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Abstract: Ginkgo biloba L. is a valuable medicinal plant known for its high content of flavonoids
and terpenoids in the leaves of young trees. Pruning can increase leaf yield in ginkgo plantations;
however, it is unclear how the intensity of pruning affects leaf yield and quality. In addition, G. biloba
exhibits low cutting rooting rates, which limits its efficiency in asexual propagation. In our study,
we compared consecutive pruning with varying levels of intensity, including top pruning, light
pruning, and heavy pruning, to evaluate the effects of pruning on leaf yield and cutting rooting. The
results showed that these three pruning methods all contributed to an increase in the number of new
branches, the leaf weight, and the flavonoid content in five-year-old trees. Among them, the effect of
light pruning was the best, with a 150% increase in branch number, a 130% increase in leaf weight,
and a 40.6% increase in flavonoid content. The secondary pruning further increased leaf area by
22.3%, indicating that secondary pruning further enhanced the rejuvenation of plants and increased
leaf yield. At the transcriptional level, pruning can significantly change the expression of genes
related to bud sprouting, resulting in a particularly significant increase in SHR expression in the buds.
Pruning also promoted the expression of important genes related to flavonoid synthesis, including
chalcone synthase (CHS), flavonoid 3'-hydroxylase (F3'H), flavonol synthase (FLS), and dihydroflavonol
reductase (DFR). Furthermore, we demonstrated a significant increase in the rooting rate of these
second-pruned branch cuttings and screened the optimal hormone ratio for rooting, which is 1.5 uM
MeJA + 400 mg/L NAA + 100 mg/L Uniconazole-P. These results suggest that secondary pruning
can effectively rejuvenate plants to promote cutting rooting in G. biloba. This method can not only be
used to improve the yield and quality of ginkgo leaves, but also for cutting propagation.
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1. Introduction

Ginkgo biloba L. is an economically important tree species, with a very wide planting
area in China of more than 400,000 hectares, and the total output value of the ginkgo indus-
try reaching more than CNY 18 billion in 2021 [1-3]. Ginkgo leaves contain a large amount
of active medicinal ingredients, such as flavonoids and terpenoids, and G. biloba leaf extract
(GbE) is widely used as a raw material for the treatment of diseases such as hypertension,
cardiovascular diseases, and cerebrovascular diseases [4-7]. It is worth noting that only the
leaves of young ginkgo trees contain high levels of biologically active compounds such as
flavonoids (e.g., kaempferol, quercetin, isorhamnetin) and terpenoids (e.g., ginkgolides,
bilobalides) [3,8]. Therefore, the leaves of ginkgo saplings, aged 1 to 5 years, are used for
GDbE extraction [9,10]. Cutting propagation is a simple and economical asexual reproduc-
tion technique that exhibits advantages such as maintaining the excellent characteristics of
parent plants and promoting reproduction to obtain more abundant saplings. However,
propagating ginkgo saplings through cuttings may be challenging because of their slow
rooting process and low survival rate (only about 40%) [11,12]. Therefore, developing
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cuttings suitable for asexual propagation and establishing a rapid propagation technique
for ginkgo cuttings is of great significance to the development of the ginkgo leaf industry.

Age is an important factor affecting the rate of rooting and the survival of cuttings.
With the increase in mother plant age, the cutting rooting rate significantly decreases [13,14].
Therefore, maintaining the juvenile state of cuttings is vital for successful propagation.
Pruning refers to the cutting, shaping, and other processing of plant organs to adjust the
structure of the plant [15-17]. Pruning can stimulate the growth of new branches in mature
or aging trees, thereby achieving the purpose of tree rejuvenation or revitalization [18,19].
Generally, pruning can be categorized into different intensities, such as top pruning [20],
light pruning, and heavy pruning [21]. Top pruning can break the dominance of the plant’s
top and promote an increase in the number of short branches. Light pruning can increase
the budding rate of plants, resulting in more and faster thickening of mother plant branches,
while heavy pruning can revive weak trees and weak branches. For example, different
pruning methods applied to cherimoya (Annona squamosa L.), sour cherry (Prunus cerasus L.),
and tea trees (Camellia sinensis L.) resulted in the production of more branches and leaves,
both of which showed a state of rejuvenation [22-24]. In addition, after consecutive pruning
of apple trees, the number of branches and leaves above the ground significantly increases,
and the stomatal conductance, photosynthetic rate, and photosynthetic characteristics
of the leaves also increase [25] These studies all indicate that pruning and consecutive
pruning can overcome age effects, promote the production of branches and leaves, and
rejuvenate plants.

