid synthesis genes decreases as the concentration
increases. Flavonoids and phenylpropanoids play an important role in the elimination of
ROS [48,49]. In this study, the appropriate concentration of exogenous NO treatment could
promote germination by upregulating the accumulation of flavonoids and regulating the
ROS content, while the higher concentration of exogenous NO negatively regulates the syn-
thesis of flavonoid synthesis genes, thereby inhibiting embryo germination. Interestingly,
our analysis of the metabolic results showed that metabolites associated with this pathway
were significantly downregulated.

4. Materials and Methods
4.1. Plant Material

In October 2018, ripe berries were collected from adult mother trees of S. pohuashanensis
in Maoershan Experimental Forest Farm (127°30'-127°34' E, 45°21'-45°25' N) in Shangzhi
City, Heilongjiang Province, and the seeds were processed by water selection [50]. The
plump, pure, and ripe seeds with a harmless moisture content (9-10%) were put into plastic
bags and stored at 0-5 °C. The weight of 1000 seeds, water content, and viability were
measured before the experiment and then imbibed in distilled water at 20 °C £ 5 °C for
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48 h. After imbibition, the seeds were stirred and soaked in 0.2% (v/v) NaCl solution for
10 min, washed with clean water, and the seed coat was peeled off on ice (S. pohuashanensis
is an endosperm-free seed) to obtain the naked embryo out for the experiment [6].

4.2. SNP Pretreatment and Embryo Germination Conditions

A Petri dish with a diameter of 35 mm was placed in the large Petri dish, and a filter
paper completely soaked with 5 mL of 0.05 mol-L.~! Hepes-KOH (pH 7.0) was placed on
top; 30 stripped embryos were placed on it. Then, the Petri dish with 5 mL of SNP solution
(0, 40, 60, 80, or 100 mmol/L) was added to the same Petri dish, and, finally, the large
Petri dish was sealed with a preservation film, and each treatment was repeated three
times. Gaseous NO is released directly from the donor dish and acts on the embryos in the
recipient dish. The embryos were irradiated with 25 °C and 60 . mol-m~2-S~! light for 3 h
and germinated at16 h of light/8 h of darkness. The germination rate was calculated to
determine the optimal SNP concentration after 8 days of germination in the culture room
for 8 days. The standard for germination standard is that the cotyledons turn green, and the
hypocotyl radicle elongation reaches 2 mm [5]. The calculation method of germination rate
was based on the percentage of seed germination to the total number of tested seeds [6].

4.3. Determination of Related Indexes of Active Nitrogen and Active Oxygen

Tissue samples were taken 3 h and 1-8 days after SNP treatment. The relevant
indicators of RNS are based on the method of Wang (2023) [6]. A total of 0.1 g fresh samples
of embryos or seedlings were extracted and analyzed for RNS and ROS content.

4.4. Determination of Hormone Content (ABA, GA3, ACC, and [A)

Hormone levels (ABA, GA3, ACC, and JA) were detected by enzyme-linked im-
munosorbent assay (ELISA) with double antibody and one-step sandwich method. The
absorbance (OD value) was determined at a wavelength of 450 nm, and the sample concen-
tration was calculated [6,51].

4.5. Transcriptome Analysis

Total RNA was extracted from S. pohuashanensis embryos by ethanol precipitation and
the CTAB-PBIOZOL method. After the library construction and detection were qualified,
the DNB (DNA Nano Ball) was prepared and then loaded onto the sequencing chip to be
sequenced with the high-throughput sequencer. The offline data was filtered to obtain
clean data [52], which was sequenced with the reference genome of S. pohuashanensis.

4.6. Metabolomic Analysis

Using vacuum freeze-drying technology, the embryos of S. pohuashanensis were placed
in a freeze-drying machine (Scientz-100 F, Scientz Group, Ningbo, China), and the samples
were crushed into powder by (MM 400, Retsch, Haan, Germany) type pulverizer. Then,
50 mg of the sample powder was weighed using an electronic balance (MS105DM), and
1200 pL of —20 °C pre-cooled 70% methanolic aqueous internal standard extract was added
(less than 50 mg at a rate of 1200 pL extractant per 50 mg sample). It was shaken once every
30 min for 30 s, for a total of 6 times. The treated samples were centrifuged and filtered for
UPLC-MS/MS analysis.

The subsequent data processing was implemented by the statistical functions prcomp,
cor, ComplexHeatmap 2.8.0, and MetaboAnalystR 1.0.1 in the software package R 3.5.1
(www.r-project.org).
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4.7. Quantitative Real-Time PCR

To further verify the reliability of the differential expression results of each treatment
group in S. pohuashanensis samples, we randomly selected 10 genes for qRT-PCR to verify
gene expression changes. Using the actin gene of S. pohuashanensis as an internal reference,
13 target gene (Table 2 for primer information) primers were designed using Primer 6
software, and the relative expression was expressed by 2-AACE

Table 2. qRT-PCR primers for candidate genes.

Gene_id Forward Primers Reverse Primers

Spp-actin TGGATGGCTGGAAGAGGA GAGCGGGAAATTGTGAGG
Sp01G012390 GGAAAGCAGCCGAAATCT TCTCCCACACACCGAAGT
Sp02G002460 GATGTGTATTGCCCTCCT TCTCTTTACCACCGTTGA
Sp02G017590 GGGTCGGGTTACAAGCG  GGGCAAGAAAACTCGGTG
Sp02G022750 AGGGTCCTCCCCCATACA CGCTCTCCTTAGCAGTCA
Sp03G004740 CAACCATCCCAAGCCACA  AAACTCCTCCCCTCCTCC
Sp03G012770 CCGTTTATTCCGCCATCA GGCGTCCCTTTCTTCTCTT
Sp04G014660 GCACGGAGAGGCTAGAGA GTTGCAGCGAACAATGGT
Sp05G009470 CTGTTCCATTCCTATCCC CAAAACCCAGTACCCATC
Sp13G007860 TTCTCCGTGTTCGTCCAA ACCGCCTCCTGTCATTCC
Sp14G022200 GCGGCGAACAAATAGGGT TGGCGGATAAGGAACGGA

4.8. Statistical Analyses

Data from three biological replicates were analyzed using GraphPad Prism 9, Excel
2019, and SPSS 20.0 and are expressed as mean =+ SD. Using one-way ANOVA, p < 0.05
was considered significant.

5. Conclusions

This study showed that exogenous NO concentrations affect embryo dormancy and
germination of S. pohuashanensis in a biphasic concentration-dependent effect. In seed
germination and seedling morphogenesis, appropriate NO concentrations promoted seed
germination by increasing NO and H;O, content, reducing ABA content, and increasing
ethylene and JA content in S. pohuashanensis embryos. However, high concentrations of NO
can increase the content of NO in S. pohuashanensis embryos. However, high concentrations
of NO inhibited the activity of antioxidant enzymes in the embryo of S. pohuashanensis,
disrupted the hormone balance of the embryo of S. pohuashanensis, and inhibited seed
germination. A comprehensive multi-omics analysis revealed that NO concentration-
dependently regulated S. pohuashanensis embryo germination, which was mainly regulated
by biological pathways such as phenylpropanoid and flavonoid biosynthesis. Moreover,
the biological events that occurred at the transcriptional level were consistent with the
phenotype, hormone characteristics, and qRT-PCR analysis. This study provides the major
target genes and metabolites of NO in regulating embryo germination of S. pohuashanensis
and provides an important basis for the molecular mechanism of NO in seed germination
of other Rosaceae plants.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants14030344/s1, Figure S1. KEGG analysis of DEGs during
NO-dependent concentration regulation of embryo germination of Sorbus pohuashanensis. (a) KEGG
enrichment statistics of PG-3h vs. CK-3h in non-overlapping DEGs of PG-3h vs. CK-3h and IG-3h vs.
CK-3h. (b) KEGG enrichment statistics of IG-3h vs. CK-3h in non-overlapping DEGs of PG-3h vs.
CK-3h and IG-3h vs. CK-3h. (c) KEGG enrichment statistics of PG-3h vs. CK-3h in non-overlapping
DEGs of PG-3h vs. CK-3h and PG-3d vs. CK-3d. (d) KEGG enrichment statistics of PG-3d vs.
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CK-3d in non-overlapping DEGs of PG-3h vs. CK-3h and PG-3d vs. CK-3d. () KEGG enrichment
statistics of IG-3h vs. CK-3h in IG-3h vs. CK-3h and IG-3d vs. CK-3d non-overlapping DEGs.
(f) KEGG enrichment statistics of IG-3d vs. CK-3d in non-overlapping DEGs of IG-3h vs. CK-3h
and IG-3d vs. CK-3d. (g) KEGG enrichment statistics of PG-3d vs. CK-3d in non-overlapping DEGs
of PG-3d vs. CK-3d and IG-3d vs. CK-3d. (h) KEGG enrichment statistics of IG-3d vs. CK-3d in
non-overlapping DEGs of PG-3d vs. CK-3d and IG-3d vs. CK-3d. Figure S2. GO analysis of DEGs
during NO-dependent concentration regulation of embryo germination of Sorbus pohuashanensis.
Figure S3. KEGG enrichment analysis of metabonomics in NO-dependent concentration regulation
of Sorbus pohuashanensis embryo process.
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Abstract

Viburnum opulus L. ‘Roseum’” is a highly valuable ornamental plant for landscaping, but it
has a long propagation cycle and low propagation coefficient. In this study, stem segments
with axillary buds from Viburnum opulus L. ‘Roseum’ were used as explants. We systemati-
cally analyzed the use of sodium hypochlorite for the sterilization of explants, as well as
the effects of different plant growth regulator combinations and concentrations on shoot
bud induction, shoot proliferation, the rooting of tissue-cultured shoots, and the trans-
planting of the tissue-cultured shoots. A complete rapid propagation technology system
for Viburnum opulus L. ‘Roseum’ was established. The results showed that a disinfection
method using 75% ethanol for 30 s and soaking in 5% sodium hypochlorite for 5 min was
the most suitable for disinfecting the stem segments of Viburnum opulus L. ‘Roseum’, which
showed low contamination and a 73.33% survival rate. The ideal medium for primary bud
induction was WPM (Woody Plant Basal Medium) + 2.0 mg-L~! 6-benzylaminopurine
(6-BA) + 0.15 mg-L~! indole-3-butyric acid solution (IBA) + 25 g-L~! sucrose. The optimal
medium for shoot proliferation was WPM + 1.0 mg-L~! 6-BA + 0.15 mg-L ! IBA + 25 g-L~!
sucrose, achieving an induction rate of 7.17. For the rooting of tissue-cultured shoots, the
most suitable formulation was 1/2 WPM + 0.3 mg-L~! naphthaleneacetic acid (NAA) + 0.3 mg-L. !
activated charcoal (AC) + 25 g-L~! sucrose, which induced robust and developed root
systems. This study provides a technical basis for the establishment of a fast propagation
system for the industrial production of Viburnum opulus L. ‘Roseum’.

Keywords: axillary shoot proliferation; micropropagation; plant tissue culture; ornamental
plants

1. Introduction

The Viburnum plant holds a very important position in ornamental plant resources
due to its strong adaptability and high ornamental value, earning the title of a “universal
greening tree’ [1]. Viburnum opulus L. ‘Roseum’ is a deciduous shrub of Viburnum [2].
It is cultivated in China in Jiangsu, Zhejiang, Jiangxi, and Hebei Provinces. The young
branches of the year are ribbed and hairless on the surface. The winter buds are oval-
shaped and have one pair of fused outer scales. The leaves are round-ovate, broad-ovate,
or reverse-ovate, measuring 6-12 cm in length, with leaf lobes, where the middle lobes are
long, palmately three-veined, and the base is round, flat, or shallowly heart-shaped, with a
hairless surface. The petioles are relatively thick, measuring 1-2 cm in length, and have 24
or more disk-shaped glands. The compound umbel inflorescences are 5-10 cm in diameter,
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featuring large sterile flowers, with thick total peduncles measuring 2-5 cm in length and a
hairless surface, and the flower stalks are extremely short. The flower corolla is white and
radially symmetrical. The sterile flowers are also white, measuring 1.3-2.5 cm in diameter,
and have long stalks, with broad and reverse-ovate lobes. The leaves of Viburnum opulus
L. ‘Roseum’ fall in winter and sprout in early spring, remaining green until early autumn.
During the transition from autumn to winter, the leaf color changes to red, making it a
highly ornamental landscape plant. As an ecological landscaping tree species, Viburnum
opulus L. ‘Roseum’ can be planted singly, in clusters, or mixed with other plants. It is
suitable for use as a garden tree, street tree, or landscape tree and is also appropriate for
large-scale planting as an ornamental tree in botanical gardens and natural scenic areas [2].
Viburnum opulus L. ‘Roseum’ seedlings are difficult to source, and there are many sterile
flowers, and cutting propagation suffers from low rooting rates. Therefore, it is of great
significance to study the efficient propagation of Viburnum opulus L. ‘Roseum’ to provide
technical support for urban greening.

Viburnum opulus L. ‘Roseum’ is an important ornamental plant resource with strong
adaptability, making it popular in landscape design. Research by Du Xiao [3] and Bi
Bo [4] showed that Viburnum tinus and Viburnum punctatum have strong heavy metal
accumulation capabilities. In addition to its high esthetic value, Viburnum opulus L. ‘Roseum’
also contributes to environmental beautification and has ecological benefits. Currently,
the main propagation methods for Viburnum opulus L. ‘Roseum’ are cuttings and stem
segments, which have a low propagation capacity. It is challenging to obtain a large
number of healthy and disease-free plantlets in a short period due to the long cycle and
low propagation coefficient of these methods, resulting in current production not meeting
market demand. In recent years, there have been related reports on the propagation
technology of Viburnum opulus. L. Chen Bihua [5] conducted experiments on cuttings
using Viburnum macrocephalum Fort. as the material. The results showed that treatment
with 500 ppm IBA for 5 min resulted in a rooting rate of 66.5% to 66.9% after 60 days. Bi
Xianyu [6] tested cuttings of current year branches of Viburnum Sargenti Koehne, and the
results surfaced that their survival rates ranged from 53.28% to 61.53%. Plant tissue culture
can meet the demands of large-scale plant propagation and serves as an important tool
for studying plant resistance to stress [7]. Virginia Hildebrandt [8] used Viburnum opulus
‘Nanum’ as a material and indicated that each bud could produce approximately seven
explants after 6-8 months. This indicates that tissue culture is an important method for the
rapid propagation of plants, allowing for both efficient reproduction and the preservation
of excellent traits in clonal lines.

Viburnum opulus L. '‘Roseum’ has significant landscape ecological value and high
market demand. Its propagation coefficient is low and its cycle is relatively long when
propagated via cuttings, whereas tissue culture can yield numerous tissue-cultured plantlets
in a short time. Currently, reports on the tissue culture techniques for Viburnum opulus
‘Roseum’ indicate a low proliferation rate. Suaad A. Yaseen [9] conducted research using
Viburnum opulus ‘Roseum’ as the material, finding a proliferation rate of 3.31. Therefore,
we aimed to establish a more efficient rapid propagation tissue culture system for robust
Viburnum opulus ‘Roseum’ to provide an effective pathway for large-scale tissue-cultured
plantlet production while better meeting the needs of production and the market.

2. Results
2.1. Surface Sterilization of Explants

The disinfection results of Viburnum opulus L. ‘Roseum” stem segments treated with
different concentrations of sodium hypochlorite and varying disinfection times are shown
in Table 1. When a 2% sodium hypochlorite solution was used for disinfection for 5 and
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10 min, the stem segments did not die but the contamination rates reached as high as 80.00%
to 62.22%, with the highest survival rate being only 37.78%. In contrast, when a 5% sodium
hypochlorite solution was used for disinfection for 5 min, the contamination rate decreased
by 60% compared with the 2% sodium hypochlorite solution. The highest survival rate at
this time was 73.33%. When the same concentration of disinfectant was used for 10 min,
a mortality rate of 10.00% was observed, and the survival rate began to decline. After
treatment with a 10% sodium hypochlorite solution for 5 min, the contamination rate was
only 13.33%, with a mortality rate of over 50%. When the 10% sodium hypochlorite solution
was applied for 10 min, the contamination rate dropped to 0.00%, but the mortality rate
surged to 75.56%.

Table 1. Effect of different treatment combinations on the sterilization of explants.

Sodium Sodium

Group Hypochlorite Hypochlorite Con;{a mn:ahon Mortality Rate % Recovery Rate%
. . ate %
Concentration Treatment Time
1 2% 5 min 80.00 £1.92a 0.00 20.00 £3.33d
2 2% 10 min 6222 £1.11b 0.00 3778 £294D
3 5% 5 min 2444 £ 294 c 222 +192d 7333 +£192a
4 5% 10 min 2111 £2.22¢ 10.00 £ 1.92¢ 67.78 £222a
5 10% 5 min 1333 +1.92d 53.33 £ 6.67Db 28.89 £ 1.11¢
6 10% 10 min 0.00 75.56 £3.85a 2444 +£1.11cd

Note: Different lowercase letters in the same column indicate significant differences between treatments (p < 0.05).

2.2. Primary Bud Induction Culture

The stem segments that had been disinfected via explant treatment were placed in
a culture medium for the initial induction of axillary buds. The germination time of the
axillary buds and the state of the induced axillary buds vary among different combinations
of plant growth regulators, as shown in Figure 1 and Table 2. In the initial induction Scheme
A, axillary buds began to grow after 8.67 days of inoculation, whereas in Scheme B, they
only started to grow after 10.33 days. After 45 days, the leaf growth rate of the axillary
buds in Scheme A was fast, but the leaves were elongated, slightly curled, and had deeper
leaf lobes, with the apical bud not prominent and consisting of several deformed buds. In
Scheme B, the growth of the axillary buds from the stem segments was slower, the leaves
were flat, and the leaf color was a vibrant green, which indicated normal axillary buds.

Figure 1. Growth status of axillary buds of the 2 initial induction schemes. (a) Scheme A; (b) Scheme B.
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Table 2. Time to sprouting of axillary buds and axillary bud status after 45 days for the two initial
induction protocols.

Number of Inoculated Axillary Bud Sprouting

Grou . Status of Axillary Buds
P Stem Segments/pc Time/Day Y
Leaf blade curled, apical dominance not
A 30 8.67 .
obvious, more deformed buds
Axillary buds grow well, with spreading,
B 30 10.33 .
bright green leaves
2.3. Shoot Proliferation
Table 3 and Figure 2 show that among the nine propagation schemes designed using
orthogonal experiments, Scheme 3 had the highest number of axillary shoot buds (7.17),
with normal growth, flat leaves, and typical leaf shapes. In contrast, Schemes 2, 6, and 8
had fewer numbers of axillary bud proliferations. In Scheme 2, the differentiated buds
were generally reddish and mostly deformed. Scheme 6 produced more deformed buds,
characterized by elongated leaves, deeper leaf fissures, and longer petioles. In Scheme 8,
the number of axillary buds was low, with curled leaves and short internodes. Schemes 1,
4,5,7,and 9 produced 4.17 to 6.33 proliferated buds, but many of these exhibited reddish
leaves. In Scheme 4, there was the growth of callus tissue on the stem. In Scheme 5, the
proliferated buds had elongated leaves with slightly increased internodes. In Scheme 9, the
buds showed poor growth, with yellowing leaves and some basal leaves dying.
Table 3. Effect of different concentrations of 6-BA, IBA, and sucrose on adventitious bud differentiation.
6-BA . . o
Groups Concentration IBA ConcE?:ratlon Sucrose Ciriclentratlon Mglfl?flilf:'aflon Growth State of Tissue-Culture Plantlets
(mgL1) (mgL-1) (gL oefficient
1 1.0 0.05 20 5.83 + 0.31 abe Leaves yellowing, differ?ntiation buds turning
red, growth is average.
Few differentiation buds, signs of vitrification,
2 10 01 30 3.67+042¢ stems and leaves are thick and red.
3 10 015 25 717 4+ 048 a More differentiation b1‘1d5, leaf shape normal,
growth is good.
4 15 0.05 30 417 + 031 de Growth is average, stems ha've hyperplastic
tissue proliferation.
5 15 01 5 467 + 049 cde Growth is average, leayes are slender, leaf edges
turning red.
6 15 0.15 20 3.83 + 031 de Leaves are slender, most differentiation buds are
malformed.
7 20 0.05 o5 517+ 0.31 bed Growth is average, leaf edges slightly red, and
some malformed buds present.
8 20 01 20 350+ 1.043¢ Growth is average, fewer 41fferent1at10n buds,
leaves curling.
9 20 015 30 6.33 + 0.766 ab Growth is poor, leaves yellowing, more

differentiation buds.

Note: Different lowercase letters in the same column indicate significant differences between treatments (p < 0.05).

2.4. Induction of Adventitious Roots

During the experiment, the tissue-cultured plantlets without added activated charcoal
(AC) had less rooting, the main root was thicker, there was a whitish epidermis of the
main root, and slow growth, as shown in Figure 3. However, adding an appropriate
amount of AC improved the growth environment of the tissue-cultured plantlets in the
medium, leading to healthier root growth. Therefore, the rooting culture phase for Viburnum
opulus L. ‘Roseum’ tissue-cultured plantlets must include an appropriate amount of AC in
the medium.
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Figure 2. Effect of different concentrations of 6-BA, IBA, and sucrose on axillary bud differentiation.
(a—i) are groups 1-9, respectively.

Figure 3. Effect of not adding AC to the medium on rooting. Both (a,b) show the state of the root
system of the tissue-culture plantlets when no AC was added.

As shown in Table 4 and Figure 4, in the nine different rooting treatments, there
was still swelling in the epidermal layer of the primary roots with an AC concentra-
tion of 0.1 g-L~!. When the rooting regimen was 1/2 WPM + 0.3 mg-L~! NAA +
0.3 mg-L~' AC + 25 g-L~! sucrose, the tissue-cultured plantlets had a high rooting rate,
relatively fast growth rate, and vigorous root system. And the root system was robust,
the plants grew normally, and the leaves were flat without curling. However, as the con-
centration of NAA gradually increased, the rooting rate of Viburnum opulus L. ‘Roseum’
was inhibited, leading to slower root growth. The rooting rate of Group 3 was as high as
88.89%, followed by those of Groups 4 and 5, with a difference of only 11.11%. However,
the adventitious roots of the tissue-cultured plantlets in Group 3 were robust and had a
higher mean number of primary roots of 4.38, while the mean number of primary roots in
Group 4 was 4.29.
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Table 4. Effect of different concentrations of sucrose, NAA, and AC on rooting.

Sucrose NAA AC Average Number of
Groups Concentration Concentration Concentration Rooting Rate % erage Number o Tissue-Culture Plantlets Grow and Root
. - - Primary Roots
(gL-1) (mg L-1) (mg L-1)
1 25 01 01 2346+ 1.23d 200 4+5058d Tissue-cultured planﬂets grew poorly, browning at
the base with only a few roots.
5 25 02 05 56.79 + 3.7 280 4+ 0.17 be Tissue-cultured plan’;lee‘:cvsr}z)e:)\ig average growth with
3 o5 03 03 88.89 +3.70a 438+0.08a Tissue-cultured plantlefs have good growth with
strong primary roots.
4 30 01 05 7778 + 428 b 42940102 Tissue-cultured plantlets with good growth, weak
primary root.
5 30 02 03 7778 +3.70b 299 4+ 0.05 cd Tissue culture plantllets were average in growth,
with late root formation and short primary roots.
Tissue-culture plantlets have poor growth, with few
6 30 0.3 0.1 55.56 +4.28 ¢ 3.40+021b main roots, thickened epidermis, and the growth of
callus at the base.
7 35 01 03 5556 4+ 214 ¢ 340+ 0.10b Tissue-culture plantlets have average growth, with
few roots and a small number of secondary roots.
3 35 02 01 56.79 4+ 3.07 ¢ 220 4+ 0.07 cd Tlssue-cqlturc plant}cts hayc average growth, witha
thickened epidermis on the main root.
9 35 03 05 55.56 4+ 3.70 120+ 0.05¢ Tissue-culture plantlets have poor growth, with

weak and short main roots and browning at the base.

Note: Different lowercase letters in the same column indicate significant differences between treatments (p < 0.05).

Figure 4. Effect of different concentrations of sucrose, NAA, and AC on rooting. (a-i) are groups 1-9, respectively.

2.5. Transplantation

The rooting culture of Viburnum opulus L. ‘Roseum’ tissue-cultured plantlets was car-
ried out based on the rooting protocol of Group 3. The tissue-cultured plantlets of Viburnum
opulus L. ‘Roseum” adapted to the transplanting environment after indoor acclimatization,
resulting in the successful survival of all plantlets post-transplant. As shown in Figure 5,
different substrates had varying effects on the transplantation of Viburnum opulus L. ‘Ro-
seum’ tissue-cultured plantlets. When the tissue-cultured plantlets were cultivated in
a substrate mix of peat soil and vermiculite in a ratio of 1:1 for 10 days, the surviving
plantlets exhibited curled leaves that were reddish-brown, with stunted development and
overall smaller stature. After 10 days of culture in a substrate mixed in a ratio of 1:1:1 of
peat soil, perlite, and vermiculite, some leaves of the surviving small plants were curled,
and growth was somewhat slow. When the tissue-cultured plantlets were planted in a
substrate mix of peat soil and vermiculite at a ratio of 1:2 for 10 days, some leaves showed
reddish-brown coloration, and the growth was somewhat slow. In the substrate mix of peat

57



Plants 2025, 14, 374

soil, vermiculite, and perlite at a ratio of 1:2:1, the tissue-cultured plantlets grew vigorously,
demonstrating healthy growth and normal leaf extension. After 40 days of growth, the
plants were robust, with leaves displaying a shiny appearance, and the young buds at the
base also began to grow. Therefore, we preliminarily conclude that the optimal substrate for
the growth of Viburnum opulus L. ‘Roseum’ has a ratio of 1:2:1 of peat soil, vermiculite, and
perlite. In addition, the survival rate of the tissue-cultured plantlets in different substrate
ratios, which only showed differences in terms of growth status, was maintained at 100%.

Figure 5. Effects of different substrates on the growth of Viburnum opulus L. ‘Roseum” tissue-cultured

plantlets. (a) Peat soil-vermiculite = 1:1; (b) peat soil-vermiculite—perlite = 1:1:1; (c) peat soil-
vermiculite = 1:2; (d) peat soil-vermiculite-perlite = 1:2:1; (e) after 45 days incubation in a mixed
substrate of peat soil-vermiculite—perlite at 1:2:1.

3. Discussion

Our current understanding indicates that the propagation efficiency of Viburnum
opulus L. ‘Roseum’ is relatively low. Therefore, in this study, we established a system for the
efficient in vitro culture of Viburnum opulus L. ‘Roseum’, comprising five stages: explant
disinfection, axillary bud initial induction, multiple bud induction, rooting of shoots, and
substrate selection. In sterilants, mercuric chloride and sodium hypochlorite are widely
used [10]. However, mercuric chloride solution tends to leave residues on the surface of
explants, causing significant damage to the explants. If not rinsed thoroughly with sterile
water, it can lead to the death of the explants [11]. Therefore, in this experiment, sodium
hypochlorite was selected for surface disinfection of the explants. In the experiment, after
cutting the explants, they were first rinsed to remove dust and debris for 30 min under
running water. Subsequently, disinfecting with 5% sodium hypochlorite for 5 min proved
to be the most suitable approach for disinfection, as it not only increased the survival rate
of the explants but also reduced contamination rates.

The induction rate of adventitious buds and the propagation coefficient are impor-
tant indicators during the initial induction and proliferation phases and are influenced
by various factors, including the culture medium and plant growth regulator [12]. Jian
Defeng [13] found that the combination of KT (kinetin) and IBA plant growth regulator
significantly improved propagation effectiveness in Viburnum sargentii Koehne. In this
experiment, in the initial induction stage of Viburnum opulus L. ‘Roseum’, it was discovered
that the medium WPM (Woody Plant Basal Medium) + 0.15 mg-L~! indole-3-butyric acid
solution (IBA) + 2.0 mg-L~! 6-benzylaminopurine (6-BA) + 25 g-L.~! sucrose was most
suitable for initial induction. When the concentration of 6-BA was 2.0 mg-L~!, the in-
duced axillary bud leaves were deformed, and apical dominance was not evident. Wang
Hongbao [14] found that a medium of MS + 0.5 mg-L~! 6-BA + 0.2 mg-L~! NAA was
effective for Viburnum sargentii, with the propagation coefficient reaching 7. Wu Ju [15]
discovered that the combination of 6-BA and IBA plant growth regulator was better suited
for the propagation of adventitious buds in Viburnum sargentii, when the proliferation factor
increased by up to six times. Zhen Xuehua [16] conducted tissue culture studies using
young stems of Viburnum opulus L. as explants, based on MS (MA Base Salts) medium,
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achieving a multiplication rate of 2.95. In this study, it was found that the best propagation
scheme used a medium of 0.15 mg-L~! IBA + 1.0 mg-L~! 6-BA + 25 g-L~! sucrose, with a
differentiation coefficient of 7.17 for adventitious buds. When the concentration of 6-BA
increased, most of the adventitious buds became deformed, with yellowing leaves or over-
all reddening of the plant. The reasons for the color change in plant leaves are numerous.
Viburnum opulus L. ‘Roseum’, as a deciduous tree species that exhibits autumn coloration, is
very sensitive to changes in light and temperature. We speculate that during its cultivation,
subtle variations in the external environment, as well as the effects of excessively high or
low levels of plant growth regulators and carbon sources in the culture medium, lead to
the formation of colored buds and malformed buds.

The rooting and acclimatization of tissue-cultured plantlets are key steps for the
large-scale and commercial application of tissue culture rapid propagation technology [17].
Ormosia henryi Prain [18] and Vaccinium ashei “Tifblue’ [19] both utilize 1/2 WPM medium
for rooting induction. Du Shurui [20] and others used IAA for the culture rooting of
Viburnum to achieve a 93.5% rooting rate. Wu Ju [15] utilized IBA to induce rooting in
Viburnum sargentii tissue-cultured shoots, achieving a rooting rate of 90%. In this experiment
using axillary buds to induce rooting, it was found that NAA had a better induction effect,
resulting in a more robust and developed root system, which is consistent with the research
by Cai Neng and others [21]. The mechanism by which activated carbon promotes root
formation is through its role as a physical adsorbent. Activated carbon can enhance the
aeration and water-holding capacity of the culture medium, while also absorbing toxic
substances secreted by the cultured material, thereby reducing the accumulation of these
harmful substances. This leads to reduced oxidative stress in the root system and promotes
plant root growth. Luo Mengwei [22] found that activated carbon can significantly improve
the rooting rate of tissue-cultured plantlets of Platostoma palustre, achieving a rooting rate
of 100%. Bi Xianyu [23] and others achieved a rooting rate of 90.91% by adding activated
charcoal. In the present study, it was found that the non-addition of an appropriate
amount of AC in the rooting medium affected the robustness of the root system of the
tissue-cultured shoots to some extent. This is consistent with the findings of Bi Xianyu [6].
Roots that differentiated without AC usually had an enlarged outer epidermis with a
whitish color, which was easily damaged by rinsing under running water and could
easily cause root composting death of tissue-cultured plantlets during planting. Activated
charcoal can provide a suitable dark environment for root development, and the addition
of the appropriate amount of activated charcoal can promote the rooting of tissue-cultured
plantlets. Therefore, the optimal plant growth regulator concentration for the rooting of
axillary buds in Viburnum opulus L. ‘Roseum’ was determined to be 1/2 WPM + 0.3 mg-L~!
NAA +0.3 g-L~! AC + 25 g-L~! sucrose, with rooting beginning at approximately 15 days
and the rooting rate reaching 88.89%.

The survival rate of transplanted tissue-cultured plantlets is a key factor in assessing
whether the tissue culture technology system is mature. Light, temperature, substrate
aeration, water retention, and nutrient capacity are important factors affecting the survival
of tissue-cultured plantlets [24,25]. In this experiment, peat soil, vermiculite, and perlite
were used as the substrates. The mixed substrate of peat soil, vermiculite, and perlite in
a ratio of 1:2:1 was superior to other ratios for growth. The tissue-cultured plantlets of
Viburnum opulus L. ‘Roseum” exhibited deep green leaves and robust growth. This mixed
substrate contained abundant moisture and nutrients, meeting the growth demands of
Viburnum opulus L. ‘Roseum” tissue-cultured plantlets.

59



Plants 2025, 14, 374

4. Materials and Methods
4.1. Plant Materials

Using robust and disease-free Viburnum opulus L. ‘Roseum’ from the laboratory of
Northeast Forestry University as the material, new spring branches from the current year
were selected as explants to establish a tissue culture rapid propagation system.

4.2. Components of the Medium

The details of all the mentioned substances are as follows: Lloyd & McCown
Woody Plant Basal Medium with Vitamins (WPM), L449; agar, PLANT TC, A111;
6-benzylaminopurine (6-BA) at a concentration of 1 mg-mL~!, T818; indole-3-butyric
acid solution (IBA) at 1 mg-mL_l; naphthaleneacetic acid (NAA) at 1 mg-mL_l; activated
carbon (AC), 1460, from PhytoTechnology Laboratories; and sucrose, A502792 from Sangon
Biotech (Shanghai, China). Peat soil was from Hongli Flower Base, Harbin, Heilongjiang
Province, China.

4.3. Cultivation Conditions

The WPM medium base consisted of 5.3 g-L~! plant agar, adjusted to a pH of
5.8 £ 0.02. Although the medium formulation remained consistent across various growth
stages, the type and concentration of plant growth regulators differed. The medium was
sterilized in an autoclave at 121 °C for 20 min. Incubation was maintained at a temper-
ature of 25 £ 1 °C, with a light intensity of 40-50 pumol-m—2.s7 1, following a 16/8 h
light—dark cycle.

4.4. Sterilization of Explants

Healthy, pest-free, one-year-old fresh branches with bud points were cut and trimmed
into small segments approximately 3.0 cm long, each containing a bud point. First, the
material was washed in sterile water containing 2.0 mg-L~! Tween 20 for 3-5 min and then
covered with gauze and rinsed under running water for 30 min. After rinsing, the material
was transferred to a vertical laminar flow cabinet for explant sterilization. The stem seg-
ments was washed once with sterile water and then immersed in 75% ethanol for 30 s while
shaking thoroughly to ensure the alcohol made sufficient contact with the surface of the
stem segments. After this, they were washed twice with sterile water and then disinfected
with 2%, 3%, or 5% sodium hypochlorite for 5, 10, or 15 min. After disinfection, they were
washed five times with sterile water. The disinfection treatment combinations are listed in
Table 1. Finally, sterile filter paper was used to dry the moisture from the surface of the
stem segments. Then, sterile scissors was used to trim off the ends that had been oxidized
by the sodium hypochlorite. The remaining stem segments should be cut into small seg-
ments of about 1.5-2.0 cm and seeded into WPM minimal medium (each stem segment has
two axillary buds). Each vial was inoculated with three stem segments and ten vials were
replicated for each treatment group for a total of thirty tissue-cultured plantlets. The culture
conditions were as follows: illumination for 16 h at an intensity of 40-50 pmol'-m~2-s~!
and a temperature of 25 °C £ 1 °C. After 7 days, the rates of contamination, mortality, and
survival of the stem segments were observed and counted as follows: contamination rate
(%) = (total number of samples processed /number of contamination samples) x 100%;
mortality rate (%) = (total number of treated samples/number of dead samples) x 100%;
survival rate (%) = (total number of treated samples/number of surviving samples) x
100%.
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4.5. Primary Culture of Viburnum opulus L. ‘Roseum’

The cleaned explants were inoculated onto WPM medium for axillary bud induction.
Referring to Bi Xianyu’s [23] initial induction protocol, the following initial induction
protocol was selected: WPM + 0.2 mg-L~! IBA + 2.0 mg-L ! 6-BA + 25 g-L~! sucrose
+5.3 gL~ ! agar (A); WPM + 0.15 mg-L ! IBA + 2.0 mg-L ™! 6-BA + 25 g-L ! sucrose +
5.3 g-L~! agar (B). Three explants were inoculated per bottle, with ten replicates for each
protocol. The time of sprouting of axillary buds was counted, and the status of the sprouted
axillary buds was observed within 45 days.

4.6. Induction of Bud Clusters from Young Stems

Using the induced sterile axillary buds as materials, they were transferred to media
containing different combinations of plant growth regulators for proliferation culture.
An Lg (3%) orthogonal experimental design was used, as shown in Table 5. Three sterile
buds were inoculated per bottle, with ten replicates for each treatment. After 30 days of
cultivation, the proliferation and growth status of the buds were observed and recorded.

Table 5. Table of orthogonal experimental design for axillary bud proliferation program.

Group 6-BA Concentration IBA Concentration Sucrose Concentration
(mg~L—1) (mg‘L_l) (g~L_1)
1 1.0 0.05 20
2 1.0 0.1 30
3 1.0 0.15 25
4 15 0.05 30
5 1.5 0.1 25
6 1.5 0.15 20
7 2.0 0.05 25
8 2.0 0.1 20
9 2.0 0.15 30

4.7. Rooting Culture

The robust, sterile tissue-cultured shoots of Viburnum opulus L. ‘Roseum’ were trans-
ferred into a rooting culture medium using 1/2 WPM basic nutrient medium. Different
concentrations of sucrose, NAA, and AC were designed using an Lg (3*) orthogonal experi-
mental design for the rooting culture, as shown in Table 6. Each treatment was replicated
in twelve bottles, with three plants per bottle. The rooting conditions were observed and
recorded after 40 days.

Table 6. Table of orthogonal experiments for rooting schemes.

Group Sucrose Concentration NAA Concentration AC Concentration
(g-L—l) (mg~L_1) (mg~L_1)
1 25 0.1 0.1
2 25 0.2 0.5
3 25 0.3 0.3
4 30 0.1 0.5
5 30 0.2 0.3
6 30 0.3 0.1
7 35 0.1 0.3
8 35 0.2 0.1
9 35 0.3 0.5

4.8. Ex Vitro Acclimatization

Before transplanting, the caps of the tissue culture bottles were first loosened and
then a small amount of sterile water was added. The plants were acclimatized indoors for
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24 to 48 h. The plantlets were gently removed using tweezers, and the residual culture
medium was rinsed from the root necks with tap water. They were transplanted into four
substrates: a mixture of vermiculite and peat soil (1:1); a mixture of peat soil, vermiculite,
and perlite (1:1:1); a mixture of peat soil and vermiculite (1:2); and a mixture of peat soil,
vermiculite, and perlite (1:2:1). Three groups of ten tissue-cultured plantlets were planted in
each substrate for a total of thirty plants. They were watered thoroughly once and covered
with clear plastic cups to maintain humidity for 3 days. The cups were then removed. The
survival rate was counted after 30 days.

4.9. Statistical Analysis

The experimental data are expressed as the mean =+ standard error (SE) and were
analyzed using an ANOVA followed by Duncan’s multiple range test in IBM SPSS Statistics
26.0. A significance level of p < 0.05 was established. Tables were created using Microsoft
Excel 2010 and Microsoft Word 2020. The figures were produced in Adobe Photoshop 2020.

5. Conclusions

In this study, a complete rapid propagation technology for Viburnum opulus L. ‘Roseum’
was established, and the optimal culture conditions for different stages of tissue culture
propagation were optimized. The best method for explant disinfection was found to be 75%
ethanol for 30 s and 5% sodium hypochlorite for 5 min, resulting in a survival rate of 73.33%.
The ideal medium for primary induction was WPM + 2.0 mg-L ! 6-BA + 0.15 mg-L~! IBA.
The most effective proliferation scheme for adventitious buds was WPM + 1.0 mg-L~! 6-BA
+0.15 mg-L~! IBA + 25 g-L~! sucrose, with a proliferation efficiency of 7.17. The most
suitable rooting medium was 1/2 WPM + 0.3 mg-L ™! NAA + 03 mg-L ' AC+25¢-L~!
sucrose. The optimal transplant substrate was a 1:2:1 mixture of peat soil-vermiculite—
perlite. The cultivation system effectively shortened the plantlet time and significantly
improved the axillary bud induction rate and rooting rate of Viburnum opulus L. ‘Roseum’.
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Abstract

Nandina domestica ‘Firepower’ is one of the most popular colorful foliage species in land-
scaping. However, it is currently propagated mainly by seeding and cuttings, with a low
reproduction coefficient, hindering the cultivation of this species. Therefore, establishing
an in vitro regeneration system would be beneficial for the industrialized production of
Nandina domestica 'Firepower’. In this study, an ex vivo regeneration system was established
using the direct organogenesis pathway. In early April, the new shoots of Nandina domestica
‘Firepower’ were selected, and the stem segments of 1~2 cm were cut as the disinfection
materials for the explants. The optimal formulation for inducing axillary shoots was 1/2
MS + 1.5 mg L1 6-benzylaminopurine (BA) + 0.3 mg L~! indole-3-butric acid (IBA). The
optimal formulation for the differentiation and proliferation of axillary shoots was 1/2 MS
+1.5mg L~! BA + 0.01 mg L~! IBA with a multiplicity of proliferation of 9.22. We deter-
mined that the rooting of axillary shoots required a combination of IBA, naphthalene acetic
acid (NAA), and activated carbon (AC). The optimal formulation for rooting was 1/2 MS +
0.2mgL ! NAA + 0.3 mg L ! IBA + 0.2 mg L~! AC. After a two-day hardening period
for tissue-cultured plantlets, a substrate consisting of peat soil, vermiculite, and perlite
at a ratio of 2:2:1 was determined to be the optimal cultivation formulation. This system
provides a framework for the industrialized production of Nandina domestica ‘Firepower’.

Keywords: Nandina domestica ‘Firepower’; plant tissue culture; garden ornamental plants;
rapid propagation

1. Introduction

Nandina domestica ‘Firepower’ is a cultivated variety of Nandina domestica Thunb
in the Berberidaceae family and the genus Nandina. It is an evergreen shrub with dark
green leaves that often display a red hue during the winter months. The species Nandina
domestica is indigenous to North China, Central China, East China, and parts of South
China. Additionally, the plant exhibits a number of beneficial characteristics, including
drought resistance, wind resistance, high-temperature resistance, cold resistance, snow
pressure resistance, and strong resistance to pests and diseases. Presently, Nandina domestica
Thunb in China is primarily concentrated in Jiangsu, Zhejiang, Anhui, Jiangxi, Hunan,
Hubei, Sichuan, Shaanxi, and Hebei, with a notable presence in various horticultural
settings [1,2]. Nandina domestica ‘Firepower’ thrives in a warm, moist, well-ventilated,
semi-shaded environment, preferring sandy loams rich in humus [3]. Nandina domestica
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‘Firepower’ is a short plant with short nodes [4]. As temperatures decline in autumn,
the foliage undergoes a transformation, shifting from its verdant hue to a vibrant red.
This striking seasonal change can persist until the following spring, offering a compelling
ornamental quality [5]. As society progresses and living standards improve, people have
increasingly high expectations of the quality of the environment, particularly with regard to
plants. The public is becoming increasingly interested in plants of different colors, leading
to the development of some colorful varieties [6]. Nandina domestica ‘Firepower” is used in
garden landscapes such as flower beds and flower mirrors for its compact growth and the
fact that its leaves turn red leaves in winter, providing vibrant color for winter scenery [7].

Nandina domestica 'Firepower’ can be propagated through two methods: sexual
reproduction (seeding) and asexual reproduction (ramet division and cutting). However,
both methods exhibit low propagation efficiencies and extended growth cycles, making
them susceptible to environmental influences. Specifically, the germination rate of seeding
is only 60% to 70%, and it takes 2 to 3 years for seedlings to develop into mature plants
suitable for landscaping or ornamental purposes. Ramet division is typically performed
every 3 to 4 years; excessive division can negatively affect plant growth and fruiting. The
rooting success rate of cuttings is approximately 70% to 80%, with strict requirements for
environmental conditions such as humidity and temperature [8,9]. Plant tissue-culture
technology offers many advantages, such as high reproduction efficiency, the stable growth
of seedlings, and unrestricted reproduction. The use of plant tissue culture can enable the
rapid propagation of the Nandina domestica 'Firepower’ to meet market demand. To date,
various cultivars of Nantian bamboo have been successfully propagated in vitro, including
the “Lemon yellow” and “Habo” varieties [10]. In 2007, the first study on the micropropa-
gation of Nantian bamboo was conducted, utilizing stem segments from that year’s shoots as
explants to identify the optimal medium for germination, redifferentiation, and rooting [11].
In 2010, Li Hui developed an in vitro culture system using sterilized vaccine stem segments
as explants, investigating the impacts of different basal media, plant growth regulators,
and activated carbon on plant regeneration [5]. However, in that in vitro culture system,
the proliferation efficiency of the adventitious buds was low.

Therefore, with the aim of attaining higher reproductive efficiency, a stable and efficient
in vitro culture system was developed on the basis of vigorous-growing and pest- and
disease-free materials.

2. Results
2.1. Basal Medium Selection

As shown in Table 1 and Figure 1, the type of medium had a significant effect on the
formation and growth of axillary shoots in Nandina domestica ‘Firepower’. When inoculated to
the 1/2 Murashige and Skoog (1/2 MS) medium, the axillary shoots” leaves were tender and
green with robust growth (Figure 1a,d); when inoculated with Murashige and Skoog (MS)
medium, the axillary shoots’ leaves were tender and green, but the leaf surface was curled,
the base was browned, and the medium was yellowed (Figure 1b,e); and when inoculated
with woody plant medium (WPM), the axillary shoots leaves were yellowed, and growth was
wilted (Figure 1c), (Figure 1f). Therefore, considering the induction of axillary shoots and
plant growth, 1/2 MS was chosen as the optimal basal medium in this experiment.
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Table 1. Effect of medium types on the growth of axillary shoots.

Group

Type of Medium Plant Growth

1/2MS Tender green leaves and robust growth of axillary shoots in tissue culture
Tissue-cultured axillary shoots with tender green leaves but with curled leaves and

MS browning at the base.

WPM Yellowish and shriveled leaves of tissue-cultured axillary shoots

Figure 1. Effect of medium type on axillary shoots’ initiation. (a) 1/2MS; (b) MS; (c¢) WPM.
(d) The culture was maintained in a 1/2 MS medium for a period of 30 days. (e) The culture

was maintained in a MS medium for a period of 30 days. (f) The culture was maintained in a WPM
medium for a period of 30 days.

2.2. Induction of Axillary Shoots from Tender Stem

As shown in Table 2, the concentrations of 6-benzylaminopurine (BA) and indole-3-
butyric acid solution (IBA) had significant effects on the induction of axillary shoots in
Nandina domestica ‘Firepower’. When the concentration of IBA was 0.5 mg—L’l, the time
required for inducing the axillary shoots was gradually shortened with the increase in the
BA concentration. When the concentration of IBA was increased, the time required for
inducing axillary shoots became longer at the same concentration of BA. Comparing the
growth of axillary shoots and the time required to induce axillary shoots, we found that
high concentrations of IBA inhibited the induction of axillary shoots in Nandina domestica
‘Firepower’; therefore, after a comprehensive comparison, 1.5 mg—L’1 BA and 0.3 mg—L’1
IBA were found to be the optimal choices for axillary shoots” induction.

Table 2. Effect of PGR and concentration on the induction of axillary shoots.

Groups

BA Concentration = IBA Concentration Sprouting
(mg L —1) (mgL 1) Time/Day

Ul W =

0.5 0.3 134+ 090 a curled on the leaf surface

1 0.3 9.84+0.65d Tender green leaves but foliage curled
1.5 0.3 7.08 £0.38e Tender green leaves and strong growth

0.5 0.5 11.6 =024 ¢ Leaves slightly yellowed
1 0.5 12.36 = 0.88 b Yellowing of leaves
1.5 0.5 1248 £ 0.50 b Basal browning

Means followed by the same letters in rows are not significantly different at p < 0.05.
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2.3. Proliferation of Axillary Shoots

As shown in Table 3 and Figure 2, the concentrations of BA and IBA had significant
effects on the proliferation of axillary shoots. When the concentration of IBA was constant,
upon increasing the concentration of BA, the proliferation rate of axillary shoots of tended to
increase; when the concentration of BA was constant, with the increase in the concentration of
IBA, the proliferation rate of the axillary shoots tended to decrease. A comprehensive analysis
of the proliferation rate and growth state of the axillary shoots revealed that the optimal
medium for axillary shoots proliferation was 1/2 MS + 1.5 mg-L~! BA + 0.01 mg-L~! IBA,
and the proliferation rate for axillary shoots was 9.22.

Table 3. Effects of different BA and IBA concentrations on the induction of bud clusters.

BA IBA

Groups  Concentration Concentration M(tjxltlpl'lc.atlon Growth State of Buds
- - oefficient
(mgL 1) (mgL-1)
1 1 0.01 3.98+0.38b Average growth, curled leaves, few differentiated buds
2 1 0.03 4.00 +0.67 b Many differentiated buds, good growth, thick leaves
3 1 0.05 3.00 £0.33 ¢ Average growth, curled leaves, few differentiated buds
4 1.5 0.01 922 +084a Robust growth, normal leaf shape, maximum number of differentiated buds
5 15 0.03 433 £0.57b Many differentiated buds, medium growth, browning at base
6 15 0.05 2.66 £0.66 cd  Few differentiated buds, average growth, yellowing leaf margins
7 15 0.1 188 £0.50e Few differentiated buds, with browning at the base
8 15 0.3 1444+ 0.19e Differentiated buds, few in number, brownish at the base, partly vitrified

Means followed by the same letters in rows are not significantly different at p < 0.05.

Figure 2. Effect of BA and IBA concentrations on shoot proliferation: (a) 1 mg-L~! BA + 0.01 mg-L~!
IBA; (b) 1 mg-L~! BA 0.03 mg-L~! IBA; (c) 1 mg-L~! BA 0.05 mg-L~! IBA; (d) 1.5 mg-L~! BA + 0.01
mg-L 1 IBA; (e) 1.5 mg-L~! BA + 0.03 mg-L ! IBA; (f) 1.5 mg-L ! BA + 0.05 mg-L~! IBA; (g) 1.5 mg-L !
BA + 0.1 mg-L~! IBA; (h) 1.5 mg-L~! BA + 0.3 mg-L ! IBA. (i) Subsequent cultures were cultivated on
two occasions at a concentration of 1.5 mg L~! BA and 0.01 mg L~! IBA hormones.