Several previous studies have found that hormones play a crucial role in promoting
shoot formation and the rejuvenation of plants after pruning. In yellowhorn trees (Xantho-
ceras sorbifolium B.), pruning increases the levels of development-related hormones (such as
gibberellins and auxins), while reducing the levels of growth-inhibiting hormones (such
as abscisic acid), thereby promoting the growth of shoots and leaves and resulting in a
juvenile state [21]. In olive trees (Olea europaea L.), pruning can also induce changes in the
levels of cytokinins, gibberellins, and auxins in the stem, indicating significant alterations in
hormone synthesis, transport, and distribution in plants, thereby promoting bud sprouting
and shoot formation [26]. On the other hand, pruning-induced shoot formation and the
rejuvenation of plants can be attributed to various factors, including increased root-to-shoot
ratio, enhanced leaf photosynthetic capacity, and increased tree resource storage [27]. For
example, pruning oil tea (Camellia oleifera L.) trees enhances the efficiency of light energy
utilization, increases the leaf photosynthetic rate, and promotes the formation of sprout
shoots and the rejuvenation of plants [28].

In our previous research, we found that pruning trees can produce a large number of
buds and stimulate the development of new branches on the trunk of G. biloba. Compared
to unpruned trees, pruned plants exhibit larger and thicker leaves, as well as an increase
in the number and depth of the leaf lobes. All of these indicate that pruning can promote
the recovery and vigorous growth of ginkgo trees [8,29]. Here, we further compare the
effects of different pruning methods on five-year-old G. biloba trees and increase the pruning
frequency to determine if it is possible to further enhance leaf yield and medicinal ingredient
content. Additionally, we identify key genes involved in bud germination and the flavonoid
synthesis pathways and determine their expression in lateral branch and leaf development.
Furthermore, we compare the rooting rate of branches after different pruning frequencies
and screen the optimal hormone ratio for rooting cuttings. Our research results contribute
to optimizing leaf yield and cutting rooting in G. biloba.

2. Materials and Methods
2.1. Plant Materials, Growth Conditions, and Pruning

The ginkgo experimental field was located at Yangzhou University (latitude 32°38/,
longitude 119°42’) in Yangzhou, Jiangsu Province, China. Five-year-old ginkgo trees were
used in our experiments. The first pruning (referred to as primary pruning) treatment was
conducted on 5 February 2022 (winter dry season, —1 °C to 10 °C). A total of 50 plants



Forests 2024, 15, 761

30f15

were selected as experimental materials, of which 10 were pruned at the top (removing
apical buds of branches), 10 were lightly pruned (removing one-third of the branches),
and 10 were heavily pruned (removing two-thirds to three-fourths of the branches), while
the others (20 plants) were not pruned, representing control conditions. On 5 May 2022
(spring drought season, 15 °C to 25 °C), we chose the best pruning method from the
primary pruning results for the second pruning (referred to as secondary pruning). A
total of 5 out of 10 pruned trees were pruned at the secondary pruning (as the secondary
pruning group), while allowing the remaining 5 to continue growing. At the same time,
we selected 5 out of the 20 unpruned trees and performed the primary pruning using the
light pruning method (as the primary pruning group), leaving the rest as the control group.
On 1 May 2022 and 5 June 2022, after the trees had sprouted and grown, we examined the
shoot length (cm), number of lateral branches (pcs), stem diameter (mm), lobing number
(pcs), lobing depth (cm), thickness (mm), area (cm?), fresh weight (g), dry weight (g), and
water content (%) of these pruned trees.

2.2. Morphological Observation

For different treatments, 10 leaves were measured for each replication (each plant),
with three replications (three plants) for each treatment to determine the lobing number,
lobing depth, thickness, and area. The leaves were photographed using a digital camera,
and Image] software (V1.8.0.112, National Institutes of Health, Bethesda, MD, USA) was
utilized to analyze their area. We measured the thickness of the center of the leaves from
the main lobe using a vernier caliper (Figure 1). For deeply lobed leaves, we measured the
thickness at the center of the leaf lobe. For leaves with shallow lobes, we measured the
thickness at the center of the leaf. Specifically, we selected ten leaves and measured their
thickness at these specific locations. From these measurements, we calculated the average
thickness. We conducted repeated measurements, starting from 5 May 2022, by pruning
the trees and recording their growth every seven days.