2.4. Induction of Adventitious Roots

The impact of varying concentrations of naphthalene acetic acid (NAA), indole-3-
butyric acid (IBA), and activated carbon (AC) on adventitious root growth was evaluated
using the metrics presented in Table 4 and the data illustrated in Figure 3. The adventitious
roots of tissue-cultured microshoots were primarily situated within the medium, with
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secondary roots becoming visible after approximately 20 days. Preliminary experiments
indicated that the individual application of NAA or IBA to the medium led to a decrease
in the number of roots formed, suggesting that these two plant growth regulators must
act synergistically. When the concentration of NAA was held constant, an increase in the
IBA concentration inhibited the development of adventitious roots. Conversely, at a fixed
IBA concentration, the addition of low concentrations of NAA promoted the formation
of adventitious roots. Taking into account the rooting rate, the number of roots, and their
growth condition, the optimal rooting formula was determined to be 1/2 MS supplemented
with 0.2 mg-L~! NAA, 0.3 mg-L~! IBA, and 0.2 mg-L~! AC, achieving a rooting rate of
88.67% and an average of 6.65 roots per plant.

Table 4. Effect of different concentrations of NAA, IBA, and AC on the rooting of axillary shoots.

NAA 1IBA AC

Groups Concentration Concentration Concentration Adventitious Rooting Grouped Microshoots and Root Growth Status
5 B i Roots Number Rate
(mgL 1) (mgL-1) (mgL 1)

1 02 02 0 0.00 +0.00d 0.00% Microshoots are slow growing, with hgahng
wounds at the base and no root formation.

5 02 03 02 6.65+059a 88.67% Microshoots are strong, w1th alarge number of roots
and secondary root formation.

3 02 04 04 1.66 + 0.57 bed 27.67% Microshoots are poor, with yellowing leaves and
weak roots.

4 02 05 05 1.66 + 1.52 bed 11.33% Microshoots are poorly grown, with deformed leaf
blades and a low number of roots.

5 0.3 0.2 0.2 5.36 £0.37 a 55.67% Microshoots are robust, with low root formation.

6 03 03 0 0.00 +0.00d 0.00% Microshoots are slow growing, with hegllng
wounds at the base and no root production.

7 0.3 0.4 0.5 1.83 +1.04 bc 22.33% Microshoots are strong, with low root production.

3 03 05 04 133 + 1.15bed 11.33% Microshoots are poorly developed, with deformed
leaves and weak roots.

9 0.4 0.2 0.4 2.66 £0.76b 33.00% Microshoots are slow growing, with short roots.

10 04 03 05 1.83 -+ 0.76 be 22339 Microshoots are slow to grow, and fewer roots are
produced.

1 04 04 0 133 + 230 bed 5.67% Microshoots are poor, with healing wounds forming
at the base.

12 04 05 02 033 4+ 0.57 cd 5.67% i\:)li;iiahoots poorly grown, and few roots are

13 05 02 05 1.00 + 1.00 bed 16.67% i\)/?rc(f(())tsfoots are slow to grow, with a small number

14 0.5 0.3 04 1.33 £1.15bcd 11.33% Microshoots are slow growing, with weak roots.

15 05 04 02 1.00 + 1.73 bed 5.67% Microshoots are poor, with yellowing leaves and a
few roots forming.

16 05 05 0 033 + 0.57 cd 5.67% Microshoots are poorly grown, with yellowing

leaves and healing at the base.

Means followed by the same letters in rows are not significantly different at p < 0.05.

Figure 3. Effect of IBA, NAA, and AC concentrations on adventitious roots: (a) 0.2 mg—L*1
NAA + 0.4 mg-L~! IBA + 0.4 mg-L~! AC; (b) 0.4 mg-L~! NAA + 0.2 mg-L~! IBA + 0.4 mg-L~!
AG; (c) 0.4 mg-L~! NAA + 0.2 mg-L~! IBA + 0.4 mg-L~! AC; (d) 0.4 mg-L ! NAA + 0.3mg-L~!
IBA + 0.5 mg-L~! AC; (e) 0.3 mg-L™! NAA + 0.2 mg-L~! IBA + 0.2 mg-L~! AC; (f) 0.2 mg-L~!
NAA + 0.3 mg-L~! IBA + 0.2 mg-L~! AC.
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2.5. Acclimatization

In this experiment, the impact of various substrates on the acclimatization of Nandina
domestica 'Firepower’ tissue-culture plantlets was investigated. Following a two-day ac-
climation period, the tissue-culture plantlets were transplanted into substrates composed
of differing ratios of vermiculite, peat, and perlite. As shown in Table 5 and Figure 4, the
plantlets initially cultivated in peat grew vigorously. However, as the cultivation time
extended, there was a tendency for the edges of the leaves to dry out. After 30 days, the
survival rate was only 3%. The plantlets cultivated in a 1:1 mixture of peat and vermiculite
showed weak and slow growth after transplantation, and their survival rate was 26% after
30 days. In contrast, the plantlets grown in a 2:2:1 mixture of peat, vermiculite and perlite
were vigorous and well-developed, with a survival rate of 86% after 30 days.

Table 5. Effects of different substrate proportions on plantlets.

Group Substrate Ratio Survival Rate
1 peat soil 0.0340.05¢
2 peat soil: vermiculite = 1:1 0.26 £0.05b
3 peat soil: vermiculite: perlite = 2:2:1 0.86 £0.05a

Means followed by the same letters in rows are not significantly different at p < 0.05.

Figure 4. Growth of Nandina domestica 'Firepower” in different substrates: (a) peat soil; (b) peat soil:
vermiculite = 1:1; (c) peat soil: vermiculite: perlite = 2:2:1; and (d) after 60 days incubation in a mixed
substrate of peat soil: vermiculite: perlite of 2:2:1.

3. Discussion

Nandina domestica ‘Firepower’ is a shrub grown in gardens. It is typically planted
in clusters or as a standalone specimen in flower beds and courtyards. Additionally, it
can be utilized as ground cover and as a colorful accent plant. It is a highly sought-after
material for flower beds and courtyards. Market demand for this plant is considerable [12].
The propagation of Nandina domestica ‘Firepower’ is typically achieved through dividing
and cutting. However, this method is not without limitations. These include a relatively
low propagation coefficient, the potential for the species characteristics to be compro-
mised, and a lengthy cultivation period [13]. In recent years, the increasing demand for
Nandina domestica ‘Firepower” has rendered the traditional propagation method inadequate
to meet market demand [11]. Nevertheless, the in vitro propagation of plant species could
yield a considerable number of robust plantlets with stable growth patterns in a relatively
brief period of time. In this study, we established a comprehensive system of plant tissue
culture, encompassing axillary shoots” induction, shoot cluster induction, rooting, and
transplantation. The choice of medium and the concentration of plant growth regulators have
important effects on the induction and proliferation of axillary shoots in Nandina domestica
‘Firepower’. According to Liu Zhong bing et al., the optimal combination for inducing axillary
shoots of Nandina domestica ‘Firepower” is MS + 1.0 mg-L 1 6 BA + 0.1 mg-L ! NAA +20 g-L !
sucrose, which gave the highest induction rate of 74.4% [14]. Deng Yuying et al. observed
that vitrification occurred in histo-cultured axillary shoots when the BA concentration
reached 0.8 mg—L’l. It is, therefore, thought that the concentration of BA in the culture
medium should not be excessive [15]. However, our results show that the optimal medium
for inducing axillary shoots of Nandina domestica ‘Firepower” was 1/2 MS + 1.5 mg/L
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BA + 0.3 mg/L IBA. The induction rate could reach 100%, and the generation time of
axillary shoots was relatively short. Axillary shoots could be observed after 7 days of
culture. Furthermore, high concentrations of BA were more conducive to the formation
of axillary shoots. The discrepancy in the observed outcomes may be attributed to the
fact that different varieties of nandina may necessitate varying concentrations of BA for
optimal growth. Zhou Zhi jiang et al. demonstrated that the optimal proliferation medium
for Nandina domestica ‘Firepower” was MS + 1.0 mg-L ™! BA + 0.1 mg-L ™! NAA + 30 g-L~!
sucrose, with a proliferation coefficient of 3.5 observed [16]. In a study of rapid propaga-
tion technology of Nandina domestica ‘Firepower’, Du Yong qin et al. demonstrated that
MS + 1.0 mg of L~! BA + 0.1 mg-L~! IBA was the optimal proliferation medium, exhibiting
the highest value-added coefficient of 4.12. In a separate study, Song Shuai jie et al. used
young stem tips as the research object. They found that the optimal proliferation medium
was MS + 1.0 mg-L~! BA + 0.1 mg-L~! NAA + 0.1 mg-L~! TAA + 1.0 g-L~! AC, which
yielded the highest proliferation coefficient of up to 5.29 [17]. Our results show that the
optimal medium for the proliferation of axillary shoots of Nandina domestica ‘Firepower’
was 1/2MS + 1.5 mg/L BA + 0.01 mg/L IBA, with a proliferation coefficient as high as 9.22,
which was significantly higher than the results of other studies on the proliferation of
axillary shoots of Nandina domestica ‘Firepower’. The observed variability in results may
be attributed to the differing hormone types and ratios, which exert some influence on the
growth of late-stage histo-cultured microshoots. In a rooting test conducted by Wang Chun
et al. on bamboos (Nandina), the addition of IBA at a concentration of 0.25 mg L-1 resulted
in a rooting rate of up to 87.33% [18]. Cai Peng et al. demonstrated that the rooting rate was
76.67% in a liquid medium comprising 1/2MS +0.2mg L' NAA +02mgL ' IBA+4gL"!
AC [19]. We explored the influences of NAA, IBA, and AC on the rooting of micro-branches
and the strengthening of microshoots. The results indicated that the combination of
1/2MS + 0.2 mg/L NAA + 0.3 mg/L IBA + 0.2 g/L AC significantly enhanced the rooting
rate of Nandina domestica ‘Firepower’, reaching up to 88%. The difficulties associated with
rooting and the low survival rate of transplants represent significant challenges in the
field of woody tissue-culture breeding. These obstacles impede the implementation and
advancement of tissue-culture breeding technology in industrial production settings [20,21].
The addition of AC to the culture medium adsorbs harmful metabolites and promotes the
generation of adventitious roots [22]. With regard to the transplantation of plantlets, Song
Shuai jie and colleagues have demonstrated that the survival rate of transplanted plants
can reach 94% when the transplantation substrate is a mixture of peat soil, vermiculite, and
perlite at an 8:1:1 ratio [17] Zhang Jun lin et al. concluded that a 3:2 mixture of peat soil and
perlite was more conducive to the growth and development of B. nantianensis [10]. We
compared the influences of several substrate mixtures on the growth of Nandina domestica
‘Firepower’. Ultimately, a 2:2:1 mixture of peat soil, vermiculite, and perlite was chosen as
the cultivation substrate. Its survival rate can reach 86%. Subsequent studies will further
explore the appropriate cultivation conditions for Nandina domestica ‘Firepower’.

4. Materials and Methods
4.1. Plant Materials

Nandina domestica ‘Firepower” was purchased from the Zhejiang flower and seedling
market. Seven three-year-old Nandina domestica ‘Firepower” plants were selected as raw
materials. In early April, the new shoots of Nandina domestica ‘Firepower’ were selected,
and the stem segments of 1~2 cm were cut as the main materials for the surface sterilization
of explants.
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4.2. Components of the Medium

The chemicals used were as follows: MS Base Salts with vitamins (PM519);
6-benzylaminopurine (BA) (1 mg-mL’l), indole-3-butric acid solution (IBA) (1 mg-mL’l),
and naphthalene acetic acid (NAA) (1 mg-mL’l) were from Phyto Technology Laboratories
(Lenexa, KS, USA); sucrose (A502792), AGAR (A505255), and active charcoal (A502167)
were from Sengon Biotech (Shanghai, China).

4.3. Culture Media and Conditions

In this research, three types of media, namely WPM, MS, and 1/2 MS, were utilized.
The sucrose concentration of all these three media was 30 g/L, the agar concentration was
5.4 g/L, and the pH value was 5.8 & 0.02. The types and concentrations of the plant growth
regulators in the media employed at different cultivation stages were diverse. All media
were sterilized at 121°C for 20 minutes prior to their utilization. The culture temperature
was 25 + 1 °C, the light intensity was 40-50 umol-m~2-s~!, and a light/dark cycle of 16/8 h
was used.

4.4. Sterilization of Explant

In early April, the new shoots of Nandina domestica ‘Firepower’ were harvested, and
1-2 cm long stem segments were excised to serve as explants. They were initially rinsed
under running water for 120 min (given that the internodes of Nandina domestica ‘Firepower’
are extremely short, a prolonged rinsing period is necessary to eliminate certain external
contaminant sources) Subsequently, they were transferred into tissue-culture flasks. All
subsequent procedures were conducted in a vertical laminar flow cabinet. The explants
were initially surface-sterilized with 75% ethanol for 30 s, followed by rinsing 3-5 times with
sterile water to eliminate the residual ethanol. Subsequently, disinfection was continued
using 2% sodium hypochlorite for 10 min, after which the explants were rinsed again
3-5 times with sterile water. Eventually, the stem segments were dried on sterile filter paper
to prepare for the induction of axillary shoots.

4.5. Basal Culture Medium Selection

The stem segments obtained from the sterilized materials in the previous stage were
used as the experimental materials. These stem segments were inoculated into three
different culture media: WPM, MS, and 1/2MS, and cultured for 30 days to monitor their
growth. Each bottle contained three stem segments, with a total of 10 bottles per treatment,
and each treatment was replicated three times. After the 30-day culture period, the growth
status of the stem segments was evaluated and recorded.

4.6. Induction of Axillary Shoots from Tender Stem

Sterilized stem segments were used as experimental materials and transferred to
media containing BA (0.5, 1.0, or 1.5 mg L~1)and IBA (0.3 or 0.5 mg L1 to induce the
formation of axillary shoots. Three to four stem segments were inoculated into each bottle.
For each combination, a total of 30 bottles were inoculated (10 bottles per replicate, with
three replicates). After a 30-day culture period, the time of emergence and growth status of
the axillary shoots were recorded. Detailed information on these combinations is provided
in Table 2.

4.7. Subculture of Axillary Shoots

The axillary shoots induced in the previous stage were transferred to media containing
BA (1.0 or 1.5 mg L~!) and IBA (0.01, 0.03, 0.05, 0.1, or 0.3 mg L) for subculture. Each
bottle contained three to four stem segments, with a total of 10 bottles inoculated per
treatment, and each treatment was replicated three times. After a 30-day incubation period,
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the proliferation and growth status of the shoots were carefully observed and recorded.
The proliferation coefficient was calculated by dividing the total number of new shoots
formed by the number of initially inoculated buds.

4.8. Rooting

Microshoots measuring between 1.5 and 2.5 cm in height were meticulously selected,
separated from the shoot clusters, and subsequently cultured in a 1/2 MS medium supple-
mented with varying concentrations of IBA, NAA, and AC. Each bottle contained three
stem segments, with a total of 10 bottles inoculated per treatment, and each treatment was
replicated three times. After a 30-day culture period, the number, length, and time required
for root formation were carefully documented. The rooting efficiency was quantified as the
ratio of microshoots that successfully developed roots to the total number of microshoots
inoculated into the medium.

4.9. Ex Vitro Acclimatization

Plantlets with well-developed roots were selected from the rooting culture for acclima-
tization. An appropriate amount of distilled water was added to the tissue-culture flasks,
which were left open gradually over 1 to 2 days to allow the plantlets to acclimate to the
external environment during this period. After acclimatization, the plantlets were carefully
removed from the flasks, and their roots were gently washed to remove any residual culture
medium. The plantlets were then planted in substrates containing different proportions
of vermiculite, peat soil, and perlite. Thirty plantlets were planted in each substrate type
(10 plantlets per replicate, with three replicates). After a 30-day growth period, the survival
rate and growth conditions of the plantlets were observed and recorded.

4.10. Statistical Analysis

The experimental data are presented as the mean =+ standard error (SE) and were
analyzed through SPSS 25.0 using ANOVA followed by Duncan’s multiple range test. The
significance level was set at p < 0.05. Tables were constructed via Microsoft Excel 2010 and
Microsoft Word 2021, and the figures were generated using PS 2020.

5. Conclusions

In this study, we established an in vitro propagation system for Nandina domestica ‘Fire-
power’ via direct organogenesis. In early April, the new shoots of Nandina domestica ‘Fire-
power’” were selected, and the stem segments of 1~2cm were cut as the main materials for
the surface sterilization of explants. The optimal protocol for explant sterilization was found
to be a two-hour rinse with running water, a 30 s treatment with 75% ethanol, and a 10 min
treatment with 2% NaOC]I. The optimal medium was identified as 1/2 MS basal medium,
and the most effective formulation for the induction of axillary shoots was 1/2 MS medium
supplemented with 1.5 mg L~! BA and 0.3 mg L~! IBA. The shoots of tissue-culture seedlings
were used to induce axillary shoots, and the optimal concentrations for subculture and pro-
liferation were found to be 1.5 mg L~! BA and 0.01 mg L~! IBA. Rooting was performed
using 1/2 MS + 0.2 mg L~! NAA + 0.3 mg L~ IBA + 0.2 mg L~! AC. Finally, the optimal
substrate was found to be vermiculite, peat soil and perlite in a 2:2:1 ratio. Nevertheless, it
is widely acknowledged that the genotype significantly influences plant regeneration, and
certain variations exist among different genotypes. Hence, in future studies, we will conduct
research on other genotypes of this plant to enrich the in vitro culture system of this plant.

Author Contributions: S.L. conceived and designed the experiments; Y.L. provided materials and

funding; X.Z. (Xin Zhao) and H.D. performed the experiments, analyzed the data, prepared the
figures and tables, and they contributed equally to this work; X.Z. (Xinxin Zhang), Y.N. and C.C.

72



Plants 2025, 14, 421

participated in the experimental validation. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: All data are available in the manuscript.

Conflicts of Interest: Author Yanhua Li was employed by the company Zhejiang Physical and Chemical
Technology Co., Ltd. The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential conflict of interest.

References

1.  Tang, L.; Liu, Y.Q. Germ Plasm Resource and Application of Nandina domestica. |. Hunan Ecol. Sci. 2007, 3, 4—6.

2. Long, J.F. Scientific development and utilization of Hunan garden plant resources. For. Ecol. 2006, 4, 15.

3. Jiang, Z.P; Wang, FY.; Xu, Z.D.; Zeng, K,; Shi, Y.G. Preliminary study on in vitro preservation technique of Nandina domestica
‘Fire power’. |. Jiangsu For. Sci. Technol. 2010, 37, 6-8.

4. Song, G.; Zhu, Y. Tissue Culture and Large-Scale Production of Nandina domestica ‘Firepower’. Plant Physiol. ]. 2010, 46, 157-158.

5. Li, H. In vitro fast propagation of the colorful leaf tree species Nandina domestica ‘Firepower’. Jiangsu Agric. Sci. 2010, 1, 74-76.

6.  Yu,].; Shen, X.T. Development and Application of Nandina domestica ‘Firepower’. Chin. Hortic. Abstr. 2009, 25, 153.

7. Jiao, L.L,; Li, X.P; Liu, X.C. Characteristics and garden application of the foliage plant Nandina domestica ‘Firepower’ Nandina.
Mod. Rural. Sci. Technol. 2021, 6, 69.

8. Liu, G.H.; Chen, Y,; He, Y.P; Yang, S.H. Sowing and Propagation Techniques of Nandina domestica. Hortic. Seed 2018, 38, 18-19.

9. Yang, Y.H. Breeding Techniques of Nandina domestica. China Flowers Hortic. 2017, 4, 33-35.

10. Xie, Y.Q.; Ning, L.; Li, X.H.; Chen, H.F; Liao, L.Y.; Zhao, G.D. Study on tissue culture rapid propagation technology of
Calliandra haematocephala. Trop. For. 2019, 47, 25-28.

11. Zeng, Y.P; Shao, C.R;; Wang, C.; Xu, S.Y. Fast propagation and production of red-leafed Nandina. China Flowers Hortic.
2013, 6, 36-38.

12.  Zeng, H.].; Zhang, M.L.; Zou, C.J. Study on the tissue culture propagation technique of Nandina domestica ‘Firepower’. Mod. Agric.
2015, 9, 8-10.

13.  Du, Y.Q.; Ni, LJ.; Wang, Y.Q.; Zhang, Y.C.; Liu, X.W. Studies on introduction and propagation technology of a new ornamental
forest variety Nandina domestica ‘Fire power’. Acta Agric. Shanghai 2007, 3, 38—41.

14. Liu, Z.B.; Meng, Y. Optimization of Primary Culture Conditions in vitro of Nandina domestica Thunb. North. Hortic. 2015, 5, 93-96.

15. Deng, Y.Y,; Lv, X.L. Study on Tissue Culuture of Nandina domestica ‘Firepower’. North. Hortic. 2010, 20, 141-143.

16. Zou, Z.J.; Chen, M.L.; Yang, PJ. Establishment and Optimization of Tissue Culture System for Nandina domestica ‘Fire power’.
J. Agric. Sci. Technol. 2019, 21, 164-168.

17. Song, S.J.; Huang, K.; Qian, R.N.; Liu, F; Lin, L.; Chen, ]J.K. Study on tissue culture and rapid propagation system of
Nandina domestica Firepower. ]. Zhejiang Agric. Sci. 2020, 61, 2062-2065.

18. Wang, C.; Zhang, J.L.; Fang, W.F.; Wang, Y.; Fang, H. Techniques of fast-growth reproduction of Bambusa alba. ]. For. Eng.
2011, 25, 85-88.

19. Cai, P; Su, H.T,; Li, L.Y,; Liu, H.Y.; Yao, H.W. Study of in Vitro Culture of Nandina domestica Thunb. J. Hebei Norm. Univ. (Nat. Sci.)
2016, 40, 66-72.

20. Zhang, L.L.; Zhang, M.M. Application and limitations of woody plant tissue culture technology in forestry research and production.
Beijing Agric. 2015, 9, 74-75.

21. Wang, HY,; Li, L.E; Chen, Y,; Chen, N.M. Study on Rapid Propagation in vitro of Two Cultivars of Nandina domestica.
Subtrop. Plant Sci. 2014, 43, 255-258.

22.  Zhang,].L,;Fan, Q.;Hu, Y.C; Yang, H.; Hu, S.Q.; Shen, B.C. Nandina domestica ‘Harbour Dwarf": Tissue Culture and Rapid Propagation.

J. Agric. 2021, 11, 63-68+89.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

73



plants

Article

Sex-Specific Responses of Sexual Reproduction, Clonal
Reproduction, and Vegetative Growth to Environmental
(Biotic and Abiotic) Factors in the Clonal Dioecious Plant
Acer barbinerve

Dan Liao 1, Jingjing Lei !, Yingni Wang !, Yuxin Bao !, Xinna Zhang ? and Juan Wang *

Key Laboratory for Forest Resources & Ecosystem Processes of Beijing, School of Ecology and Nature
Conservation, Beijing Forestry University, Beijing 100083, China; liaodan@bjfu.edu.cn (D.L.);
18294324528@163.com (J.L.); wangyingni08042@163.com (Y.W.); baoyx0283@163.com (Y.B.)

College of Forestry, Beijing Forestry University, Beijing 100083, China; zhangxinna@bjfu.edu.cn

*  Correspondence: claire_wangj@163.com; Tel.: +86-138-1027-7963

Abstract

Sexual dimorphism in dioecious plants serves as a critical adaptive strategy in complex
environments. This study systematically investigated the effects of topographic factors
(elevation, slope, aspect, and convexity), soil nutrients (C, N, P), and interspecific competi-
tion intensity on the reproductive strategies and vegetative growth of the clonal dioecious
plant, Acer barbinerve. Using Spearman’s correlation analysis, multiple regression models,
and PLS-PM path models, key findings include the following: (1) female sexual repro-
duction biomass showed a significant positive correlation with the topography principal
component (topo_PC1), with a notable gender-topography interaction, whereas male
sexual reproduction was negatively regulated by elevation; (2) clonal reproduction in
both sexes was significantly suppressed by interspecific competition, but females addi-
tionally exhibited positive topographic responses; and (3) male vegetative growth was
significantly impacted by environmental stress, while females maintained relative stabil-
ity. These results demonstrate that females optimize reproductive investment through
topography-mediated resource acquisition, whereas males are more susceptible to resource
competition constraints. This sex-specific adaptive strategy corroborates the dimorphic
niche hypothesis, highlighting how environmental heterogeneity drives divergent life
history allocations in dioecious species. The findings provide novel insights into the eco-
logical mechanisms underlying sexual dimorphism and inform gender ratio management
in ecological restoration practices.

Keywords: environmental adaptation; sexual dimorphism; clonal plant; dioecy

1. Introduction

Dioecious plants play an important role in terrestrial ecosystems [1]. Their sexual
dimorphism reflects adaptive traits associated with reproductive roles [2,3]. The ecological,
morphological, and physiological differences between sexes in dioecious plants are often
attributed to varying reproductive costs of each sex and are closely related to the trade-offs
assigned to reproductive and other plant functions [4,5]. Throughout their life cycle, plants
are continuously influenced by both biotic and abiotic factors [6], and different sexes often
respond differently to environmental changes. For example, females of Populus euphratica
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are more sensitive to drought and salinity than males [7], while male Salix matsudana
exhibit stronger salt tolerance [8]. Therefore, understanding how environmental factors
(both biotic and abiotic) affect the plant growth and reproduction of dioecious plants is
crucial [9-11]. However, studies on the impact of environmental factors on dioecious plants
still have two main limitations: a lack of systematic comparisons and limited consideration
of multifactorial interactions [12,13].

According to the dimorphic niche hypothesis, differences in reproductive costs and
allocation trade-offs between females and males may lead to their different responses to
environmental gradients [14], and abiotic factors related to geography also play a role in
modifying sexual dimorphism in plant life history [15]. Topographic features such as slope,
aspect, and elevation are considered the primary factors causing spatial variations [16],
and they promote the formation of environmental heterogeneity by regulating conditions
such as soil moisture, light, and microclimate [17-19]. This heterogeneity further leads
to differences in vegetative growth and reproduction processes [16,20,21]. In addition,
plant growth and reproduction are limited by the availability of key elements (e.g., car-
bon, nitrogen, and phosphorus) in the environment [22,23]. For dioecious plants, there
are differences in resource requirements between males and females [24]. For example,
male plants may require more nitrogen for pollen production during flowering, whereas
female plants require more carbon for seed production during fruiting [25]. Thus, sexual
dimorphism exists in dioecy in response to topography and soil nutrients during growth
and reproduction.

De Lisle demonstrated that resource competition drives the evolution of sexual dimor-
phism [26], which implies that there is a gender difference in the response of the two sexes
to interspecific competition [27,28]. Plants compete for resources needed for growth and
reproduction through interspecific competition in environments with limited resources.
This competition usually drives plants to make morphological and physiological adapta-
tions [29,30]. Different plant species respond differently to resource competition, and clonal
plants in particular are more complex regarding interspecific competition due to their dual
ability for both clonal growth and sexual reproduction. The resource allocation of clonal
dioecious plants is often strongly influenced by interspecific competition pressures [31,32].
Therefore, studying the adaptation of dioecious plants under different interspecific compe-
tition intensities, especially the manifestation of sexual reproduction, clonal reproduction,
and vegetative growth, is important for understanding plant growth and reproductive
strategies in complex environments.

This study focuses on Acer barbinerve and systematically investigates the combined
effects of abiotic factors (such as topography and soil nutrients) and biotic factors (such as
interspecific competition) on its sexual reproduction, clonal reproduction, and vegetative
growth. Acer barbinerve is a typical clonal dioecious plant in the Aceraceae family and
is one of the foundational species in the temperate forests of China. It has high species
diversity in its local area and is also one of the dominant understory species [33,34]. The
sex of this plant can be easily distinguished during the flowering period (April to May),
with the fruiting period occurring in July to August. As a root-suckering clonal plant, Acer
barbinerve expands horizontally through underground rhizomes and forms new buds at
certain nodes, which eventually develop into independent individuals. Due to the small
spacing between its ramets, they can grow closely together, making it easier to identify
the genets in the field. This study will address the following scientific questions: (1) Do
abiotic factors have sexually dimorphic effects on Acer barbinerve? (2) Do biotic factors have
sexually dimorphic effects on Acer barbinerve? (3) Are the differences in sexual dimorphism
consistent across sexual reproduction, clonal reproduction, and vegetative growth?
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2. Results
2.1. The Effects of Biotic and Abiotic Factors on Sexual Reproduction

In the Spearman’s correlation analysis, slope and sinA are significantly positively corre-
lated with sexual reproduction in females, while sexual reproduction in males is significantly
negatively correlated with elevation and interspecific competition intensity (Figure 1). Other
environmental factors, although showing some correlation, do not exhibit significant relation-
ships. The multiple regression model for sexual reproduction (Figure 2) indicates that gender
(B =—-1.30, p <0.001), topo_PC1 (3 =0.28, p < 0.01), and soil_PC1 (3 =0.26, p < 0.05) have
significant effects on sexual reproduction biomass. Additionally, a significant interaction
effect between gender and topo_PC1 was observed (3 = —0.29, p < 0.05), suggesting that
the influence of topo_PC1 on sexual biomass is weaker in males compared to females. A
marginal interaction effect between gender and soil_PC1 was also found (p < 0.1). In the
PLS-PM models (Figure 3), the environmental factor exhibits a significant negative effect on
female sexual reproduction (3 = —0.60, p < 0.01), while its negative impact on male sexual
reproduction is not statistically significant (3 = —0.33, p > 0.05).
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Figure 1. Correlations between sexual reproduction, clonal reproduction, vegetative growth, and their
explanatory variables. The size of the squares indicates the significance of Spearman’s correlation
between explanatory variables, and the colors represent the different strengths of the correlations.
C, soil carbon content; N, soil nitrogen content; P, soil phosphorus content; sinA, east aspect; cosA,
north aspect; CI, interspecific competition intensity. * p < 0.05; ** p < 0.01.
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Figure 2. Effects of environmental variables on sexual reproduction, clonal reproduction, and
vegetative growth. We show the parameter estimates of model predictors and the associated 95%
confidence intervals. The p-values of each predictor are given as: Black indicates p < 0.05, grey
indicates 0.05 p < 0.1, and white indicates p > 0.1. Gender, based on males; topo_PCl1, the first axis of
the five topography variables; topo_PC2, the second axis of the five topography variables; soil_PCl,
the first axis of the four soil nutrients variables; CI, interspecific competition; gender:topo_PC1, the
interaction between gender and the first axis of the five topography variables; gender:topo_PC2, the
interaction between gender and the second axis of the five topography variables; gender:soil_PC1,
the interaction between gender and the first axis of the four soil nutrients variables; gender:CI, the
interaction between gender and interspecific competition.
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Figure 3. Structural equation model about the impact of the environment on sexual reproduction,
clonal reproduction, and vegetative growth. Each number in parentheses indicates the loading value
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of the indicator to the latent variable. Red lines indicate negative significant relationships, respectively,
and gray lines indicate insignificant relationships; the thickness of the line represents the strength
of the causal relationship, supplemented by a standardized path coefficient. R? indicates the total
variation of a dependent variable as explained by independent variables; GOF indicates the goodness
of fit of the entire model. * p < 0.05; ** p < 0.01.

2.2. The Effects of Biotic and Abiotic Factors on Clonal Reproduction

In the Spearman’s correlation analysis, clonal reproduction in females is significantly
positively correlated with slope and cosA, and significantly negatively correlated with
interspecific competition intensity. However, clonal reproduction in males is only sig-
nificantly negatively correlated with interspecific competition intensity (Figure 1). The
multiple regression model for clonal reproduction (Figure 2) reveals that gender does not
have a significant effect on rematnumber (p = 0.80). However, CI exhibits a significant
negative effect on rematnumber (3 = —0.43, p < 0.05). Moreover, no significant interaction
effects between the variables and gender were observed for number of ramets. In the
PLS-PM models (Figure 3), the environment has a significant negative effect on female
clonal reproduction (3 = —0.60, p < 0.01), and it also exerts a significant negative influence
on male sexual reproduction (3 = —0.45, p < 0.05).

2.3. The Effects of Biotic and Abiotic Factors on Vegetative Growth

In the Spearman’s correlation analysis, vegetative growth in females does not show
significant correlations with environmental factors, while vegetative growth in males is
significantly negatively correlated only with slope (Figure 1). The multiple regression model
for vegetative growth (Figure 2) indicates that gender does not have a significant effect on
plant biomass (p = 0.12). The independent variables, including CI, topo_PC1, topo_PC2,
and soil_PC1, also do not exhibit significant effects on plant biomass. Furthermore, no
significant interaction effects, such as those between gender and the independent variables,
were observed. In the PLS-PM models (Figure 3), the path coefficient for the environmental
factor on female vegetative growth is —0.400 with a p-value of 0.08, which is close to the
significance threshold of 0.05, suggesting a potential negative impact of the environment on
vegetative growth, though this effect is not fully significant. In contrast, the environment
exerts a significant negative effect on male vegetative growth (3 = —0.38, p < 0.05).

3. Discussion

Female and male plants experience different selective pressures and have different evo-
lutionary directions. Their evolutionary differences can induce a range of morphological,
physiological, and ecological differences between males and females, which are referred to
as sexual dimorphism. Sexual dimorphism is not fixed under different environmental pres-
sures, and males and females differ in their plastic responses to environmental factors [35].
In our study, although principal component analyses showed no significant differences
between female and male Acer barbinerve on environmental factors such as topography, soil
nutrients, and interspecific competition intensity, this result suggests that overall variation
in these environmental factors does not directly distinguish between the sexes in terms
of growth and reproduction on a macro scale (Figure 4). However, subsequent analyses
revealed significant sexual differences in the response to these environmental factors. This
indicates that, despite the overall similarity of environmental factors, male and female Acer
barbinerve exhibit sex-specific responses to growth and reproduction.
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Figure 4. Principal component analysis of the topography, soil nutrients, and interspecific competition
intensity of Acer barbinerve genets.

3.1. Differences in the Response of Sexual Reproduction to Environmental Factors Between
the Sexes

This study reveals that sexual reproduction in females and males responds differently
to environmental factors. Topography and soil nutrients have a significant impact on sexual
reproduction, with a notable interaction between topography and gender. Topographic
factors are critical in creating habitat differences across regions [36]. At small scales,
elevation and slope are two of the most important topographic factors influencing plant
functional traits [23]. In the response of three grassland plants to changes in elevation,
it was found that the reproduction of Trifolium montanum and Briza media was almost
unaffected by elevation, whereas Ranunculus bulbosus showed a significant increase in
reproductive investment at higher elevations [37]. Olejniczak et al. also demonstrated a
species-specific dependence of seed production on changes in elevation [38]. In this study,
the interaction between sex and topo_PC1 suggests a weak effect of topographic factors on
males This may be related to differences in water demand or water use efficiency between
the sexes [39-41]. In addition to elevation and slope, aspect also affects sexual reproduction
in plants. For the dioecious shrub Bursera fagaroides (Burseraceae), reproduction was found
to be related to aspect, with individuals growing on west-facing slopes producing lower
fruit production than those growing on east-facing slopes [42,43].

Male and female plants face different resource limitations during sexual reproduc-
tion, with female functions (i.e., seed and fruit production) generally requiring more
carbon [25,44], while male functions may have higher nitrogen demands for pollen
production [45,46], which in turn leads to differences in their nutrient requirements and
resource allocation. Different resource currencies (e.g., carbon vs. nitrogen) in dioecious
plants may be an important factor driving sex-specific patterns of sexual dimorphism [47].
Sexual reproduction in males is limited to flowering and pollen dispersal, while females
continue with fertilization, seed, and fruit production and dispersal [48]. This study found
that the sexual reproduction of males was significantly enhanced with increasing soil
nutrients. The increase in soil nutrient content enhanced nitrogen uptake by male flowers,
directing more nitrogen toward pollen production, which subsequently increased male
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flower production. This, in turn, improved the fertilization success rate of female flowers,
ultimately leading to a higher number of successfully developed samaras.

In a study of the dioecious wind-pollinated shrub Leucadendron rubrum, it was found
that plant density negatively impacted the male fitness proxy in males but not significantly
in females [49]. Similarly, our study found that sexual reproduction in males was signif-
icantly suppressed by the intensity of interspecific competition, whereas females were
unaffected. The negative effect of interspecific competition on male sexual reproduction
may be due to the increased competition for nutrient resources that affect pollen production.
Females showed a stronger sexual reproduction in high competitive environments, possibly
because female plants prioritize investing more resources in seed development to ensure
the reproductive success of their offspring [27,50].

These results suggest that although male and female Acer barbinerve grow in similar
environments, their sexual reproduction varies in response to environmental factors. These
sex-specific response patterns reflect differences in reproductive strategies and reveal the
ecological adaptation strategies of different sexes in varying environments.

3.2. Differences in the Response of Clonal Reproduction to Environmental Factors Between
the Sexes

Plants have repeatedly evolved clonal reproduction alongside sexual reproduction [51],
forming an integrated strategy designed to ensure the transmission of adaptive genes while
also providing the genetic variability necessary for colonizing new habitats and surviving
future environmental changes [52]. In nature, the availability of basic resources (e.g., light,
water, and soil nutrients) typically exhibits spatial heterogeneity.

Clonal plant ramets are often physically connected for extended periods through hori-
zontal connectors (stolons and rhizomes), allowing for physiological integration between
ramets [53,54]. Due to clonal integration, resources obtained by ramets growing in favorable
microhabitats can be transported to resource-scarce locations, alleviating resource shortages
in impoverished microsites [55]. Clonal plants can exhibit foraging responses, in which
more resource-absorbing organs (e.g., leaves, roots, or ramets) are placed in high-quality
patches than in low-quality ones, enabling the efficient use of heterogeneously distributed
light and water resources [56,57]. Such cooperative systems can buffer the effects of spatial
heterogeneity [58], and improve the overall performance of the plant [32,59].

It is due to these characteristics of clonal plants that topography and soil nutrient
content are not the major factors influencing the clonal reproduction of Acer barbinerve
under natural field conditions. Similarly to our study, when examining the reproductive
allocation of dioecious aquatic clonal plants in response to water depth, it was found
that both sexes invested similarly in clonal reproduction (via tubers) [47]. In general, the
importance of clonal reproduction tends to increase with elevation. At higher elevations
(3944 m), Fragaria vesca showed stronger clonal integration effects in terms of biomass, total
stolon length, and number of ramets [60]. In a study on the variation of sexual and clonal
reproduction in the alpine pioneer plant Geum reptans at different elevations, it was found
that clonal reproduction was more common in low- and high-elevation populations, but
less frequent in mid-elevation populations [61]. At the same time, the proportion of sexual
and clonal reproduction in Geum reptans was more determined by the plastic responses
of individual plants to local environmental conditions, rather than being solely driven by
environmental gradients (e.g., elevation, etc.) [61]. This further emphasizes the importance
of integrative studies.

In addition to resource heterogeneity, clonal plants are affected by many other en-
vironmental stressors, of which interspecific competition is an important factor. Studies
have shown that survival, clonal reproduction, and most growth traits of clonal plants are
reduced by competition [62]. Furthermore, the reproductive output of all plants (whether

80



Plants 2025, 14, 596

clonal or not) increases with improved habitat nutrient status and light conditions, while it
declines under unfavorable moisture conditions [63]. The proportion of clonal plants usu-
ally varies across habitat gradients, which may be due to the fact that sexual reproduction
becomes more difficult under certain environmental conditions, and clonal plants are able
to bypass the barriers to sexual reproduction through clonal reproduction, thus gaining
an adaptive advantage [64]. In clonal dioecious plants, resource allocation patterns may
differ between the sexes: males typically allocate more resources to clonal structures, while
females allocate less [3,65]. However, in the absence of competition, male and female plants
of Antennaria dioica do not show significant differences in resource allocation [66]. In this
study, clonal reproduction in both female and male Acer barbinerve was significantly nega-
tively impacted by the intensity of interspecific competition, possibly because there was no
significant difference in resource allocation for clonal reproduction between the sexes. Sim-
ilarly, in the presence of Phragmites australis, the ramet density and rhizome sprouting rate
of Typha spp. significantly decreased, indicating that interspecific competition negatively
affected the clonal reproduction of Typha spp. [31].

3.3. Differences in the Response of Vegetative Growth to Environmental Factors Between the Sexes

Both biotic and abiotic factors affect biomass accumulation [67]. Competition alters the
availability of nutrients, water, and light, thereby affecting plant growth and community
structure in a given environment [9]. In this study, the vegetative growth of males was
significantly negatively affected by environmental factors. Similarly to our study, Eppley
found that females were more competitive than males in growth at high densities [68].
The presence of competition reduces plant biomass [69]. In studies on the impact of
Phragmites australis invasion on Typha spp., it was found that the underground biomass
of both plants decreased [31]. Consistent with previous studies, in this research, as the
intensity of interspecific competition increased, the nutrient biomass of both sexes showed
a declining trend.

Plants exhibit local adaptation through adaptive plasticity, altering their morphological
or physiological traits along environmental gradients [70]. A recent study has shown that
plant biomass follows a unimodal relationship with elevation, with resources concentrated
in mid-elevation areas [71,72]. No significant relationship was found between the nutrient
biomass of female and male plants with elevation in this study, probably because of the
narrow range of elevation (435.47-501.96 m), which was not enough to show a significant
elevation gradient effect, or because the environmental changes in this range had a more
limited effect on plant growth and failed to cause a significant difference in biomass. Slope
and aspect affect the amount of solar radiation received by vegetation surfaces, and solar
radiation is a major component of surface energy balance, directly influencing microclimate
conditions (e.g., near-surface temperature, evaporative demand, soil moisture, etc.) [20].
In mid-latitude regions, aspect has the most significant effect on ecological processes
and soil properties [16,19]. North-facing slopes (shady slopes) typically have thicker,
denser vegetation and nutrient-rich soils, while south-facing slopes (sunny slopes) have
sparser vegetation, poorer soil development, and higher erosion rates. On south-facing
slopes, species with a higher leaf mass area ratio (LMA) and smaller leaves are dominant,
while on north-facing slopes, species with a lower LMA and larger leaves dominate [73].
Topography has a significant effect on tree growth, with trees growing faster in valleys
than on ridges [74]. In this study, soil nutrient content had a relatively low impact on the
vegetative growth of both female and male Acer barbinerve, indicating that the soil nutrient
content in this area is generally sufficient to meet the vegetative growth needs of Acer
barbinerve, and is not a limiting factor for vegetative growth.
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4. Materials and Methods
4.1. Overview of the Study Area

This study was carried out in a natural temperate forest located in the Jiaohe Man-
agement Bureau of the Experimental Forest Zone in Jilin Province, northeastern China
(43.97° N, 127.71-127.72° E). The area is characterized by a temperate continental climate,
influenced by the monsoon, with an average annual temperature of 3.8 °C and an an-
nual precipitation of 695.9 mm. The average monthly temperature ranges from —18.6 °C
(January) to 21.7 °C (July). The soil type is mountainous dark brown forest soil with a
thickness of 20-100 cm. In July 2009, a permanent forest monitoring study was initiated in
the area, covering an area of 11.52 hm? (320 m x 360 m) [75]. The study area is subdivided
into 272 contiguous plots, each measuring 20 m x 20 m. All woody plant individuals
with diameters at breast height (DBH) > 1 cm were identified, labeled, measured, and
located at the species level. The first survey of the study area was completed in 2009, and
re-measurements were conducted every five years using the same methodology. The forest
stand is classified as near-mature, with the dominant tree species in the main canopy includ-
ing Fraxinus mandshurica, Tilia amurensis, Pinus koraiensis, Quercus mongolica, Acer pictum
subsp. mono, Ulmus davidiana var. japonica, Carpinus cordata, and Juglans mandshurica. The
understory is mainly composed of Syringa reticulata subsp. amurensis, Corylus mandshurica,
and Acer barbinerve [33].

4.2. Survey Sampling

During the flowering period (May 2023), female and male Acer barbinerve genets were
randomly selected in the study area. Each genet consisted of several ramets, and the
basal survey was carried out on each ramet of the genet. During the flowering period, the
numbers of female and male flowers were counted, and the corresponding floral biomass
was calculated. During the fruiting period (July 2023), a follow-up basic survey was
conducted on the selected genets. The number of ramets, number of leaves, length of
new branches, and number of samaras (only for female plants) were recorded, and the
corresponding biomass was calculated. Genets that died during the survey period were
excluded. The final number of surviving genets at the fruiting period was 20 female plants
and 30 male plants. The basic distribution of the genets is shown in Table S1.

For each ramet, 5-10 representative branches were marked at different orientations
to reflect the average condition of the ramet. During the flowering and fruiting periods,
the number of flowers, fruits, and leaves, and the length of new branches on the marked
branches and the total number of branches of the ramets were counted. From these, the
total numbers of flowers, fruits, and leaves, and the total new branch length for the plant
were calculated. Corresponding samples of flowers, fruits, leaves, and new branches were
collected. The flower, fruit, and leaf samples were dried to a constant weight at 65 °C,
and then weighed using an analytical balance (AUW220D, Shimadzu, Shanghai, China) to
determine their dry biomass. This allowed for the calculation of the biomass per flower,
fruit, and leaf, and the biomass of new branches per unit length. By multiplying these
values with the plant’s total numbers of flowers, fruits, leaves, and total new branch length,
the total flower, fruit, and leaf biomass and new branch biomass of the plant were obtained.

The floral biomass and fruit biomass together constitute the sexual reproduction
biomass, while the biomass of new branches and leaves together constitute the vegetative
biomass. In this study, sexual reproduction biomass was used as the indicator for sexual
reproduction, the number of ramets as the indicator for clonal reproduction, and vegetative
biomass as the indicator for vegetative growth.
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4.3. Abiotic Factors
4.3.1. Topography

Topography variables include elevation, slope, aspect, and convexity. Elevation data
for the plot were recorded using a GPS at the four corners of the plot, and the average
value was then calculated. Slope was determined by calculating the average angular
deviation between each angle of the four triangular planes formed by connecting three of
the four corners and the horizontal plane, which provides the slope value for the plot.
Aspect refers to the direction that the slope faces, with the direction due south defined
as 0°, and due west, due north, and due east defined as 90°, 180°, and 270°, respectively,
in a clockwise direction. Since aspect is a circular variable, we standardized it using a
method [76] to reflect the northerly (cosA) and easterly (sinA) orientations of the slope
(ranging from —1 to +1). These two variables increase with more northerly and easterly
aspects, respectively. Convexity is defined as the difference between the elevation of the
center of the plot and the average elevation of all adjacent plots.

4.3.2. Soil Nutrients

In the four directions (east, south, west, and north) of the selected Acer barbinerve
genets, avoiding plant roots and rocks, 100 g of soil from the 0-10 cm soil layer was
collected using an iron shovel from each of the four directions. The soil from all four
directions was placed in cloth bags and mixed into a single composite soil sample. The
sample was air-dried and then passed through 2 mm and 0.15 mm sieves. The powder was
compressed into thin disks (pressure: 6 t) using a benchtop powder pelletizer, placed in
plastic-sealed bags, and labeled. Finally, the carbon, nitrogen, and phosphorus content of
the soil (in units of mg-kg ') was measured using the J200 LA-LIBS Laser Spectroscopic
Element Analyzer (Applied Spectra, Fremont, CA, USA). To avoid interference between
male and female plants, samples from males and females were measured separately.

4.4. Biotic Factors

We used interspecific competition intensity (CI) to represent biotic factors, as it reflects,
to some extent, the species richness around the genets and the size of surrounding genets,
which can effectively show the influence of surrounding species on the research subject. In
this study, the Hegyi index [77] is used to quantify the interspecific competition intensity.
The diameter at breast height (DBH) of Acer barbinerve genets is used to represent tree size,
as shown in the following formula:

Dj
Cl = LD,

v L
j Lij

L=

where D; is the DBH of Acer barbinerve genets, D]- is the DBH of a competitor tree, L,-]- is
the distance between the competitor tree and the Acer barbinerve genets, m is the number
of competitor trees. A larger CI value indicates greater competition pressure on Acer
barbinerve genets. Based on the coordinates of the trees in the plot, the distance between the
competitor trees and the Acer barbinerve genets can be calculated. We use the fixed circular
plot method to calculate the competition intensity of genets. According to previous studies,
the competition radius for both male and female Acer barbinerve genets is 4 m [28]. All other
species within this radius are considered competitor trees.

4.5. Data Analysis

We first performed descriptive statistical analyses on the biotic and abiotic factors
within the study area, and employed ANOVA to examine significant differences in these
factors between sexes (Table S1). To assess whether significant differences existed in the
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overall environmental conditions between males and females, principal component analy-
sis (PCA) was conducted. Spearman’s correlation analysis was implemented to evaluate
the nonparametric correlation strength between pairwise variables (Figure 2). Prior to
analytical procedures, all predictor and response variables were standardized using Z-
scores. All model predictors had a variance inflation factor (VIF) < 4 (Table S2), indicating
that multicollinearity between predictor variables was not a concern. Given the unequal
sample sizes between sexes that might influence statistical outcomes, we performed mul-
tiple regression analyses incorporating interaction terms between sex and topographic
features, soil nutrients, and interspecific competition to evaluate the environmental impacts
on biological individuals. For multivariate model construction, topographic variables
were subjected to PCA, with the first two principal components (topo_PC1 and topo_PC2)
(cumulatively explaining 67.4% of variance) being retained (Figure S1). Similarly, soil vari-
ables underwent PCA, where the first principal component (soil_PC1) (explaining 55.5%
of variance) was selected (Figure S1). This dimensionality reduction preserved essential
information while enhancing regression stability. To further investigate the differential
effects of environmental factors (including topo_PC1, topo_PC1, soil_PC1, and interspe-
cific competition) on sexual reproduction, clonal reproduction, and vegetative growth,
we constructed grouped partial least squares path modeling (PLS-PM) using the “plspm”
package. In this framework, sex served as the grouping variable, enabling path analysis to
discern sex-specific responses in growth and reproductive strategies under environmental
influences. All statistical analyses were conducted in R 4.3.3.