The location for measuring
leaf thickness

shallowly lobed leaves deeply lobed leaves

Figure 1. Leaf thickness measurement.

2.3. Physiological Measurement

We randomly selected 10 leaves (from the middle part of the middle branch of each
plant) to determine their fresh weight, dry weight, and water content. Fresh weight (FW)
was measured using an analytical balance, and then the leaves were dried at 75 °C until
a constant dry weight (DW) was reached. Water content (%) was calculated using the
formula (FW — DW)/FW x 100.

2.4. Determination of Flavonoid Content

The leaves were collected from samples taken on 1 May 2022 and 5 June 2022. The
total flavonoid content of 0.02 g of leaves was determined according to the methods of the
plant flavonoid detection kit (China Limited, Suzhou, China). After fixing the samples at
120 °C for 30 min, the sample was dried to a constant weight at 75 °C. The leaves were then
pressed through an 80-mesh sieve, 0.02 g of leaf powder were weighed out, and 2 mL of
60% ethanol was added. The resulting mixture was shaken in a 60 °C water bath for 2 h
and centrifuged at 10,000 rpm for 10 min at 25 °C. The supernatant was retained and each
reagent was then added to it. The extract was then allowed to stand for 6, 5, and 15 min,
the absorbance at 510 nm was measured, and the total flavonoid content was calculated.
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2.5. Total RNA Extraction and qRT-PCR Experiment

The total RNA was isolated from the leaves and buds using the plant RNA prep Pure
Plant Plus Kit (TianGen Biotechnology Co., Ltd., Beijing, China). The total RNA was then
reverse transcribed into cDNA using ChamQ SYBR qPCR Master Mix (Vazyme Co., Ltd.,
Nanjing, China). Finally, the cDNA was used as a template for the qRT-PCR (CFX96TM,
Bio-Rad, Hercules, CA, USA) experiments. Based on previous studies, we selected several
structural genes related to bud formation and flavonoid biosynthesis, such as WIND, SHR,
SPL, PIN, CHS, FLS, DFR, and F3'H. We performed qRT-PCR analysis on these genes [8,13].
GADPH expression was used as an internal control [29,30], and qRT-PCR was performed,
as described previously [31]. The relative expression levels of the genes were calculated
using the 27 22Ct method. All reactions were repeated as three biological replicates.

2.6. Rooting of Stem Cutting

On 5 June 2022 (which marked the end of spring and the beginning of summer, 20 °C
to 30 °C, clear weather), the unpruned, once-pruned, and twice-pruned branches were
collected and trimmed to approximately 5 cm long, leaving one node, with the top pruned
flat (to minimize the exposed surface area and reduce water loss through evaporation) and
the bottom cut into a single oblique shape (to maximize the contact area between the scion
and the substrate, enhancing the potential for successful rooting). Then, the branches were
planted in pots that were placed outside the greenhouse in an experimental propagation
bed (latitude 32.391, longitude 119.418, Wenhui Road campus of Yangzhou University).
These pots were filled with a 1:1 mixture of vermiculite and perlite, treated with 400 mg/L
of naphthalene acetic acid (NAA). The rooting rate of the cuttings after the secondary
pruning was observed and compared to that of the unpruned cuttings used as the control.
In total, we evaluated 450 cuttings from all treatments (150 cuttings for each treatment).
Each treatment contained three replicates, with 50 cuttings in each replicate.

On 25 July 2022 (during the summer season, with temperatures ranging from 28 °C to
35 °C and occasional thunderstorms), the cuttings after the secondary pruning were treated
with different concentrations of methyl jasmonate (MeJA) at 1 uM and 1.5 pM, 400 mg/L
of NAA, and a combination of Uniconazole-P at 10 mg/L and 100 mg/L, in addition to
hormone treatment. The specific operation method is to first soak the cuttings in MeJA for
30 min, quickly dip them in NAA for 6-10 s before inserted them into the substrate, and then
spraying them with Uniconazole-P on top. After 7 days, another treatment of Uniconazole-
P was applied. A total of 750 cuttings were selected after the secondary pruning. The
cutting experiment comprises four treatment groups and one control group. Each treatment
group consists of three replicates, with 50 cuttings per replicate (50 x 3 x 5 =750). A total
of 400 mg/L NAA was used individually as the control in order to screen the optimal
hormone formula that promotes the rooting of cuttings. The cutting pots were placed in
the propagation bed, automatic sprinklers were set up (with periodic misting for 10 min
per hour during the day for humidity control), and the pots were regularly sprayed with
50 mg/L of 40% carbendazim (FENGDE, Lanfeng Bio-chemical Co., Ltd., Xuzhou, China)
every 7 days. Next, we sampled three cuttings per replicate (nine cuttings per treatment) to
approximate the time for both rooting and callus formation, and the time of first rooting
and callus formation was recorded. A total of 1.5 months after the start of the experiment,
we analyzed and counted the number of roots, the root length, and the rooting rate. We also
calculated the rooting rate using the following formula: rooting rate = number of rooted
cuttings/total number of cuttings.