5. Conclusions

Both abiotic and biotic factors significantly influence sexual reproduction, clonal repro-
duction, and vegetative growth in Acer barbinerve, with distinct responses between sexes.
Environmental variables, particularly topography and soil nutrients, interact differently
with males and females, affecting their reproductive strategies and growth patterns. While
female sexual reproduction is more sensitive to environmental factors, interspecific com-
petition negatively impacts both male and female clonal reproduction. These findings
highlight the complex interplay between abiotic and biotic factors in shaping the growth
and reproductive strategies of dioecious plants in diverse environments.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants14040596/s1, Table S1: Basic Information of the selected
Acer barbinerve genets. Table S2: Effects of environmental variables on sexual reproduction, clonal
reproduction, and vegetative growth. Figure S1: The biplot resulting from the principal component
analysis for topography and soil nutrients.
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Abstract

Idesia polycarpa is an important woody oilseed tree crucial for ensuring China’s grain and oil
security. The expansion of I. polycarpa plantations has been accompanied by an increase in
pests and diseases, with canker disease recently observed in two forests in Henan Province.
Field surveys revealed a disease incidence of 70.12% among 328 surveyed trees, indicating
a substantial threat to plantation health. The most virulent pathogen, strain SQ5, was
identified as Botryosphaeria dothidea through molecular sequencing and morphological anal-
yses. Strain SQ5 showed an optimum growth temperature of 25 °C and a myecelial lethal
temperature of 60 °C. The pathogen thrives in acidic conditions and is promoted by light,
with the ability to utilize various carbon and nitrogen sources. In vitro toxicity assessments
identified four effective fungicides: 70% thiophanate-methyl (EC50 = 0.0169 ug/mL), 43%
tebuconazole (EC50 = 0.0219 pg/mL), 20% octylamine acetate (EC50 = 0.0271 ng/mL),
and 40% difenoconazole (EC50 = 0.0954 ng/mL). Field trials demonstrated that 43% tebu-
conazole (average efficacy = 35.29%) and 40% difenoconazole (average efficacy = 23.53%)
exhibited superior control of I. polycarpa canker. This study represents the first systematic
analysis of I. polycarpa canker and its control measures, laying a foundation for further
research and field management strategies. Given the significance of I. polycarpa in Chi-
nese forestry, this underscores the need for effective management strategies to sustain its
productivity and mitigate risks associated with expanding plantations.

Keywords: Idesia polycarpa; stem canker; Botryosphaeria dothidea; wood pathogens; fungicide

1. Introduction

Canker is a prevalent plant disease with widespread detrimental effects, impacting
broad-leaved trees, coniferous trees, and herbaceous plants [1-3]. In particular, forest
cankers cause localized necrosis in the trunk and branch cortex [4]. In mild cases, the
disease disrupts the transport of nutrients and water within the tree, thereby impeding
its growth and development. Without intervention, the disease progresses, significantly
inhibiting growth and eventually leading to tree mortality. Notably, in 1994, 3000 beech
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trees succumbed to canker in the Great Smoky Mountains National Park, USA [5]. In 2015,
Populus tremuloides across six ecological zones in Alaska experienced a 70% mortality rate
due to canker disease [6]. Since 2018, Pinus armandii in Jingbian Village, Zhouqu County,
China, has been affected by canker disease, with incidence rates increasing annually and
reaching up to 80% in local plots [7]. Forest canker has emerged as a significant secondary
forest pest in China, posing a threat to the forestry industry’s sustainable development [8].

Idesia polycarpa, a dioecious plant from the genus Idesia within the family Flacourtiaceae,
stands out as an ideal tree species for ecological enhancement due to its high adaptability,
drought and barrenness tolerance, and minimal climatic requirements [9]. Additionally,
it serves as a high-quality woody oil species, with o0il content reaching 37.01% in the fruit
pulp, 21.49% in the seeds, and 30.00% in the dried fruits [10]. These values surpass those of
competitors such as Camellia oleifera and Olea europaea in the current market [11]. I. polycarpa
oil is distinguished by its high quality and richness in unsaturated fatty acids, particularly
linoleic acid, which constitutes an impressive 73.00% [12], making it a premium edible oil.
Currently, L. polycarpa has been included in the national reserve forest initiative for superior
industrial tree species, and its oil is classified as a general food product by the state [13].
The I. polycarpa industry has entered a phase of rapid and efficient growth, with promising
market prospects. In recent years, the state has consistently increased support for the
woody oilseed industry, implementing a series of policies [14]. Large-scale cultivation has
been carried out across various regions, with I. polycarpa plantations covering 3300 km? in
Hubei Province, over 66.67 km? in Sichuan Province, more than 13,333 km? in Shaotong
City, Yunnan Province, and 1000 km? in Luoyang City, Henan Province, as of spring
2021. With growing recognition of I. polycarpa’s value, its cultivation area is anticipated to
expand further.

It is generally believed that I. polycarpa has strong adaptability and resistance to
diseases and pests. However, with the development of the I. polycarpa industry and the
gradual expansion of artificial plantation areas, various diseases have emerged under the
influence of environmental and human factors, seriously affecting the economic value of
I. polycarpa and hindering the industry’s healthy development. In a study, Zhou et al. [15]
identified multiple diseases across seven I. polycarpa plantations in Sichuan Province, with
plaster disease and anthracnose being the most common and damaging. Zhu [16] confirmed
the presence of six types of diseases, including damping-off, anthracnose, and gray patch
disease, in major I. polycarpa cultivation areas in Zhejiang Province. Notably, a new disease
symptom was observed in two I. polycarpa forests in Henan Province: circular brown spots
with water-soaked edges on tree stems, resembling canker symptoms previously reported
in other tree species. Currently, there are no systematic reports on this disease affecting
I. polycarpa.

Given this context, the objective of this study was to determine the incidence pattern
of canker in I. polycarpa through field surveys. Subsequently, the aim was to identify the
pathogen causing I. polycarpa canker through tissue culture, morphological observation,
and molecular techniques, providing a theoretical basis for its prevention and control.
Additionally, a pharmaceutical test was conducted to screen effective fungicides, offering a
scientific reference for the field control of I. polycarpa canker.

2. Results
2.1. Symptoms of 1. polycarpa Canker

Between 2020 and 2021, field surveys were conducted on I. polycarpa at two sites
(Figure 1), based on typical canker disease symptoms, including trunk-localized lesions,
circular brown spots, a water-soaked appearance, and internal tissue decay (Figure 2).
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Figure 1. The spatial distribution of sampling sites in Zhengzhou, Henan Province, China. NDVI
values were obtained from the MOD13Q1 product.

b |
CK SQI SQ2 SQ3 SQ5

Figure 2. Pathogen isolation and inoculation. (A) Five isolated fungi of Botryosphaeria dothidea.
(B) Inoculation of I. polycarpa seedlings.

A total of 328 trees were assessed, of which approximately 230 showed typical canker
symptoms, and 17 symptomatic individuals died during the observation period. Disease
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incidence was 70.12%, calculated as the proportion of symptomatic trees among all sur-
veyed individuals. These results indicate that canker disease poses a significant threat
to the growth and survival of I. polycarpa. The disease typically initiates in mid to late
March and persists until mid to late September. Considering the climate change patterns
in Zhengzhou City (Figure S1), it can be concluded that its onset is concentrated in the
hot and rainy seasons. Canker disease predominantly affects trees over 5 years old, with
susceptible parts concentrated in the trunk. As the disease progresses, parts of the branches
and trunk will also appear as cankers. In the early stages, a sub-circular brown spot appears
on the affected stem area, releasing brown fluid upon pressing, indicating internal decay
(Figure 3A). Progressing further, the spots extend along the trunk into the xylem, forming
patches that release significant amounts of brown water (Figure 3B,C). In later stages, the
spots become sunken and the epidermis cracks, causing branches or the entire plant to
die (Figure 3D). Additionally, we noted that on sunny days following rain, the severity of
I. polycarpa canker increases, as observed after several days of intense heat. This pattern
aligns with the overall morbidity trend observed in I. polycarpa.

Figure 3. Field symptoms of Idesia. polycarpa canker disease. (A-D) depict a progressive aggravation

of I. polycarpa canker symptoms observed in the field.

2.2. Isolation of Pathogen and Determination of Pathogenicity

A total of 27 strains were isolated from the boundary between diseased and healthy
tissues of I. polycarpa. Based on literature reviews, non-pathogenic strains were excluded.
Preliminary identification, considering colony morphology and disease symptoms ob-
served in the field, suggested that the pathogen belongs to the genus Botryosphaeria. Five
representative strains (SQ1, SQ2, SQ3, SQ4, and SQ5) were selected for pathogenicity
assays (Figure 2A). Branches inoculated with agar blocks showed no symptoms, whereas
inoculation with these strains induced disease symptoms, including discoloration and
depressed lesions at the inoculation sites (Figure 2B). Notably, branches inoculated with
strain SQ5 exhibited significantly larger depressions compared to other strains, with some
seedlings showing leaf wilting and abscission. Re-isolated colonies from infected tissues
displayed morphological characteristics (color, shape, hyphal texture) consistent with the
original strain, thus fulfilling Koch’s postulates. Strain SQ5 was therefore identified as the
most virulent pathogen.

2.3. Morphological and Cultural Characteristics

The SQ5 pathogen exhibits rapid growth, covering the entire plate within 5 to 6 days
(Figure 4A,B). The colony is suborbicular with well-defined edges and dense mycelium.
In the early stages of colony development, the mycelium appears white. By the third day,
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dark green or black pigmentation begins to emerge approximately 6.00 mm from the center
of the colony. Simultaneously, aerial mycelium develops within the colony, characterized
by thick, cotton-like growth that can stand erect. By the fifth day of incubation, the en-
tire colony adopts a dark-green color. The pathogen was cultured in a spore-producing
medium, leading to conidiophore production after approximately 14 days. Through light
microscopy, the sporophore was observed to be colorless, rod-shaped, and producing
conidia at its apex (Figure 4C). The conidia were spindle-shaped or fusiform, smooth, and

non-septate (Figure 4D). Measurements of 30 conidia revealed that their size ranged from
23.678 to 30.332 um in length and 5.132 to 6.795 um in width, with an average size of
26.185 um x 6.157 um. These findings are consistent with the morphological characteristics
of B. dothidea reported by Zheng et al. [17], He et al. [18], and Zhang et al. [19].

Figure 4. Morphological characteristics of B. dothidea. (A) Changes in colony morphology. (B) Section
views of pycnidia. (C) Conidiophore. (D) Conidia.

2.4. Molecular Identification and Phylogenetic Analyses

To validate the morphological identification, we amplified ITS, 3-tubulin, and tefl-«
gene fragments from the SQ5 isolate. PCR amplification of the ITS region, 3-tubulin, and
tefl-oc produced fragments of 523 bp, 432 bp, and 259 bp, respectively. The generated ITS,
B-tubulin, and tefl-o sequences were submitted to GenBank (Table 1).

Preliminary alignment of these sequences with the NCBI database revealed that
the SQ5 strain showed high similarity to Botryosphaeria. Phylogenetic analysis (Figure 5),
based on the three-locus dataset (ITS + tefl-a + 3-tubulin) and including 16 taxa, resulted
in a dataset of 1326 characters. Of these, 156 characters were parsimony informative,
108 characters were parsimony uninformative, and 1062 characters were constant. A total
of 27 trees were retained for the MP analysis (tree length = 313, CI = 0.939, RI = 0.972,
RC =0.913). Maximum Likelihood (ML) and Maximum Parsimony (MP) analyses based
on the combined sequences revealed that SQ5 clustered with the previously reported
B. dothidea JZG1 with 99% bootstrap support, clearly distinguishing it from other species of
Botryosphaeria. Therefore, SQ5 was identified as B. dothidea.
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Table 1. Sequences for phylogenetic analysis.

Species Isolate ID ITS tefl-u B-Tubulin

SQ5 STZ-1=STZ3 = STZ2 OR523573 OR542956 OR542955
Neofusicoccum parvum CBS 123650 KX464182 KX464708 KX464994
Neofusicoccum parvum CBS 145622 MNG611179 MN623346 MN©623343
Neofusicoccum parvum CBS 145623 MN611180 MN623347 MN623344
Botryosphaeria parva * CMW9077 AY236939 AY236884 AY236913
Botryosphaeria parva * CMW9081 AY236943 AY236888 AY236917
Botryosphaeria ribis * CMW7772 AY236935 AY236877 AY236906
Botryosphaeria ribis * CMW7773 AY236936 AY236878 AY236907
Botryosphaeria lutea KJ 93.52 = CMW992 = CMW992 AF027745 AY236894 AY236923
Botryosphaeria lutea CMW9076 AY236946 AY236893 AY236922
Botryosphaeria dothidea * CMW8000 AY236949 AY236898 AY236927
Botryosphaeria dothidea * CMW7999 AY236948 AY236897 AY236926
Botryosphaeria dothidea JZG1 KU360149 KU565872 KU565871
Botryosphaeria dothidea JZB310203 MN945382 MT269886 MT371073
Botryosphaeria dothidea JZB310200 MN945379 MT269883 MT371070
Tiarosporella graminis CBS 118718 KC769962 KF531807 KF531808

Sequences in this study are marked in bold. The ex-type strain is marked with *.

Neofusicoccum parvum CBS 145622
86/74

96/97 Neofusicoccum parvum CBS 145623

86/74 L Neofusicoccum parvum CBS 123650

84/68 Botryosphaeria parva CMW 9081*

Botryosphaeria parva CMW 9077*

100/100

Botryosphaeria ribis CMW 7772*

99/100

100/100

Botryosphaeria ribis CMW 7773*

Botryosphaeria lutea KJ 93.52

100/100

Botryosphaeria lutea CMW 9076

Botryosphaeria dothidea CMW8000*
92/92

99/100

95/96

Botryosphaeria dothidea 1ZB310200

Tiarosporella graminis CBS 118718

Figure 5. One of 27 equally parsimonious trees generated from maximum-parsimony analysis of the
three-gene (ITS + tefl-a + B-tubulin) dataset. Numbers represent bootstrap values (MP/ML) which
>70%. Isolates in bold were generated in this study. The ex-type strain is marked with *. Tiarosporella
graminis was used to out-group.

2.5. Biological Characteristics

The growth of pathogens is closely linked to environmental conditions, prompting
an investigation into their growth under various settings. The results indicated that the
pathogen could thrive within a temperature range of 10-35 °C (Figure 6A), with significant
differences observed (p < 0.05). After 5 days of incubation, the maximum colony diameter
was recorded at 25 °C, reaching 90.00 mm, suggesting that 25 °C was the optimal growth
temperature among the eight temperature gradients tested. However, growth inhibition

93



Plants 2025, 14, 1393

occurred when temperatures fell below 10 °C or exceeded 35 °C. Temperatures of 40 °C
and above significantly impaired pathogen growth (Figure 6B). No mycelial growth was
observed after 10 min in a water bath at 60 °C and 65 °C, indicating a lethal temperature
of approximately 60 °C for the pathogen. The pathogen demonstrated the ability to grow
in media with pH values ranging from 3 to 11 (Figure 6C), with a notable difference
(p < 0.05). Colonies in pH 3 media reached 90.00 mm by the third day, faster than in other
treatment groups. Overall, pathogen colony size decreased as pH increased, indicating
that the pathogen favored acidic conditions. Light exposure had a significant impact on
pathogen growth (Figure 6D), with colonies exhibiting larger diameters in light than in
darkness. Various carbon and nitrogen sources also significantly influenced pathogen
growth, with the largest colony size observed when carboxymethylcellulose sodium was
used as the carbon source (Figure 6E), and when casein tryptone served as the nitrogen
source (Figure 6F).
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Figure 6. Effect of different environmental conditions on the growth of strain SQ5. (A) Temperature.
(B) Lethal temperature. (C) pH; (D) Light conditions. (E) Carbon source. (F) Nitrogen source.
Different lowercase letters represent significant differences (p < 0.05).

2.6. Screening of In Vitro Fungicides

The concentration for 50% of the maximal effect (EC50) refers to the concentra-
tion required to achieve 50% of the maximum inhibitory effect. The inhibitory impact
of each fungicide on pathogen growth can be quantitatively assessed by establishing
a toxicity regression equation for each fungicide and calculating its EC50. The results
(Table 2 and Figure S2) showed that 70% thiophanate-methyl exhibited the lowest EC50
at 0.0169 ng/mL, followed by 43% tebuconazole (EC50 = 0.0219 ug/mL), 20% xinjunan
acetate (EC50 = 0.0271 ug/mL), and 40% difenoconazole (EC50 = 0.0954 ng/mL). These
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findings indicate that all four fungicides can exert a potent inhibitory effect on pathogen
growth at relatively low concentrations.

Table 2. Toxicity test results of fungicides to pathogen.

Number Medicament Toxicity Regression Equation R? EC50 (ug/mL)
1 40% Thiabendazole y = 0.9782x + 4.3588 0.9996 4.5237
2 Azoxystrobin y = 0.358x + 4.2849 0.7922 99.4288
3 30% Metalaxyl-M-metidaxyl y =2.1806x + 2.7381 0.9348 10.8964
4 43% Tebuconazole y = 1.4269x + 7.369 0.9689 0.0219
5 20% Thiediazole copper y = 1.9096x + 3.5989 0.9829 5.4164
6 Lime sulfur y =0.2771x + 4.3538 0.5997 214.7880
7 20% Xinjunan acetate y = 0.0316x + 6.0327 0.9376 0.0271
8 36%Kasugamycin-oxine-copper y = 1.5122x + 4.0343 0.8071 4.3512
9 40% Difenoconazole y =0.8937x + 5.8912 0.9658 0.0954
10 6% kasugamycin y = 1.8315x + 3.9717 0.9861 3.6433
11 70% Thiophanate-methyl y = 0.8978x + 6.5902 0.9918 0.0169
12 47% Kasugamycin-copper oxychloride y = 1.58x + 4.2467 0.9383 2.9976
13 27% Bromothalonil y = 1.1286x + 4.0043 0.8658 7.6243
14 33.5% Oxine-copper y = 0.3398x + 4.3141 0.9464 104.3615
15 25% Oligosaccharins-ethylicin y = 0.9268x + 4.8564 0.9802 1.4286
16 30% Zincthiazole y =0.4042x + 4.534 0.9429 14.2200
17 80% Bordeaux mixture y =1.1139x + 4.9288 0.9561 1.1585
2.7. Validation of Field Efficacy
Field application results (Table 3) revealed that the morbidity of I. polycarpa treated
with sprays containing 43% tebuconazole and 20% xinjunan acetate were 50.74% and
57.55%, respectively, both significantly lower than the control group (water). This suggests
that these two fungicides have a strong inhibitory effect on the progression of canker lesions.
The disease index provides a comprehensive measure of disease severity in plants. The
results showed that the disease index for I. polycarpa sprayed with 43% tebuconazole was
the lowest (11), while 70% thiophanate-methyl showed the highest disease index (16), both
lower than the control group’s index of 17. This indicates that the application of fungicides
had a beneficial effect in alleviating the disease in I. polycarpa. When considering the overall
control efficacy of the fungicides on I. polycarpa canker, the average efficacy values were
as follows: 43% tebuconazole (35.29%) > 40% difenoconazole (25.53%) > 20% xinjunan
acetate (11.76%) > 70% thiophanate-methyl (5.82%). No phytotoxic effects on the growth of
L. polycarpa were observed during the trial.
Table 3. Control effect of I. polycarpa canker disease in the field.
Medicament Concentration (ug/mL) Morbidity (%) Disease Index Average Efficacy (%) Security
43% Tebuconazole 0.5 50.74 £5.23 ¢ 11 35.29 Lower toxicity
20% Xinjunan acetate 2 57.55 £ 6.05 bc 15 11.76 Lower toxicity
40% Difenoconazole 4.5 70.00 £ 5.97 ab 13 23.53 Lower toxicity
70% Thiophanate-methyl 3.3 73.06 £1.06 a 16 5.82 Lower toxicity
Water (CK) \ 7920 £ 149 a 17 \ Innocuity

Note: Different letters show significant differences among groups (mean =+ SE, p < 0.05, n = 5).

3. Discussion

As a high-quality woody oilseed tree, I. polycarpa has been widely planted. This study
investigated two plantation forests and revealed that canker disease poses a serious threat
to L polycarpa. It impairs growth in the early stages and leads to death in severe stages,
potentially jeopardizing the large-scale cultivation of I. polycarpa. The major pathogen
of I. polycarpa canker was identified through conventional tissue isolation and Koch’s
postulates. Morphological observations and multigene sequence analysis confirmed the
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pathogen as Botryosphaeria dothidea. B. dothidea is widespread and has been documented
in several countries, including China [20], Japan [21], the United States [22], Iran [23],
Spain [24], and Italy [25]. It infects a variety of woody host plants globally, such as Cinnamo-
mum camphora [26], Taxus x media [27], Persea americana [3], Ficus microcarpa [28], Carya
cathayensis [29], and Prunus persica [30]. Our observations also indicated that I. polycarpa
canker primarily occurs on the tree’s stem, and as the disease progresses, the cankers spread
from the stem to the branches. This suggests that I. polycarpa canker is a systemic and
highly damaging disease. Previous studies have shown that canker disease pathogens can
induce tree dieback by causing functional failure of the phloem and cambium and carbon
starvation in the xylem [31]. However, whether the mechanism by which B. dothidea kills
L. polycarpa is similar remains to be further explored.

Based on field surveys, we observed a consistent pattern in the occurrence of I. poly-
carpa canker. The disease is primarily concentrated in months with favorable temperatures,
sufficient light, and abundant rainfall, supporting the conclusion that the pathogen grows
most rapidly at 25 °C and under full light conditions. B. dothidea is a weakly parasitic
pathogen, characterized by latent infestation [32]. It typically resides in the soil as a sapro-
phyte or within healthy plants as an endophyte. When favorable environmental conditions
arise, it initiates plant infestation [33]. Pistacia vera is particularly susceptible to B. dothidea
infection during the rainy season [34], and walnut shoot blight typically occurs in the warm,
wet months of July and August [35]. Suitable environmental conditions promote pathogen
growth and disease occurrence. Therefore, understanding the biological characteristics and
growth patterns of pathogens is crucial for effective disease control and prevention in the
field, and it provides a solid foundation for scientific management strategies.

In this study, the B. dothidea strain SQ5 exhibited strong aggressiveness toward I. poly-
carpa. Inoculation experiments showed rapid lesion expansion, tissue necrosis, and in some
cases plant wilting and death, fulfilling Koch’s postulates. Compared to reports of B. doth-
idea infecting other woody hosts, the SQ5 strain showed similarly high virulence, indicating
its strong ability to colonize and damage I. polycarpa tissues. The aggressiveness may be
attributed to its optimal growth at 25 °C, tolerance to acidic pH, broad carbon/nitrogen
utilization, and a relatively high mycelial lethal temperature (60 °C), all of which enhance
its adaptability and infection potential under field conditions. These traits make SQ5 a key
pathogen of concern in I. polycarpa plantations and underscore the necessity for targeted
control strategies.

In this study, we found that the I. polycarpa canker pathogen can utilize various
carbon and nitrogen sources, indicating its capacity to thrive in diverse environmental
conditions and survive under a wide range of circumstances, consistent with previous
research [35-37]. However, we also observed some notable differences: the pathogen
prefers an acidic environment but can still grow under alkaline conditions. This con-
trasts with the B. dothidea pathogen of Osmanthus fragrans leaf spot, which ceases growth
at pH 3 [38], and the B. dothidea pathogen of Photinia serrulata leaf blight, which exhibits
optimal growth at pH 6 [19]. Additionally, the mycelial lethal temperature in this study
was 60 °C, higher than the mycelial lethal temperatures of 50 °C for the sweet cherry gum
disease pathogen (B. dothidea) [39] and 52 °C for the passion fruit stem rot pathogen (B. doth-
idea) [40]. After plant infestation, during long-term parasitism and influenced by genetic,
host, and environmental factors, the pathogenicity, cultural phenotype, and biological char-
acteristics of the pathogen may exhibit significant variation between individuals [41-43].
This suggests that the B. dothidea strain in this study may have undergone mutation. More-
over, with global warming, the increasing frequency of warm weather may heighten the
likelihood of I. polycarpa canker outbreaks.
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When plants are infected with canker, they gradually exhibit a range of symptoms,
including stem blight, ulcers, gum secretion, and fruit rot, as the pathogen’s growth pro-
gresses, which adversely impacts plant health [44,45]. Currently, various measures are
available to control the disease, including biological, chemical, and physical methods.
Chemical control is widely used in agricultural production due to its simplicity and high
efficiency [46]. Numerous fungicides are available on the market, each with varying levels
of effectiveness against different plant diseases and pathogens. In vitro screening elimi-
nates the influence of environmental factors and focuses on the fungicides” direct impact
on pathogens, offering precise insights for pathogen control [47]. Li et al. [48] selected
four fungicides from a pool of sixteen that showed significant inhibitory activity against
the Myrica rubra twig blight pathogen. Similarly, Denman et al. [49] identified several
fungicides, including tebuconazole, benomyl, and prochloraz, through laboratory experi-
ments, providing valuable guidance for the field control of Protea magnifica canker. In this
study, we screened four effective fungicides—70% thiophanate-methyl, 43% tebuconazole,
20% xinjunan acetate, and 40% difenoconazole—using a plate inhibition test. The EC50
values were 0.0169 pug/mlL, 0.0219 pg/mL, 0.0271 pug/mL, and 0.0954 pg/mL, respectively.
These fungicides also demonstrated strong inhibition of canker disease in other plants. For
instance, Jiang et al. [50] found that 70% thiophanate-methyl had a strong inhibitory effect
(EC50 = 9.3 ug/mL) on B. dothidea in their study on Chinese hickory canker. Tebuconazole
inhibited the growth of B. dothidea (California pistachio blight) at low concentrations, with
EC50 values ranging from 0.019 to 0.159 pg/mL [51]. Difenoconazole exhibited potent
inhibitory activity against peach twig blight pathogens (Phomopsis amygdali, Botryosphaeria
obtusa, and Leucostoma persoonii) with EC50 values of 0.289 ug/mL, 0.026 ug/mL, and
0.858 ng/mlL, respectively [52]. The results from this study provide valuable insights for
controlling I. polycarpa canker in the field.

During the in vitro fungicide screening, the fungicides showed strong inhibition
through direct contact with the pathogens. However, the efficacy of these fungicides may
be influenced by natural environmental conditions and the specific characteristics of the
disease. Therefore, additional trials are required to assess and confirm their effectiveness
against . polycarpa canker under field conditions.

To assess the effectiveness of the fungicides under field conditions, we conducted
a field validation trial. The results showed that, among the four fungicides tested, 43%
tebuconazole and 20% Xinjunan acetate effectively reduced the incidence of I. polycarpa
canker. Tebuconazole has been widely used to control plant cankers, reducing the occur-
rence of canker diseases caused by Botryosphaeriales fungi in apple and pear by 20% [53]
and the incidence of Australian grapevine canker in the field by 41-65% [54]. In contrast,
40% difenoconazole had no significant effect on the incidence of I. polycarpa canker in
our study, although previous research reported a 40% reduction in the incidence of apple
necrotic rot [55]. In terms of tree health, the average efficacy of 43% tebuconazole and 40%
difenoconazole against I. polycarpa canker in our study was 35.29% and 25.53%, respectively,
which was lower than the control efficacy reported for other plant canker diseases. How-
ever, the field performance of 20% xinjunan acetate and 70% thiophanate-methyl was low,
with control effects significantly lower than those observed in the laboratory tests. Olmo
et al. [56] found that thiophanate-methyl significantly inhibited the apricot canker pathogen
(Botryosphaeriaceae spp.) in vitro, with EC50 values ranging from 0.65 to 0.77 mg/L, and
confirmed its effectiveness in reducing the length of apricot canker lesions and the pathogen
isolation rate in field trials. The efficacy of fungicides is closely related to environmental
factors such as temperature, moisture, and wind, which can reduce the concentration of
active ingredients and affect treatment effectiveness [57]. Additionally, the timing and
method of application can also influence efficacy. For example, spraying fungicides on
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peach trees in autumn can reduce canker incidence by 45-63%, while spring applications
only reduce incidence by 10-28% [58]. Scraping lesions before applying fungicide has
been shown to improve the control of Litchi chinensis canker [59]. Furthermore, Miller
et al. [60] found that mixing fungicides can significantly improve efficacy. For instance,
combining thiophanate-methyl with VitiSeal reduced peach canker pathogen viability more
effectively than single applications. Our field trial, conducted in Zhengzhou City from
July to August, occurred under climatic conditions characterized by high average daily
temperatures and frequent rainfall. These factors may have compromised the effectiveness
of the sprayed fungicides. Additionally, I. polycarpa canker originates from beneath the
bark, where the pathogen resides, potentially reducing the fungicide’s ability to penetrate
and effectively control the disease. To date, no research has specifically addressed field
control methods for I. polycarpa canker. Based on these findings, future research should
focus on optimizing fungicide application methods and formulations to improve the field
control of I. polycarpa canker.

4. Materials and Methods
4.1. Investigation of Field Diseases

Numerous 1. polycarpa trees were planted at two locations: the Forest Seedling Breed-
ing Engineering Technology Center of Henan Agricultural University (FSB) (113°38'39”,
34°48'2") and the Science and Education Park of Henan Agricultural University (SEP)
(113°36/, 34°50'24"") (Figure 6). The ages of the trees range from 3 to 15 years. Over time,
as the duration of planting increased, symptoms of canker disease were observed at both
locations, worsening each year. Therefore, between 2020 and 2021, we conducted field
surveys to observe and record the timing and symptoms of I. polycarpa canker to better
understand its incidence pattern.

4.2. Pathogen Collection and Isolation

During the I. polycarpa canker outbreak, 20 plants exhibiting typical canker symptoms
were selected from each of the two sites for symptomatic sample collection. These samples
were transported to the laboratory at the College of Forestry, Henan Agricultural University,
for further analysis. For culture isolation, small sections (0.5 cm x 0.5 cm) of symptomatic
stem tissue were surface-disinfected in 0.10% mercuric chloride for 30 s, transferred to 75%
ethanol for another 30 s, rinsed four times in sterile water, dried on sterile absorbent paper,
and then placed on potato dextrose agar (PDA) (Beijing Aoboxing Universeen Bio-tech Co.,
Ltd., Beijing, China) plates (90 mm in diameter) supplemented with 50 mg/L ampicillin
(Sigma-Aldrich, St. Louis, MO, USA) to inhibit bacterial growth [2]. The plates were
incubated at 25 &= 1 °C. The pathogen was purified by subculturing the colony edges after
4-6 days of growth, ensuring that the colonies had expanded but had not yet confluenced.
The purified pathogen was then preserved using slant culture medium [61].

4.3. Pathogenicity Testing

To identify the primary pathogens causing I. polycarpa canker, the pathogenicity of
the isolated strains was assessed following Koch’s postulates. Pathogens from the slant
medium were inoculated onto PDA plates and incubated at 25 £ 1 °C in the dark for 3 days
to activate the culture. Subsequently, 5 mm myecelial plugs were extracted from the actively
growing margin of the colony using a sterile hole punch. A small wound was made by
removing a piece of bark (~5 mm in diameter) from the stem using a sterile scalpel. Healthy
3-year-old I. polycarpa seedlings were selected. An activated fungal plug was inserted into
each wound. Each isolate was inoculated onto three seedlings, which were then wrapped
tightly with sterile cotton saturated in sterile water and secured with parafilm. A 5 mm
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agar plug without the isolate served as the control. Symptoms were observed and recorded
21 days post-inoculation.

4.4. Morphological and Cultural Characterization

The pathogen was inoculated onto PDA plates and incubated at 25 = 1 °C for 5 days,
with colony morphology observed and recorded daily. The activated fungal isolate was
also cultured on Murashige and Skoog (MS) culture medium, a plant tissue culture medium
commonly used to promote sporulation in certain fungi [62]. Fresh cedar pine needles
were rinsed in sterile water, evenly spread over the medium, and incubated in the dark at
25 £ 1 °C to promote sporophore and conidia formation [63]. The lengths and widths of
30 conidia were measured, and the shapes of both conidiophore and conidia were observed
using an automated upright fluorescence microscope (Axio Imager M2, Carl Zeiss AG,
Germany) with ZEN 3.8 software (Carl Zeiss AG, Oberkochen, Germany).

4.5. Molecular Identification

Approximately 100 mg of mycelium, activated at 25 £ 1 °C for 3 days, was collected
and ground into a fine powder in a mortar using liquid nitrogen. Genomic DNA was
then extracted using the Rapid Fungi Genomic DNA Isolation Kit (Sangon Biotech Co.,
Ltd., Shanghai, China), following the manufacturer’s instructions. The ITS, 3-fubulin, and
translation elongation factor 1-« (tefl-) genes were amplified and sequenced follow-
ing established protocols [64-66]. PCR primers for the respective genes included: ITS1
(5-TCCGTAGGTGAACCTGCGG-3'), ITS4 (5'-CCTCCGCTTATTGATATGC-3') [67], Bt2a
(5-GGTAACCAAATCGGTGCTGCTTTC-3'), Bt2b (5'-ACCCTCAGTGTAGTGACCCTTGG
C-3') [68], EF1-728F (5-CATCGAGAAGTTCGAGAAGG-3'), and EF1-986R (5'-ACTTGAAG
GAACCCTTACC-3) [69]. Although primer specificity assays were not conducted in this
study, all primers used for the amplification of ITS, B-tubulin, and tefl-« regions were se-
lected based on previously published and widely validated protocols. These primers have
been extensively applied in the molecular identification of fungal pathogens, including
B. dothidea.

PCR was conducted in a PCR apparatus (T100, Bio-Rad Laboratories, Hercules, CA,
USA) with a 25 pL reaction mixture comprising 1 puL each of upstream and downstream
primers, 2 uL. fungal DNA template, 0.25 uL. Tag DNA polymerase, 1 uL. dNTPs, 2.5 pL
10X buffer, and 18.25 pL ddH,O. The PCR amplification conditions were as follows: pre-
denaturation at 94 °C for 10 min, denaturation at 94 °C for 30 s, annealing at 55-56 °C for
30 s, extension at 72 °C for 30 s, and a final extension at 72 °C for 10 min, repeated for
35 cycles. Agarose gel electrophoresis (1%) in 1 x TAE buffer was used to verify successful
PCR amplification. Subsequently, DNA sequencing was performed by Beijing Liuhe Huada
Gene Technology Co., Ltd., Beijing, China. Sequences obtained in this study were deposited
in GenBank, and the accession numbers for the isolates are listed in Table 1.

4.6. Phylogenetic Analysis

ITS, B-tubulin, and tefl-x sequences of strains with high similarity to those in this
study (including the ex-type strain) were selected based on correlation studies [17] and
BLAST + 2.16.0 (Basic Local Alignment Search Tool) searches in the NCBI nucleotide
database. DNA sequence datasets for ITS, 3-tubulin, and tefl-a were aligned using MEGA
11 (Mega Limited, Auckland, New Zealand) [70], with manual adjustments as needed.
Phylogenetic analyses of the combined ITS + tefl-x + (-tubulin dataset were conducted
using PAUP v.4.0 (Sinauer Associates, Sunderland, MA, USA) [28]. Both Maximum Parsi-
mony (MP) and Maximum Likelihood (ML) methods were employed. For the MP analysis,
the heuristic search function and tree bisection and reconstruction (TBR) were used as
the branch-swapping algorithm, with the branch-swapping option set to ‘best tree” only.
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Gaps were treated as ‘missing’, and characters were unordered and equally weighted [25],
with Maxtrees limited to 100. Tree length (TL), consistency index (CI), retention index (RI),
and rescaled consistency index (RC) were calculated. Clade support in both analyses was
evaluated through 1000 bootstrap replicates. Additionally, Tiarosporella graminis (strain
CBS 118718; GenBank ITS = KC769962, BT = KF531808, TEF = KF531807) was chosen as an
outgroup [17].

4.7. Research on Biological Characteristics

The pathogen was activated on PDA plates at 25 = 1 °C for 3 days. Mycelial plugs
(5 mm diameter) were excised from the actively growing colony margin using a sterile
hole punch and subjected to the treatments described below. Each treatment included
three replicates. Colony diameters were measured after 5 days of incubation using the
cross-measurement method [25].

Effect of Temperature on Pathogen Growth: Mycelial plugs were cultured onto PDA
plates and incubated in a constant temperature chamber at 5 °C, 10 °C, 15 °C, 20 °C, 25 °C,
30 °C, 35 °C, and 40 °C in the dark for 5 days.

Determination of the Lethal Temperature of the Pathogen: Each mycelial plug was
placed in a 10 mL sterile centrifuge tube with 5.00 mL of sterile water. Tubes were immersed
in a water bath at 40 °C, 45 °C, 50 °C, 55 °C, 60 °C, and 65 °C for 10 min [71]. After cooling
to room temperature, each mycelial plug was inoculated onto a PDA plate and incubated
at25 £ 1 °C for 5 days.

Effect of pH on Pathogen Growth: The pH of the PDA medium was adjusted to 3, 4, 5,
6,7,8,9,10, and 11 using 1.00 mol/L HCI and 1.00 mol/L NaOH [72]. mycelial plugs were
then inoculated onto PDA plates of each pH level and incubated at 25 & 1 °C for 5 days.

Effect of Light on Pathogen Growth: Mycelial plugs were inoculated onto PDA plates
and incubated at 25 = 1 °C under four lighting conditions: complete light, complete
darkness, and alternating 12-h cycles of light and darkness for 5 days.

Effect of Carbon and Nitrogen Sources on Pathogen Growth: Czapek-Dox medium
was used as the base. Sucrose in the medium was replaced with glucose, fructose, galactose,
mannitol, sorbitol, lactose, carboxymethylcellulose sodium, or xylose to create different
carbon source media. Sodium nitrate was replaced with ammonium chloride, potassium
nitrate, urea, casein tryptone, ammonium acetate, ammonium sulfate, ammonium oxalate,
or ammonium dihydrogen phosphate to create different nitrogen source media [72]. Each
mycelial plug was inoculated onto these carbon and nitrogen source media and incubated
at 25 £ 1 °C for 5 days.

4.8. In Vitro Fungicide Screening

To evaluate the effectiveness of fungicides in inhibiting pathogen growth, we tested
17 commercially available fungicides commonly used for controlling forest cankers
(Table S1). A concentration gradient was established based on the recommended con-
centration for each fungicide, and each fungicide was mixed with PDA medium in a
1:9 ratio to create a fungicide-containing medium [28]. Activated mycelial plugs were then
inoculated into each fungicide-containing medium, while PDA medium without fungicide
served as the control. Three replicates were prepared for each treatment, and all plates
were incubated in the dark at 25 4= 1 °C for 5 days. Colony diameters on each plate were
measured using the crossover method, and the antifungal rate was calculated according to
Equation (1).

IR — (DCC— DDC():E(_[]):;FCC — DC) % 100 (1)

IR, Inhibition rate; DCC, Diameter of control colony; DC, Diameter of mycelial plug;
DTC, Diameter of treated colonies.

100



Plants 2025, 14, 1393

4.9. Methods for Field Efficacy Verification

To assess the efficacy of fungicides screened in vitros, field trials were conducted.
Diseased I. polycarpa trees of the same seed source, similar age, and growth were selected
from the two trial sites, and the disease status of these sample trees was observed and
recorded. Fungicides were chosen based on their low EC50 values obtained from in vitro
toxicity measurements (Table 1), with concentrations set to achieve > 90% pathogen inhi-
bition (Table S2). Five treatment groups were established according to the specifications
in Table 4, with five replicates per treatment. Each group was kept separate to maintain
experimental integrity.

Table 4. Test fungicide’s information and concentration.

Fungicide Manufacturer Concentration (mg/L)
43% Tebuconazole Bayer CropScience China Co., Ltd., Beijing, China 0.50
20% Xinjunan acetate Hebei Shenhua Pharmaceutical Co., Ltd., Shijiazhuang, China 2.00
40% Difenoconazole Shanghai Hulian Biopharmaceutical (Xiayi) Co., Ltd., Shanghai, China 4.50
70% Thiophanate-methyl Xi’an Dingsheng Biochemical Co., Ltd., Xi’an, China 0.63
Water \ \

The first application of the spray was carried out on 6 July 2022, using a hand-
pressurized sprayer, followed by subsequent applications on 13, 20 and 27 July, with
1 L of each fungicide solution applied each time. The disease status of the sample trees was
recorded on 3 August. Visual counts were conducted for spots on all sample trees, and the
breast diameter of each tree was measured using a breast diameter caliper, along with the
size of each spot. Disease ratings were calculated for each tree based on Table 5 [53,54,73].
Morbidity, disease index, and average efficacy were computed according to Equations (2),
(3), and (4), respectively. Field efficacy tests were conducted following the EPPO guideline
PP 1/135(4) for fungicide evaluation under practical conditions [74].

Table 5. Disease severity grading scale for field evaluation of I. polycarpa canker.

Disease Rate Representative Number Grading Standard

I 0 No lesions

I 1 1 to 10 spots on the main stem

m 2 The main stem has more than 10 spots and the width of the largest spot is

less than 1/4 of the circumference of the tree.
v 3 The main stem has more than 10 spots and the width of the largest spot is
up to 1/4 but not more than 1/2 of the circumference of the tree.

The stem or branches are covered with disease scars, the maximum

\% 4 width of the spot is more than 1/2 the circumference of the tree, the

branches and stems are crippled and the tree is weakened or even dead.

M :—NSB;\'}S AIESAT x 100 ()
M: Morbidity; NSBT: Number of spots before treatment; NSAT: Number of spots
after treatment.
Y.(NPPL x LRV)
TNPS x HRV
DI: Disease index; NPPL: Number of plants per level; LRV: This level’s representative

value; TNPS: Total number of plants surveyed; HRV: Highest representative value.

DI = x 100 3)

_ CGDI — TGDI

AE === x 100 @)
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AE: Average efficacy; CGDI: Control group disease index; TGDI: Treatment group
disease index.

4.10. Statistical Analysis

Data were processed and statistical analyses were performed using Excel 2021 (Mi-
crosoft Corp., Redmond, WA, USA). Normality and homogeneity of variances were as-
sessed, and data were log2-transformed when necessary prior to analysis. Analysis of
variance (ANOVA) was conducted using the ‘aov’ function in R (R Foundation for Statisti-
cal Computing, Vienna, Austria), followed by Tukey’s honestly significant difference (HSD)
test for post hoc comparisons. Visualizations were generated using the ‘ggplot2” package
in R. The spatial distribution of sampling sites was mapped using ArcGIS 10.7 (ESRI Inc.,
Redlands, CA, USA).

5. Conclusions

This study provides the first systematic report of canker disease in I. polycarpa, iden-
tifying Botryosphaeria dothidea as the causal agent based on morphological and molecular
evidence and confirming its pathogenicity via Koch’s postulates. The pathogen exhibits
strong environmental adaptability and poses a significant threat to I. polycarpa plantations.
In vitro and field evaluations revealed that 43% tebuconazole offers the most effective
control among the tested fungicides. These findings lay a foundation for future research on
disease epidemiology and management and highlight the need for integrated strategies to
mitigate the impact of this emerging disease in expanding I. polycarpa cultivation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants14091393/s1. Figure S1: Average monthly temperature and
precipitation in Zhengzhou from 2021 to 2022; Figure S2: In vitro control using 17 different fungicides.
The datasets generated and analyzed during the current study are available in the Figshare repository
(available at: https://doi.org/10.6084 /m9.figshare.28852358), Table S1: 17 Fungicide information.
Table S2: Fungicide’s antibactenial rate.
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Abstract

Stem segments of Acacia mangium and A. auriculiformis containing full axillary buds were
used to study the effects of reduced amounts of the main nitrogen source in the growth
media. This condition, referred to as nitrogen deficiency in this article and denoted as -N,
involved the omission of ammonium nitrate and potassium nitrate from MS media, and its
impact on bud induction was assessed. The results show that in media lacking nitrogen,
the bud induction rate, contamination rate, browning rate, stem length, and leaf number of
induced buds of A. mangium and A. auriculiformis varied depending on the different culture
media used. The optimal bud induction medium for A. mangium and A. auriculiformis
was as follows: 1/4MS (-N) + 1.0 mg-L~! 6-BA + 0.2 g-L~! chlorothalonil + 5 g-L~! AGAR.
The bud induction rates were 72.6% and 100.0%, respectively. There were no significant
differences in the rooting rates of the induced buds between the -N treatment and the
complete nutrient treatment. We found that the buds induced in the -N media did not show
obvious symptoms of nitrogen deficiency, and their growth status was not significantly
different from those induced in the complete nutrient media, which indicates that nitrogen
is not essential for the bud induction of A. mangium and A. auriculiformis. The results of this
study provide an important reference for conducting related research on other plants and
have are greatly significant for the sustainable development of tissue culture technology in
the future.

Keywords: Acacia; tissue culture; nitrogen deficiency; bud induction; rooting; 6-BA

1. Introduction

Acacia mangium and A. auriculiformis were introduced in China in the 1960s [1,2]. Due
to their economic benefits and ecological value (such as good adaptability, rapid growth,
high yield, developed nodules, nitrogen fixation ability, long fibers, etc.), A. mangium
and A. auriculiformis became important tree species for barren mountain afforestation,
landscaping, and fuelwood in the south of China [3-6].

Acacia propagates through both sexual and asexual methods. Its seed progeny exhibit
significant genetic differentiation in traits such as tree shape, resistance, wood properties,
and other aspects. Cutting propagation of Acacia is greatly affected by the seasons and other
factors. For example, excessively high temperatures in summer can enhance the respiratory
function of cuttings, consume excessive nutrients, and also easily lead to bacterial infection
at the cut ends, which is not conducive to root growth. At the same time, the rate of water
evaporation is high, and the cuttings are prone to water loss and withering. As a result, to
a certain extent, the plantation and utilization of Acacia species are limited [7,8]. Therefore,
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it is very important to establish efficient propagation technology to provide a large number
of high-quality seedlings and meet the demands of Acacia plantation and utilization.

Tissue culture is an essential asexual propagation technology that has the advantages of
controllable, convenient management, high reproductive efficiency, and the ability to maintain
excellent parental traits [9]. In recent years, researchers have performed extensive research on
Acacia tissue culture [10-16], which has supported the plantation and utilization of Acacia.

Using a suitable medium is the key to successfully establishing a tissue culture technique.
Widely used media include the MS and improved MS media, which consist of a large number
of elements, trace elements, iron salts, organic matter, and more. Each component plays
an important role in the growth and development of plants. Among them, nitrogen is
indispensable, serving as the basic component of chlorophyll, nucleic acid, protein, and more.
It regulates many physiological processes in plants through signal transduction pathways,
ultimately regulating plant growth and development [17-19]. During tissue culture, the
exogenous nitrogen supplied in the medium comes from nitrate nitrogen (potassium nitrate)
and ammonia nitrogen (ammonium nitrate) [20-22]. As potassium nitrate and ammonium
nitrate are the main raw materials for the production of explosives, their purchase and use
have been strictly controlled in most countries and regions in recent years, with China has
also implementing strict supervision. They are classified as explosive, dangerous goods in the
Identification of Major Hazard Sources of Hazardous Chemicals [23], which seriously impact
their promotion and application in the tissue culture industry. Furthermore, few studies have
examined the influence of nitrogen on Acacia tissue culture seedlings and the response to
nitrogen in the process of Acacia tissue culture.

Therefore, in order to solve the above-mentioned problems, this study used A. mangium
and A. auriculiformis as experimental materials to study the effect of nitrogen on bud induc-
tion. Through adjusting the proportion of MS medium and the concentration of exogenous
cytokinin 6-BA, the optimal bud induction medium for A. mangium and A. auriculiformis
under nitrogen-deficiency conditions was identified. In addition, the induced buds were
subjected to a rooting culture to compare the differences in rooting between A. mangium
and A. auriculiformis under nitrogen-deficient conditions and complete nutrient conditions.
This evaluation of the effects of nitrogen-deficient bud induction lays the foundation for
relevant research of Acacia nitrogen-deficiency culture. In addition, the research results will
be very helpful for the sustainable development of tissue culture technology in the future.

2. Results
2.1. Effects of N and 6-BA on Bud Induction

Under the -N treatment, the bud induction rate and browning rate of A. mangium
were not significantly different between the different media used. The bud induction rate
decreased with the increase in the concentration of the basic medium. The bud induction
rates, from highest to lowest, were 1/8MS = 1/4MS > 1/2MS > MS, with the highest
induction rate reaching 66.9%. The browning rates in all media used were lower than 20%,
and the contamination rates were lower than 5%. The contamination rate in the 1/4MS
medium was significantly higher than that in the 1/2MS medium (Figure 1).

Under the F treatment, with the increase in the concentration of the basic medium,
the bud induction rates of A. mangium decreased significantly, and the browning
rates increased significantly. The bud induction rates, from highest to lowest, were
1/8MS > 1/4MS > 1/2MS > MS, with the highest induction rate reaching 88.9%. The
browning rates, from highest to lowest, were MS > 1/2MS > 1/4MS > 1/8MS, with the
highest browning rate reaching 78.5%. The contamination rates in all media were lower
than 10%, and the contamination rate in the 1/2MS medium was significantly higher than
that in the 1/4MS medium and 1/8MS medium (Figure 1).
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Under the -N treatment, with the increase in the concentration of the basic medium, the
bud induction rates of A. auriculiformis increased first and then decreased. The bud induction
rate in the 1/4MS medium was the highest, at 93.8%, and the induction rate in the MS medium
was significantly lower than that in the other treatments. There were no significant differences
in the browning rate or contamination rate of the different media (Figure 2).

Figure 1. The effects of N and 6-BA on bud induction of A. mangium. Different lower-case letters
indicate significant differences at p < 0.05.

A -y
100 ;'N 100 -~ -
2
a

3

Induction rate (%)
&

Browning rate(%s)
Contamination rate (Vo)
=

8

Ms 12M5 1/4MS 1/8MS

Ms 12MS 1/4M5 15MS

Basic medium Basic medium

b3
5

Induction rate (%)
Browning rate (%)

‘Contamination rate (%)
=

o

0.5 1 1.5

0.5 1 1.5

6-BA concentration (mg-L™") 6-BA concentration (mg-L ') 6-BA concentration (mg-L ")

Figure 2. The effects of N and 6-BA on bud induction of A. auriculiformis. Different lower-case letters
indicate significant differences at p < 0.05.

Under the F treatment, with the increase in the concentration of the basic medium,
the bud induction rates of A. auriculiformis decreased significantly, and the browning
rates increased significantly. The bud induction rates, from highest to lowest, were
1/8MS > 1/4MS > 1/2MS > MS, with the highest induction rate reaching 88.6%. The
browning rates, from highest to lowest, were MS > 1/2MS > 1/4MS >1/8MS, with the
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highest browning rate reaching 55.6%. There were no significant differences in the contami-
nation rates in the different media, which were all lower than 5% (Figure 2).

Under the different concentrations of 6-BA, there were no significant differences in the
bud induction rates, browning rates, or contamination rates of A. mangium and A. auriculiformis
between the nitrogen-deficient media and complete nutrient media. Under the same 6-BA
treatment concentration, the bud induction rates of A. mangium and the bud induction rates
and contamination rates of A. auriculiformis were all higher in the nitrogen-deficient media
than in the complete nutrient media. Conversely, the browning rates and contamination rates
of A. mangium and the browning rates of A. auriculiformis were all higher in the complete
nutrient media than in the nitrogen-deficient media (Figures 1 and 2).

2.2. Effects of N on Stem Length and Leaf Number of Induced Buds

The results of multiple comparative analysis show that the lack of nitrogen in the
media had a certain effect on the bud induction of A. mangium and A. auriculiformis. Among
the 12 -N treatments, A. mangium and A. auriculiformis had the highest bud induction rates
with treatment 8- (-N), with 72.6% and 100.0%, respectively. Among the 12 F treatments,
the bud induction rate of A. mangium was the highest in treatment 10- (F), with 91.9%; the
bud induction rate of A. auriculiformis was the highest in treatment 12- (F), with 94.1%. The
highest bud induction rate of A. auriculiformis treated with -N was higher than that of the F
treatment. The stem lengths of the induced A. mangium and A. auriculiformis buds in the
complete nutrient media were higher than those in the nitrogen-deficient media (Table 1),
indicating that suitable media can normally induce germination of Acacia macrophylla
explants under nitrogen-deficiency conditions, but it will affect the elongation and growth
of the buds to some extent. After 40 days, it was observed that the number of leaves
on buds induced in the nitrogen-deficient culture was lower than those induced in the
complete nutrient culture, and the leaf color was light green; however, no symptoms of
nitrogen deficiency were observed (Figure 3). These results indicate that the bud induction
rate and bud growth of A. mangium and A. auriculiformis were not significantly negatively
affected under the absence of nitrogen. Comprehensive analysis showed that the optimal
nitrogen-deficient medium for both A. mangium and A. auriculiformis bud induction was
1/4MS (-N) + 1.0 mg-L~! 6-BA.

Table 1. The stem lengths and leaf numbers of induced A. mangium and A. auriculiformis buds.

A. mangium A. auriculiformis
No Treatments i i
Bu(liz;?::f,zt)mn Stem Length (mm) Leaf Number Bu%?t‘:l(l},/?)mn Stem Length (mm) Leaf Number

1 MS (-N), 0.5 mg/L 6-BA 65.2b 7.0b 2.5b 64.4b 72b 22b
MS (F), 0.5 mg/L 6-BA 12.6¢c 71b 25b 29.6¢ 8.9b 21b
5 MS (-N), 1.0 mg/L 6-BA 66.7b 8.2b 29b 704b 8.3b 2.7b
MS (F), 1.0 mg/L 6-BA 17.1c 8.8b 2.6b 27.4c 11.2ab 25b
3 MS (-N), 1.5 mg/L 6-BA 56.3b 8.1b 3.1ab 69.6b 8.4b 2.8b
MS (F), 1.5 mg/L 6-BA 222c¢ 8.5b 3.0b 23.0¢ 11.1ab 2.8b
4 1/2MS (-N), 0.5 mg/L 6-BA 64.5b 8.2b 3.0ab 83.0ab 82b 22b
1/2MS (F), 0.5 mg/L 6-BA 61.5b 11.5ab 3.7ab 55.5bc 124 ab 29b
1/2MS (-N), 1.0 mg/L 6-BA 60.7b 8.5b 3.2ab 83.0ab 9.3b 29b
5 1/2MS (F), 1.0 mg/L 6-BA 60.7b 15.0a 47a 57.1b 14.6a 3.4ab
6 1/2MS (-N), 1.5mg/L 6-BA 68.9b 9.2b 3.6ab 87.4ab 9.8b 2.6b
1/2MS (F), 1.5 mg/L 6-BA 67.4b 14.4 ab 4.6ab 60.7b 14.7 a 3.7ab
7 1/4MS (-N), 0.5 mg/L 6-BA 60.0b 74b 2.8b 95.5 ab 89b 2.4b
1/4MS (F), 0.5 mg/L 6-BA 79.3 ab 14.1ab 4.5ab 66.7b 13.4 ab 3.1ab
8 1/4MS (-N), 1.0 mg/L 6-BA 72.6 ab 85b 3.1ab 100.0a 9.8b 2.8b
1/4MS (F), 1.0 mg/L 6-BA 77.8 ab 14.5ab 44ab 69.6b 13.8 ab 3.4ab
9 1/4MS (-N), 1.5mg/L 6-BA 68.1b 79b 3.4ab 85.9 ab 10.5ab 3.0ab
1/4MS (F), 1.5 mg/L 6-BA 77.8 ab 14.1ab 4.4ab 78.5ab 14.0 ab 3.8a
10 1/8MS (-N), 0.5 mg/L 6-BA 63.0b 7.8b 29b 82.2ab 9.5b 2.6b
1/8MS (F), 0.5 mg/L 6-BA 919a 13.4ab 43ab 85.2ab 13.6 ab 3.2ab
1 1/8MS(-N), 1.0mg/L 6-BA 66.6b 7.8b 3.2ab 85.2ab 9.4b 25b
1/8MS (F), 1.0 mg/L 6-BA 88.9 ab 13.8ab 4.3ab 86.7 ab 14.7 a 3.4ab
12 1/8MS (-N), 1.5 mg/L 6-BA 71.1ab 9.0b 3.5ab 83.0ab 10.3 ab 2.8b
1/8MS (F), 1.5 mg/L 6-BA 85.9 ab 14.6 ab 4.3ab 94.1ab 14.8a 3.7ab

Different lower-case letters indicate significant differences at p < 0.05. Data are means =+ standard error.
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Figure 3. A. mangium- and A. auriculiformis-induced buds. (a) A. mangium buds induced in treatment
8- (-N). (b) A. mangium buds induced in treatment 10- (F). (¢) A. auriculiformis buds induced in
treatment 8- (-N). (d) A. auriculiformis buds induced in treatment 12- (F). Scale bars (top right-hand
corner in each picture) =1 cm.

2.3. Rooting of Buds Induced in -N and F Treatments

A. mangium and A. auriculiformis buds induced under the -N and F treatments were
subsequently cultured for rooting. White root primordia began to appear at the bottom of the
stem at around 10 d, and fine roots began to appear at around 15 d. The root growth tended
to be stable after one month, and the number of fibrous roots on the buds induced under the
-N treatment was lower than those induced under the F treatment (Figures 4 and 5). Different
concentrations of IBA and NAA had significant effects on the rooting of A. mangium and
A. auriculiformis. For the rooting culture of buds induced under the -N treatment, the combined
concentrations of 0.5 mg-L~! NAA and 1.0-2.0 mg-L~! IBA was more favorable for the rooting
of A. mangium under nitrogen-deficient culture. Treatment 8 (2.0 mg-L~! IBA + 0.5 mg-L~!
NAA) led to a significantly higher rooting rate than the other treatments, with the highest
rooting rate reaching 77.8% (Table 2). When the concentration of NAA was 0.1 mg-L~!, the
rooting rate of A. auriculiformis gradually increased with the increase in the IBA concentration.
Treatment 4 (2.0 mg-L~! IBA + 0.1 mg-L~! NAA) achieved the highest rooting rate, which
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was 88.9% (Table 2). For the rooting culture of buds induced under the F treatment, the rooting
rates of the A. mangium buds under treatment 5 (0.5 mg-L~! IBA + 0.5 mg-L ! NAA) and
treatment 12 (2.0 mgL’l IBA +1.0 mg-L’l NAA) were significantly higher than those of the
other treatments. The rooting rate under treatment 12 was the highest, reaching 80.0% (Table 2).
The rooting rate of the A. auriculiformis buds under treatment 3 (1.5 mg-L~! IBA + 0.1 mg-L~*
NAA) was significantly higher than those of the other treatments, with the highest rooting
rate reaching 90.0% (Table 2). The seedlings of A. mangium and A. auriculiformis rooted in the
nitrogen-deficient media exhibited green leaves, robust growth, and no symptoms of nitrogen
deficiency. Additionally, there was no significant difference compared to the seedlings rooted
in the complete nutrient media (Figures 4 and 5).

Table 2. The rooting rates of induced A. mangium and A. auriculiformis buds.

Treatment A. mangium A. auriculiformis
N Co?ézn(t:;;/ir; of Coﬁfxt{::;(/’:) of Rooting Rate (-N) Rooting Rate (F) Rooting Rate (-N) Rooting Rate (F)
1 0.5 333 cd 41.1 bed 66.7 bed 58.9 c¢d
2 1.0 244 cd 344 cd 76.7 ab 75.6 abc
3 15 01 289cd 52.2be 80.0 ab 90.0 a
4 2.0 31.1cd 33.3 acd 889a 64.5 bed
5 0.5 21.1d 75.6 a 544 cd 52.2d
6 1.0 589b 31.1d 50.0d 66.7 bed
7 15 05 66.7 ab 47.8bed 545 cd 60.0 cd
8 2.0 77.8 a 56.7b 64.4 bed 51.1d
9 0.5 378 ¢ 47.8 bed 57.8 cd 544d
10 1.0 10 344 cd 57.8b 66.7 bed 61.1 cd
11 1.5 ’ 344 cd 46.7 bed 822a 65.5 bed
12 2.0 389c¢ 80.0a 71.1bc 78.9 abc

Different lower-case letters indicate significant differences at p < 0.05. Data are means =+ standard errors.

(b1) (b2)

Figure 4. The rooting of A. mangium-induced buds. (al) -N treatment-induced bud rooting after
15 days. (a2) -N treatment-induced bud rooting after 30 days. (b1) F treatment-induced bud rooting
after 15 days. (b2) F treatment-induced bud rooting after 30 days. Scale bars (top right-hand corner
in each picture) = 1 cm.
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(d1) (d2)

Figure 5. The rooting of A. auriculiformis-induced buds. (c1) -N treatment-induced bud rooting after
15 days. (c2) -N treatment-induced bud rooting after 30 days. (d1) F treatment-induced bud rooting
after 15 days. (d2) F treatment-induced bud rooting after 30 days. Scale bars (top right-hand corner
in each picture) =1 cm.

3. Discussion

In this study, the effects of nitrogen deficiency on the bud induction of A. mangium and
A. auriculiformis were studied. The research results show that nitrogen deficiency reduced
the stem length and leaf number of the induced buds, but the induced buds grew robustly
with dark green leaves and did not show obvious deficiency symptoms. A. mangium had
the highest bud induction rates when treated with 1/4MS (-N) + 1.0 mg~L_1 6-BA and
1/8MS (F) + 0.5 mg-L~! 6-BA, reaching 72.6% and 91.9%, respectively, with no significant
difference between the treatments with highest bud induction rates. A. auriculiformis had
the highest bud induction rates when treated with 1/4MS (-N) + 1.0 mg~L_1 6-BA and
1/8MS (F) + 1.5 mg-L~! 6-BA, reaching 100.0% and 94.1%, respectively, with no significant
difference between the treatments with highest bud induction rates. The highest rooting
rates of the A. mangium buds induced under the -N and F treatments were 77.8% and 80.0%,
respectively, with no significant difference between them. The highest rooting rates of
the A. auriculiformis buds induced under the -N and F treatments were 88.9% and 90.0%,
respectively, with no significant difference between them. Under the nitrogen-deficiency
conditions, A. mangium and A. auriculiformis buds could be induced and grow normally,
indicating that nitrogen is not essential during bud induction.

Different plants need different nutrition for growth and development during tissue
culture. This study showed that A. mangium and A. auriculiformis buds could be induced
in both nitrogen-deficient and complete nutrient media, indicating that nitrogen had little
influence on bud induction. The degree of explant browning is directly related to the synthesis
of phenolic substances [24]. An excessive concentration of inorganic salts in the medium
may cause explants to produce a large amount of phenolic substances, with then undergo
oxidation reactions, leading to browning [25,26]. This study showed that the inducted buds
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of A. mangium and A. auriculiformis were affected by the concentration of MS medium; the
higher concentration ratio, the lower the bud induction rate and the higher the browning rate.
This indicates that the bud induction of Acacia was very sensitive to high concentrations of
the complete nutrient medium, which may have been due to the inhibition of germination
caused by the penetration and toxicity of high concentrations of inorganic salts. In the
nitrogen-deficient media, the browning rates of A. mangium and A. auriculiformis were lower
than those in the complete nutrient media, and the bud induction rates in the MS (-N) and
1/2MS (-N) media were significantly higher than those in the corresponding complete nutrient
media. This indicates that the lack of ammonium nitrate and potassium nitrate in the medium
reduced the content of inorganic salts and inhibited the oxidation of phenolic substances in
the explants. Therefore, the browning of the explants decreased, mortality was reduced, and
the bud induction rates significantly increased.

The appropriate concentration of growth regulators can promote the induction and
growth of buds. Qiu et al. found that adding appropriate plant hormones could effectively
promote cell growth and alleviate browning [27]; Feng et al. found that the browning rate
of explants increased with increases in the 6-BA concentration [28]. In this study, there
were no significant differences in the browning rate, contamination rate, or bud induction
rate of A. mangium and A. auriculiformis when the concentration of 6-BA was in the range
of 0.5-1.5 mg-L~!. This indicates that different plants have different tolerance degrees to
the concentration of 6-BA, but 6-BA had no effect on the bud induction of A. mangium
or A. auriculiformis. Growth regulators are crucial for the rooting of seedlings. Different
concentrations of IBA and NAA have been used in the rooting of Acacia in vitro. We
compared the buds induced in nitrogen-deficient and complete nutrient media by culturing
them in rooting media with certain concentrations of IBA and NAA. The rooting rates
ranged from 20% to 90%, depending on the combined concentrations of the growth media.
A. mangium and A. auriculiformis had higher rooting rates in both the nitrogen-deficient
and complete nutrient media with suitable concentrations of IBA and NAA, which further
shows that nitrogen is not essential for Acacia tissue culture.

Under nitrogen stress, plants will show certain resistance. A study showed that in
response to nitrogen-deficiency stress, Hordeum vulgare var. coeleste L. adapted by chang-
ing the activities of POD, CAT, and APX. These changes reduced the damage caused by
nitrogen-deficiency stress, together playing a key role in enabling Hordeum vulgare var.
coeleste L. to adapt to such stress [29]. Huo et al. found that when apple leaves and roots
were under nitrogen-deficient conditions, the MDATG10 gene was overexpressed, which
in turn regulated the absorption and transformation of nitrogen, reduced the impact of
nitrogen stress on chloroplasts, and enabled the plants to grow normally [30]. This study
found that buds of A. mangium and A. auriculiformis could be effectively induced when
a certain concentration of 6-BA was added to the media. Additionally, the bud induc-
tion of A. auriculiformis increased the demand for essential nutrients under the conditions
of nitrogen deficiency. We speculate that under nitrogen-deficiency stress, explants of
A. auriculiformis require more nutrients and stimulation, while A. mangium explants are
more affected by 6-BA. A. mangium and A. auriculiformis adjust the absorption and trans-
formation of nitrogen through their own physiological adaptation to nitrogen-deficient
environments to meet their normal growth needs.

In summary, A. mangium and A. auriculiformis tissue culture seedlings were able to achieve
normal growth and metabolism under nitrogen-deficient conditions. The buds induced under
the nitrogen-deficiency treatment did not show obvious symptoms of nitrogen deficiency, and
their growth status was not very different from those induced under the complete nutrient
treatment. Additionally, the buds induced under nitrogen deficiency could root normally,
indicating that nitrogen is not essential in the tissue culture of A. mangium and A. auriculiformis.

113



Plants 2025, 14, 1720

This study conducted a rooting experiment on buds induced in nitrogen-deficient medium,
elucidating important condition requirements for growth and development in subsequent
seedling refining and transplanting processes. It also successfully solved the challenge posed
by the difficulty of purchasing potassium nitrate and ammonium nitrate for tissue culture
production of A. mangium and A. auriculiformis, while providing a new idea for the sustainable
development of tissue culture technology in the future.

4. Materials and Methods
4.1. Locations and Materials

The experimental materials were collected from the cutting orchard of A. mangium and
A. auriculiformis at the Acacia Breeding Base in Shadui Town, Jiangmen City, Guangdong
Province. The selected new shoots of the current year of A. mangium and A. auriculiformis
exhibited good growth and were free from pests and diseases.

4.2. Methods
4.2.1. Pretreatment of Explants

The selected new shoots of A. mangium and A. auriculiformis were soaked in washing
powder dilution for 30 min and then rinsed. Then, a soft-bristled brush dipped in washing
powder dilution was used to clean the surfaces of the branches. The stems with leaves were
cut into 3-5 cm segments, retaining 1/3 of the original leaves and containing full axillary
buds, to be used as explants. The pruned stems were rinsed with running water for more
than 1 h, and then completely immersed in 0.8 g-L~! carbendazim solution for disinfection
for 3 min [31,32]. Then, the explants were rinsed with tap water, and filter paper was used
to dry the surface of the explants before inoculation.

4.2.2. Screening of Nitrogen-Deficient Medium

The explants were inoculated on MS (-N), 1/2MS (-N), 1/4MS (-N), and 1/8MS (-N),
where -N indicates that the culture medium lacked the main nitrogen sources ammo-
nium nitrate and potassium nitrate. Then, different concentrations of 6-BA (0.5 mg-L~!,
1.0 mg-L~!, and 1.5 mg-L~!) were added to the media, followed by 5 g-L ! AGAR (AisaBio,
Gel strength > 1400 g/cm?) and 0.2 g-L.~! chlorothalonil. Each treatment was controlled with
the same proportion of complete nutrient media, marked as F (the treatment media are
shown in Table 3). Each treatment was inoculated with three explants per bottle, for a total
of 15 bottles, and was repeated three times. The growth status of the explants was observed
and recorded. After 40 days of culture, the following bud induction-related indicators were
recorded: bud induction rate, contamination rate, browning rate, bud length, and leaf number.

Table 3. Treatment media used in this study.

No. Basic Medium Concentration of 6-BA (mg/L)
1 MS( N), MS(F) 0.5
2 MS(-N), MS(F) 1.0
3 MS(-N), MS(F) 1.5
4 1/2MS(-N), 1/2MS(F) 0.5
5 1/2MS(-N), 1/2MS(F) 1.0
6 1/2MS(-N), 1/2MS(F) 15
7 1/4MS(-N), 1/4MS(F) 0.5
8 1/4MS(-N), 1/4MS(F) 1.0
9 1/4MS(-N), 1/4MS(F) 15
10 1/8MS(-N), 1/8MS(F) 0.5
11 1/8MS(-N), 1/8MS(F) 1.0
12 1/8MS(-N), 1/8MS(F) 1.5
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4.2.3. Rooting Culture

The buds induced in the nitrogen-deficient medium and complete nutrient medium
were inoculated into rooting medium for rooting culture. The rooting medium consisted of
MS medium with different concentrations of IBA (0.5 mg~L’1, 1.0 mg-L’l, 15 mg~L’1, and
2.0 mg~L’1) and NAA (0.1 mg-L’l, 0.5 mg~L’1, and 1.0 mg~L’1). A total of 12 treatments
were set up. Each treatment was inoculated with three strains per bottle, for a total of
15 bottles, and repeated three times. After 30 days, rooting was observed, and the rate of
rooting was calculated.

4.3. Culture Conditions

The media did not require high-temperature autoclave sterilization, and the operating
environment was not strictly sterile. The culture conditions were as follows: pH of 5.8 4 0.2,
temperature of (25 £ 2) °C, 12 h of light per day, and light intensity of 2500 Lux.

4.4. Data Processing

Excel was used to organize the collected data, and the SPSS 26.0 statistical analysis
software was used for analysis of variance (p < 0.05).
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Abstract

The goal of this study was to build an understanding of the quality of Idesia polycarpa fruit
Maxim from different ecotypes and to identify the best cultivars, with a view to providing
a reference and theoretical basis for the selection and cultivation of I. polycarpa. In this
study, we systematically evaluated the fruit quality characteristics of five seed sources,
namely SH, SG1, GG, HX, and SG2, at four developmental stages, M1-M4, through a
principal component analysis, a correlation analysis, and a significance test. Comparisons
between the ecotype yielded that GG was significantly better than the other ecotype in
oil content (28.7%) and fresh weight per cluster (155.56 g), while HX exhibited higher
SOD content (278.18 U/g) and soluble protein content (27.50 mg-g~!), suggesting a higher
level of stress tolerance. The results of the correlation analysis showed that POD was
significantly negatively correlated with oil content (r = —0.633) and SOD (r = —0.617)
activities, indicating that the antioxidant enzyme system may affect oil accumulation. The
results of the principal component analysis showed that the cumulative contribution of the
first four principal components reached 89.72%, of which principal component 1 mainly
reflected yield-related traits, and principal component 2 was significantly correlated with oil
content and soluble protein. Through the evaluation and screening of the five ecotypes, we
determined that GG can be utilized as a good single plant in the selection and improvement
of new cultivars; our findings can provide theoretical support for the selection of good
cultivars of I. polycarpa seed in the central region of Henan.

Keywords: Idesia polycarpa; fruit; quality; yield; seed source variation

1. Introduction

Idesia polycarpa Maxim belongs to Salicaceae; the plant is also known as oil grapes, water
winter melon, mountain sycamore, etc., and is referred to as the “tree on the oil bank” [1]. China
is a center for L. polycarpa distribution. Most provinces in China have a distribution of wild L
polycarpa; its wide distribution and adaptability mean that it is an excellent tree species for use
in the afforestation and greening of deserted mountains [2]. The tree crown of 1. polycarpa is of
a layered type; the fruit is bright red in color after maturity, with a string-hanging sequence;
the wood hardness is moderate; this species is adaptable, and can be used as an ornamental,
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ecological wood species in gardening and greening applications [3]. The fruit yield of L. polycarpa
is very high, measuring more than 1.5 kg/m? [4]. The fruit of I. polycarpa can be used as
a raw material in various applications: edible oil extraction [5]; linoleic acid extraction [6,7];
bio-lubricant production [8,9]; other aspects of preparation technologies. Developments in the I.
polycarpa industry have laid a solid national foundation. The pulp oil content from the plant
can be as high as 44.08% [10], with a seed oil content of 26.54%; accordingly, I. polycarpa is an
important woody oilseed species in China [11].

Fruit morphologies and physiological and biochemical indices are fundamental param-
eters that must be determined in elucidating the mechanisms underlying fruit growth and
development. In recent years, several studies have explored various aspects of L. polycarpa.
For example, the oil content and fatty acid composition of I. polycarpa from five regions
were analyzed by Wang et al. [12]. Their findings indicated that fruits from Henan Province
exhibited the highest oil content, while oil derived from I. polycarpa had the highest linoleic
acid content. Seedling growth indices of I. polycarpa of 12 provenances were measured by
Jiang et al. [13], who determined that seedlings of the Fanyi provenance showed the fastest
growth rate. According to Gong et al. [14], who investigated the fruit fatty acid profiles
of I. polycarpa samples from 11 provenances, the fruits are rich in unsaturated fatty acids,
with linoleic acid being the predominant component. Herndndez et al. [15] showed that
the fatty acid profile (especially oleic/linoleic acid ratio) and its genomic expression have
a significant effect on oil stability. The chemical composition and antioxidant activity of
the pulp oil from five places in China were analyzed by Zhang et al. [16]; meanwhile, Ye
et al. [17] optimized the extraction process of polyphenols from the defatted fruit residue
of S. sanguinis and their in vitro/in vivo antioxidant and whitening activities. The photo-
synthetic characteristics of I. polycarpa samples from four provenances were investigated
by Xu et al. [18]; their results showed that the sample of Zhangjiajie provenance had the
highest light adaptability, while that of Tokyo provenance had the widest range of net pho-
tosynthetic rate (Pn) and the highest Pn value. A quality evaluation of seven provenances
of I. polycarpa fruits and their oils was carried out by Zou et al. [19], who found provenance
to be a significant factor influencing quality. Experiments on I. polycarpa under different
environmental conditions were performed by Xu et al. [20], with the results demonstrating
strong resistance characteristics. The response mechanism of I. polycarpa under drought
stress [21] and flood stress [22] was explored by Geng et al., revealing that moderate
drought could promote seedling growth while showing some tolerance to flood stress.
Research conducted by Tian et al. [23] on I. polycarpa under extreme high temperatures and
high temperature-drought stress showed that high temperature-drought stress caused
greater damage than high-temperature stress alone. In addition, significant progress has
been made in research on the physiological mechanisms and cultivation management of I.
polycarpa, an ecologically and economically valuable tree species. Feng et al. addressed dis-
ease issues in practical production by systematically identifying the pathogen responsible
for stem canker in L. polycarpa for the first time and developing effective chemical control
strategies, providing a scientific basis for integrated disease management [24]. In the field
of root ecology, Li et al. evaluated the fine root morphology and rhizosphere environmental
characteristics of dioecious I. polycarpa, revealing the potential influence of gender differen-
tiation on root architecture and soil microenvironments, thereby laying the foundation for
sex-specific cultivation practices [25]. Zhang et al. focused on the regulatory mechanisms of
seed germination. Through transcriptome analysis, they elucidated the molecular network
by which temperature drives seed germination through the coordinated regulation of plant
hormone signaling and sugar metabolism pathways [26]. Regarding nutrient management,
Wang et al. investigated the effects of varied phosphorus fertilizer ratios on the rhizosphere
microbial community structure in seedlings. Their study confirmed that phosphorus levels
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significantly alter bacterial and fungal diversity, consequently impacting the rhizosphere
microecological balance [27]. In research on sex determination mechanisms, Wang et al.
integrated proteome and transcriptome data. By comparing mutant bisexual flowers with
wild-type male flowers, they identified key regulatory genes and metabolic pathways
involved in the sex conversion of I. polycarpa, offering molecular targets for the artificial
regulation of sexual expression [28]. However, despite these valuable contributions, our
understanding of fruit development characteristics across I. polycarpa cultivars remains
incomplete. Further in-depth research is needed if we are to build a more comprehensive
foundation of understanding for cultivar selection.

In light of the above-described context, in this study, we selected five provenances
of L. polycarpa as experimental materials: SH, SG1, GG, HX, and SG2. By systematically
comparing the dynamic changes in fruit growth and development among these prove-
nances, a comprehensive analysis was conducted on the fruits’” phenotypic traits and
physiological-biochemical variations. The objectives were to scientifically evaluate the
quality characteristics from 1. polycarpa from different provenances, screen superior cul-
tivars with excellent overall performances, and finally provide substantive references
and theoretical underpinnings for the genetic improvement, breeding, and cultivation of
I. polycarpa.

2. Results
2.1. Changes in Phenotypic Traits During Fruit Growth of I. polycarpa from Different Ecotypes

From June to September, fruit phenotypic changes were observed in the different I.
polycarpa ecotypes used in this study (Tables 1 and 2). In terms of cluster length, the GG
seed source had the longest cluster length in the M1-M4 development stages, which was
about 105% higher than that of SG1, which had the shortest cluster length; SH and SG2
ecotype had middling lengths, but SG2 had longer lengths in the M1 stage, which was
probably related to the rapid growth that took place in the early stage. In terms of cluster
width, the differences among the four stages were small, mostly between 8 and 11 cm, but
GG was significantly wider than the other ecotype in the M2-M4 stages, and the width of
HX was the most stable. In terms of the cluster aspect ratio, the ratios of GG and SG2 were
the highest, with the clusters being slender and long, while the ratio of SG1 was the lowest,
with the clusters being thicker and shorter. In terms of the fresh weight of single clusters,
the weight of GG was significantly higher than those of the other ecotypes, and the fresh
weight of a single cluster of GG was higher than those of the other ecotypes. In terms of
fresh weight per cluster, the weight of GG was significantly higher than those of the other
ecotypes: it was 3.1 times higher than that of SH; HX had a peak at the M3 stage, but it
dropped sharply by 46% at the M4 stage. In terms of the percentage of fresh weight per
cluster, there were small differences between the five ecotypes in terms of the proportion of
fresh weight of the fruit to the fresh weight of a single cluster; however, GG had the highest
proportion at the M4 stage, indicating that it has higher economic value. In terms of the
number of fruits in a single cluster, GG had the highest ratio; lower ratios were found to
be associated with smaller clusters. The number of fruits for GG was much higher than
those for the other ecotypes: it was 4.7 times higher than that of SG1, and the numbers of
fruits in SH and SG2 were about the same in the M3 stage; however, the number of fruits in
SG2 declined by 36% in the M4 stage, and the number of fruits in SH remained stable. The
1000-seed weight for SG1 was the highest among the five ecotypes, indicating good growth.
The fruit shape index and the weight of single fruit showed small differences. For the fruit
shape index and single-fruit weight, most fruit shape indexes ranged from 0.90 to 1.11, and
fruit shapes were close to round or slightly longer; HX showed the best shape among all
the ecotypes.
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2.2. Changes in Oil and Water Content of Fruits from Different Ecotypes of 1. polycarpa

Changes in oil and water content of I. polycarpa fruits from different ecotypes from
June to September (Table 3). The water content of I. polycarpa fruits of different ecotypes
decreased progressively with the growth stage. For example, the water content of the SG1
seed source decreased from 69% in stage M1 to 59% in stage M4, which was a significant
decrease of 15%. In the same developmental stage, there were significant differences
between ecotypes, and the water content of seeds from SG1 was significantly higher
than those from SH and SG2 at the M1 stage, indicating that its early water metabolism
was stronger. Oil content showed an increasing trend with the development stages, e.g.,
the oil content of seeds from GG increased from 15% at the M1 stage to 29% at the M4
stage, reflecting a significant increase of 93.3%. The differences between the ecotypes
were particularly evident at the later stages. The oil content rate of seeds from GG was
significantly higher than those from SG1 and HX at the M4 stage, indicating that the GG
seed source was most capable of oil accumulation, followed by SH and SG2.

2.3. Changes of Antioxidant Enzymes in Fruit I. polycarpa from Different Ecotypes

From June to September, changes were observed in the antioxidant enzymes in L.
polycarpa fruits from different ecotypes (Table 3). POD activity was higher in the early
stages of development and decreased significantly in the later stages, showing an inverted
V-shaped development trend. For example, POD activity in HX, SG1, GG, SG2, and SH
decreased significantly from the M1 stage to the M4 stage, with significant decreases of
96.7%, 94.7%, 93.6%, 90.8%, and 86.7%. The POD activity of SH was 392.95 U/g at the M3
stage, which was significantly higher than that of the other ecotype. SOD activity showed
an opposite trend, with SH SOD activity increasing from 238.50 U/g at the M1 stage to
337.37 U/g at the M4 stage; this was significantly higher than that of the other ecotype,
with a significant increase of 41.45%. In the comparisons between the ecotypes, the SOD
activity of the GG seed source was 175.13 U/g at the M2 stage, which was significantly
lower than that of the other ecotype.

2.4. Changes in Fruit Content of I. polycarpa from Different Ecotypes

From June to September, changes were observed in the fruit content of I. polycarpa
from different ecotypes (Table 3). Soluble sugars showed a significant decrease from the M3
stage to the M4 stage. HX showed a significant decrease from 5.86 mg-g~! at the M1 stage
to 2.40 mg-g~!, with a decrease of 58.99%, which was the sharpest decline observed among
the ecotypes. This was followed by a significant decrease from 7.53 mg-g~! to 3.54 mg-g~!
in the M1 stage in GG, with a decrease of 52.97%. SG1 and SG2 showed significant changes
throughout the four stages. Soluble protein, on the other hand, showed an increasing trend,
with the highest accumulation of 118.69% in the SH seed source, followed by accumulations
of 90.63% and 71.95% in SG2 and GG, respectively. The M3 and M4 stages of the SG2 seed
source were 25.79 mg-g~! and 31.88 mg-g~!, respectively, which were significantly higher
than those of the other ecotypes.
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2.5. Correlation Analysis of Fruit Quality Indexes of 1. polycarpa

Correlations among 19 traits of 1. polycarpa fruits were investigated using Pearson
correlation analysis (Figure 1). From the results, significant positive and negative corre-
lations can be observed among several traits. Oil content and water content (r = —0.630)
showed a highly significant negative correlations, and it is possible that oil accumulation
came at the expense of water consumption. In addition, oil content was significantly and
positively correlated with the traits of cluster width (r = 0.481), number of grains (r = 0.401),
and fresh fruit weight per cluster (r = 0.522); moreover, it is possible that fruits with high
oil content generally tended to have wider clusters, more grains, and higher fresh weight
per cluster. Cluster length was found to be significantly and positively correlated with
cluster width (r = 0.634); both were highly and significantly positively correlated with grain
number (r = 0.848, 0.678) and the fresh weight of a single stalk (r = 0.802, 0.618), suggesting
that increased cluster morphology may promote seediness and biomass. However, fruit
shape index was significantly and positively correlated with cluster length (r = 0.738) and
significantly and negatively correlated with fruit transverse and longitudinal diameter
(r = —0.404, 0.413). The thousand-grain weight of the seeds was significantly and positively
correlated with the fruits” transverse diameters and the single-fruit weight (r = 0.490, 0.512).
POD activity was significantly positively correlated with water content (r = 0.654), and
significantly negatively correlated with the oil content and the fresh weight of single fruit
cluster (r = —0.633, —0.315); these results suggest that POD activity may increase in en-
vironments with higher water content, and its activity may be inhibited in environments
with higher oil content. SOD activity showed a highly significant negative correlation with
POD (r = —0.617), which could be antagonistic between POD and SOD. Soluble proteins
were significantly and positively correlated with SOD (r = 0.515), suggesting a synergistic
effect between the antioxidant system and proteins. Soluble sugars were significantly
and positively correlated with POD activity (r = 0.490), but showed a highly significant
negative correlation with SOD and soluble proteins (r = —0.563, —0.521), suggesting that
sugar accumulation may be dependent on the antioxidant part of the system. Meanwhile,
soluble sugar showed a significant negative correlation with fruit longitudinal diameter
and single-fruit weight (r = —0.359, —0.317), suggesting that higher sugar may inhibit fruits’
longitudinal development.

GSK
GSCKB

GXZS

. : ok ok ok .

Y RO PR GE
PP PEPFLLESL S S

* p<=0.05 *x p<=0.01

Figure 1. Correlation analysis of fruit quality indexes of different ecotypes I. polycarpa. Water content
is denoted as HSL, oil content is denoted as HYL, cluster length is denoted as GSC, cluster width is
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denoted as GSK, cluster aspect ratio is denoted as GSCKB, grain number is denoted as LS, stalk
weight is denoted as BZ, fruit weight is denoted as GZ, cluster weight is denoted as SZ, 1000-kernel
weight is denoted as QLZ, longitudinal diameter is denoted as ZJ, transversal diameter is denoted
as HJ, fruit shape index is denoted as GXZS, and fruit weight per fruit is denoted as GXZS. Fruit
shape index is denoted as GXZS, single-fruit weight is denoted as DGZ, peroxidase is denoted as
POD, superoxide dismutase is denoted as SOD, soluble protein is denoted as SP, and soluble sugar is
denoted as SS (detailed data values are provided in Appendix A).

2.6. Principal Component Analysis of I. polycarpa Fruit

A principal component analysis of the 12 indicators from five I. polycarpa sources was
followed by a dimensionality reduction analysis. Prior to the PCA, the 12 physiological
parameters (e.g., soluble sugar, SOD activity) were standardized by autoscaling to account
for differences in units and magnitude. The correlation matrix was used as an input
for PCA to equalize the variable contributions. The results show that four principal
components were extracted, with variance contribution rates of 52.1%, 24.3%, 8.2%, and
5.0%, respectively, and the cumulative contribution rate of the four principal components
was 89.72%, transforming the original 12 indicators into four composite indicators (Table 4).
As can be seen from Table 5, among the four main components, there are eight indicators
with large loading values (>0.8): oil content, cluster length, number of grains, fruit weight,
cluster weight, shank weight, fruit shape index, soluble protein, and POD. These can be
used as key indicators to evaluate the quality of I. polycarpa fruit. Based on the data results
in Table 5, quoting the coefficients in the table, four scores can be obtained.

12
Fe=Y ", wSi, (1)

Fy: kth principal component. k=1, 2, 3, 4.

wyi: the weight coefficient of variable S; in the kth principal component (i.e., the
coefficient value in the original equation).

S;: original variables (51-512).

Table 4. Eigenvalues and contribution values of the principal component analysis of fruit quality
indices of different I. polycarpa ecotypes.

.. s Cumulative
Principal Ei 1 Contribution C ibuti
Components igenvalues Rate (%) ontribution
Rate (%)
F1 6.258 52.1 52.15
F2 2.921 24.3 76.49
E3 0.987 8.2 84.71
F4 0.601 5.0 89.72
F5 0.455 3.8 93.51
F6 0.303 2.5 96.03
F7 0.191 1.6 97.63
F8 0.121 1.0 98.63
Fo 0.081 0.7 99.31
F10 0.064 0.5 99.85
F11 0.018 0.2 100
F12 5.524 x 1075 0 100
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Table 5. Principal component analysis eigenvectors of fruit quality indexes of different I. polycarpa ecotypes.

Indicator F1 F2 F3 F4
Oil content 0.47 0.813 0.04 0.098
Cluster length 0.924 0.048 —0.163 —0.112
Cluster width 0.787 0.317 0.065 0.311
Number of fruits per cluster 0.975 —0.005 —0.066 0.002
Fresh weight of fruit stalks per cluster 0.878 0.239 —0.284 —0.038
Fruit weight per cluster 0.931 0.172 —0.106 —0.032
Cluster weight 0.941 0.181 —0.124 —0.036
Fruit shape index —0.361 —0.06 0.904 —0.116
POD —0.161 —0.909 0.036 0.147
SOD 0.141 0.697 0.366 —0.452
Soluble protein 0.004 0.869 —0.267 —0.268
Soluble sugar —0.007 —0.495 —-0.122 0.779

F1-F4 represent principal component 1, principal component 2, principal component
3, and principal component 4; S1-512 represent the standardized values of the average of
the 12 fruit indicators (oil content, cluster length, cluster width, number of grains, shank
weight, etc., respectively); the four principal components and the corresponding variance
contribution rates of the principal components are taken as the weights, to obtain the
following comprehensive evaluation function:

F =0.52148F1 + 0.24339F2 + 0.08221F3 + 0.05011F4, )

According to the comprehensive evaluation function, the comprehensive scores of
the evaluation of five ecotypes of 1. polycarpa were calculated, respectively, and the higher
scores indicated that the quality of the samples was better. Based on the results of the
principal component analysis, the qualities of the five I. polycarpa ecotypes were found to
be GG, 5G2, HX, SH, and SG1, in descending quality order (Table 6).

Table 6. Comprehensive evaluation of the fruits of different I. polycarpa ecotypes.

Seed F1 2 F3 F4 F(Fulll  F abridged Rank (Full)
Source
SH 1.006 0.857 0.842 0,009 0.801 0.732 4
sG1 0.701 0.419 0.335 0.223 0.496 0.467 5
GG 3.807 1.110 0224 0.354 2.047 2.264 1
HX 2,090 1.005 0.113 0.088 1.343 1333 3
SG2 2115 1124 0218 0.246 1.358 1375 2

3. Discussion

Significant differences were observed among different ecotypes, with GG performing
optimally in terms of yield and oil content, which may have a strong photosynthetic
capacity and promote the accumulation of photosynthetic products. In contrast, the SOD
activity and soluble protein content of HX were higher, suggesting that HX may have
strong resistance to adversity and is suitable for promoting cultivation under adverse
conditions. In terms of developmental stages, the fresh weight of single cluster and the oil
content of fruits at stage M4 generally peaked, which was consistent with the pattern of dry
matter and oil accumulation in the late stage of plant reproductive growth [29]. However,
the sources from SG2 showed a high fruit shape index and fruit grain number at stage
M1, which may be related to early maturity characteristics and potentially valuable for
shortening the breeding time.
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According to the results of the correlation analyses, oil content was significantly nega-
tively correlated with water content, which was consistent with the competitive relationship
of water metabolism during plant oil synthesis [30]. Meanwhile, oil content was positively
correlated with yield traits such as cluster length and cluster width, suggesting that the
better cultivars may have both high yield and high oil characteristics, which provides
important guidance for the breeding of I. polycarpa as an oilseed crop. The significant
negative correlations between POD activity, oil content, and SOD activity indicated that the
antioxidant enzyme system may affect the stability of oils and fats. It has been shown that
high POD activity may lead to lipid oxidation [31,32], which was confirmed by the higher
oil content and lower POD activity of the seeds from GG in this study. In addition, SOD
activity and soluble protein showed a significant positive correlation, indicating a possible
synergistic regulation between the antioxidant system and protein synthesis, which was
more evident in the HX seed source.

From the results of the principal component analysis, it can be seen that the cumulative
contribution of the first four principal components reached 89.72%, which can reflect
the main trait variations of I. polycarpa. Among them, principal component 1 mainly
represented yield-related traits, which were consistent with the study of economic traits
of I. polycarpa by Zhang Jian and Liu Ying [33,34]. Principal component 1 indicated that
the yield traits dominant in the phenotypic variation of I. polycarpa and could be used
as the core index for cultivar selection. Principal component 2 mainly represented the
lipid and protein indices, which were positively correlated with oil content and soluble
protein and negatively correlated with POD activity, indicating that the lipid accumulation
of I. polycarpa might have an antagonistic relationship with antioxidant enzyme activity.
This finding is consistent with those presented in the study of Jiang [31] in oilseed crops:
high-oil-content cultivars may be accompanied by lower antioxidant enzyme activities to
reduce the oxidative loss of oil. In contrast, the high negative correlation of POD alongside
the positive correlation of soluble protein and the negative correlation of sugar content
suggests a trade-off between oxidative defenses and carbon allocation. Principal component
3 mainly represents the fruit morphological characteristics. Principal component 4 showed
close relations to soluble sugars, suggesting that sugar accumulation may be independent
of oil accumulation and yield.

4. Materials and Methods
4.1. Overview of the Test Site

The experimental site was the Forestry Experimental Site, Science and Educa-
tion Park, Henan Agricultural University, Zhengzhou City, Henan Province (113.6° E,
34.87° N; see the location map in Appendix A). The area has a typical semi-arid and semi-
humid continental monsoon climate, with an average annual temperature of 14.2 °C, an
average multi-year precipitation of 649.9 mm, and annual sunshine of about 2400 h. The
soil is a sandy loam, with a pH value of 7.85, and a soil organic matter content of about
15 g/kg.

4.2. Test Material

Five ecotypes of seeds named after their origin were selected: Shanxi Hanzhong (SH),
Sichuan Guangyuanl (S5G1), Guangdong Guangzhou (GG), Henan Xinyang (HX), and
Sichuan Guangyuan2 (SG2), were sown at 2 m X 2 m spacing. The experimental material
consisted of 5-year-old seedlings (3 for each ecotype), i.e., a total of 15 plants. On 25 June
(M1), 25 July (M2), 25 August (M3), and 25 September (M4) 2024, three fruit clusters were
randomly selected from the periphery of the crown of the target plants at the test site, and

127



Plants 2025, 14, 2324

phenotypic and physiological indices of the fruits from each of the ecotypes in each month
were determined. Three technical replications were performed for each indicator.

4.3. Test Methods
4.3.1. Determination of Fruit Phenotypic Traits

Using a straight edge to determine the length and width of the clusters, we calculated
the aspect ratio and determined the number of fruits per cluster. Then, we used an electronic
balance to determine the seed weight per thousand grains, the fresh weight of the fruit stalk
per cluster, the fruit weight per cluster, the single fruit fresh mass, and the fresh weight
per cluster. Next, we used vernier calipers to determine the fruit width and fruit length
and calculate the width-length ratios. Then, the thousand-kernel weight was obtained by
randomly removing pure fruit kernels from the sample, counting 100 seeds with tweezers,
weighing them and, multiplying this by 10 to obtain the thousand-kernel weight.

4.3.2. Determination of Water and Oil Content of Fruit

The fruit water content (wy) was determined as follows: 30 g of fresh fruits were
weighed using a balance (1my); they were put into the oven at 120 °C to bake for 0.5 h; then,
the oven temperature was adjusted to 80 °C to dry them to constant weight (111,); next, the
water content was calculated using the following formula:

wo = L 100% 3
mg

The fruit oil content was determined as follows (w,): The Soxhlet extraction method
was used to determine the oil content of the dried fruits. The dried fruit sample was
put into the grinder. Then, 3 g was wrapped in filter paper and loaded into the Soxhlet
extraction column. The appropriate amount of petroleum ether was put into the extraction
bottle and extracted in a water bath for 10 h. Next, the filter paper was taken out and placed
in the oven for drying to obtain the dry mass of the sample after extraction (1m,). The oil
content was calculated as follows:

wo = x 100% )

4.3.3. Determination of Fruit Contents and Antioxidant Enzymes

Soluble protein (SP) content was determined using the Coomassie Brilliant Blue G-250
staining method; soluble sugar (SS) content was determined using the anthrone method;
peroxidase (POD) content was determined using the guaiacol method; superoxide dismu-
tase (SOD) content was determined using the nitrogen blue tetrazolium photochemical
reduction method [35]. SOD and POD indicate the amount of substrate that can be con-
verted per minute, per gram of dry fruit weight.

SP was determined as follows: A measure of 0.5 g of the fresh sample was weighed;
then, 5 mL of phosphate buffer was added. Next, following ice bath grinding, centrifugation
was carried out at 4 °C 12,000 g for 15 min. Then, 100 uL of supernatant and 5 mL of
Kaomas Brilliant Blue G-250 reagent were added and mixed in; this was left to stand for
10 min. The absorbance was measured at 595 nm with a spectrophotometer.

SS was determined as follows: A measure of 0.5 g of the fresh sample was added to
5 mL of distilled water; this was extracted in boiling water bath for 30 min, cooled, and
then centrifuged at 8000x g at 4 °C for 10 min. Next, 0.5 mL of the supernatant was taken;
then, 5 mL of anthrone reagent (0.2% anthrone in concentrated sulfuric acid solution) was
added, and the sample was cooled in an ice bath after being in a boiling water bath for
10 min. The absorbance value was measured at 620 nm with a spectrophotometer.
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SOD was determined by adding 1.5 mL of phosphate buffer (pH 7.8), 0.1 mL of Met
solution, 0.1 mL of NBT solution, 0.1 mL of EDTA-Na, solution, 0.1 mL of riboflavin
solution, and 0.1 mL of enzyme solution (the control was replaced by buffer) to a test
tube. The reaction was placed under 4000-lux light for 20 min (25 °C), and the reaction
was terminated by removing the light. Measure the absorbance value at 560 nm with
a spectrophotometer.

POD was determined by taking 50 mL of phosphate buffer and adding 28 pL of
guaiacol; this was heated and stirred before cooling, adding 19 uL of 30% H,O, to form
a reaction solution. Then, 3 mL of reaction solution and 1 mL of enzyme solution were
added to a cuvette. The absorbance change was immediately recorded at 470 nm on a
spectrophotometer reading every 30 s for 1 min.

4.4. Data Processing

The ANOVA and principal component analysis were performed using IBM SPSS
Statistics 22. The correlation analysis and graphing were performed using Origin 2022. The
location annotation was performed using ArcGIS 10.8.

5. Conclusions

In summary, the GG ecotype was found to be the preferred material for high-yield
cultivation, especially at the M4 stage, when harvesting is economically optimal. The HX
and SG1 ecotypes have the potential to be applied in quality improvement and specialty
cultivation. Depending on the developmental characteristics of the different seed ecotypes,
differentiated cultivation strategies can be developed. This study clarifies the key factors
influencing the yield, quality, and stress-tolerance traits of I. polycarpa by analyzing L.
polycarpa from multiple perspectives; thus, the results provide a theoretical basis for cultivar
selection and breeding. In the future, we can combine transcriptomics or metabolomics to
further resolve the molecular regulatory mechanisms of oil content and antioxidant enzyme
activities, and we can carry out cultivation experiments in different ecological zones to
optimize the cultivation strategy of I. polycarpa.
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Figure A1l. Geographical location of the test site. (a) The map of China and the Henan province
(yellow areas) where the study was conducted. (b) The specific location of the test site (red star).

HSL HYL GSC GSK GSCKB LS BZ GZ SZ QLZ zJ HJ
HSL 1
HYL -0. 630%* 1
GSC =0. 137 0. 404%* 1
GSK =0.222 0. 481%* 0. 634%* 1
GSCKB 0. 027 0. 126 0. 738%* -0.043 1
LS —0.106 0. 401%* 0.848%k 0.678%* 0. 488%* 1
BZ =0.215 0.485% 0.802%* 0.618%¢ 0.501%* 0.882%* 1
GZ =0.163 0.522%* 0.764%* 0.664% 0.404%* 0.888%* 0.848%* 1
Sz =0.17 0.525%k 0.778%k 0.668%k 0.419%k 0.900%* 0.875%k 0.999%* 1
QLZ 0.074 -0.038 0.071 0.127 -0.036 -0.016 -0.057 0.188 0.167 1
yAj -0.074 0.09 -0. 279% =0.163  -0.214 -0. 399%* -0. 274* =0.015 -0.041 0. 478%* 1
HY -0.038 0.204 -0.018 -0.002 -0.003 -0.15 0.043 0.244 0.227 0. 490%* 0. 823%* 1
GXZS =0.063 -0.195 -0.404%¢  -0.254 -0.321% -0.368%* -0. 494%* -0. 428%* -0. 441%+  -0.109 0. 175 -0. 413%*
DGZ -0. 087 0.16 -0.128 -0.075 -0.086 -0.286%* -0. 099 0.118 0.098 0.512%* 0.911%¢ 0. 965%*
POD 0.654%¢ -0.633%x -0.166 —0. 256* 0.014 -0.155 -0.335% -0.315% -0.321* =0.076 -0.312% -0.357%*
SOD —0. 566%* 0. 479%* 0. 064 0. 062 0. 022 0.071 0.153 0.163 0.164 -0.051 0. 285* 0.138
SP —0. 583%* 0. 598%* 0.16 0.153 0. 081 0. 039 0. 275% 0.113 0.131 -0.078 0.176 0. 283%
SS 0.527%* -, 360%* -0.096 -0.035 -0.101 0.015 -0.059 -0.091 -0.089 -0.178 -0.359%* -0.25

* P<0.05 ** P<0.01
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Figure A2. Correlation analysis of fruit quality indexes of the different ecotypes of I. polycarpa. Water
content is denoted as HSL, oil content is denoted as HYL, cluster length is denoted as GSC, cluster
width is denoted as GSK, cluster aspect ratio is denoted as GSCKB, grain number is denoted as
LS, stalk weight is denoted as BZ, fruit weight is denoted as GZ, cluster weight is denoted as SZ,
1000-kernel weight is denoted as QLZ, longitudinal diameter is denoted as ZJ, transversal diameter is
denoted as HJ, fruit shape index is denoted as GXZS, and fruit weight per fruit is denoted as GXZS.
Fruit shape index is denoted as GXZS, single-fruit weight is denoted as DGZ, peroxidase is denoted
as POD, superoxide dismutase is denoted as SOD, soluble protein is denoted as SP, soluble sugar is

denoted as SS.
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