2.7. Statistical Analysis

The experimental data from both the control group and the treatment groups in this
experiment are presented as the mean =+ standard deviation (SD) of at least three indepen-
dent experiments. Analysis was performed using a one-way analysis of variance (one-way
ANOVA), followed by Tukey’s post hoc testing for significance analysis. Differences be-
tween lowercase letters indicate significance at the p < 0.05 level.
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3. Results
3.1. Effects of Various Pruning Methods on Plant Growth and Leaf Development

The 5-year-old G. biloba trees were pruned using top pruning, light pruning, and heavy
pruning methods (Figure 2A-H). Compared with the control, the new shoot growth of the
plant increased by 28.3% (68 £ 1.2 cm) and 33.9% (71 £ 1.1 cm) after the treatment of heavy
and light pruning, respectively, while the number of branches also increased by 150% in
both treatments (Figure 21,]). After top pruning, the number of branches increased by 75%.
Interestingly, compared with the control, the stem diameter of the branches decreased by
14.8%, to 0.58 £ 0.08 cm, after heavy pruning, while it increased by 19.1%, to 0.81 &= 0.04 cm,
after light pruning. The stem diameter of the branches after top pruning was 0.72 =+ 0.05,
with no significant change (Figure 2K).
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Figure 2. The growth of branches after different pruning methods. (A) Control plant; (B) top pruning
plant; (C) light pruning plant; (D) heavy pruning plant. (E) The growth of unpruned control plant;
(F) the growth of top pruning plant; (G) the growth of light pruning plant; (H) the growth of heavy
pruning plant. (I) The shoot length; (J) the number of lateral branches; (K) the stem diameter. The red
arrow represents the pruned cutting area, and the yellow arrow represents the newly sprouted lateral
branches after pruning. Each black dot represents a repetition. Means & SD, n = 10. Letters indicate
significant differences based on one-way ANOVA (p < 0.05).
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The shape and size of G. biloba leaves changed significantly as a result of different
pruning methods (Figure 3A-D). Compared with the control, the size and lobe number of
the leaves after light pruning, heavy pruning, and top pruning increased, with the best
effect observed in the light pruning groups (Figure 3E-H). The fresh weight of leaves after
the heavy pruning treatment was 11.46 £ 0.16 g, an increase of 1.7 times. Similarly, the
fresh weight of leaves after light pruning was 12.36 £ 0.12 g, an increase of 1.8 times, and
the fresh weight of leaves after top pruning was 8.24 £ 0.11 g, an increase of 1.3 times
(Figure 3I). Following heavy pruning, the dry weight of the leaves was 2.71 + 0.09 g, an
increase of 1.5 times, while the water content of the leaves increased by 6%. After light
pruning, the dry weight of the leaves was 2.59 & 0.08 g, an increase of nearly 1 time, and
the water content of the leaves increased by 8%. Top pruning led to a more significant
increase in dry leaf weight, which increased by 60% to 2.08 & 0.06 g, accompanied by a 5%
increase in water content (Figure 3J,K). Considering that flavonoids are important bioactive
constituents in G. biloba leaves, we compared the total flavonoid content in leaves from
different pruning treatments and found that, compared with the control, the content of
flavonoids increased by 46% and 45% after light and heavy pruning, respectively, and by
25% after top pruning (Figure 3L).
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Figure 3. Changes in morphology, water content, and flavonoids in leaves after primary pruning.
(A) Control plant leaves; (B) top pruning plant leaves; (C) light pruning plant leaves; (D) heavy
pruning plant leaves. (E-L) The leaf area, leaf lobing number, leaf lobing depth, leaf thickness, fresh
weight, dry weight, water content, and flavonoid content were measured after pruning. In (E-H),
light green represents the control group and dark green represents the treatment group. Means + SD,
n = 3. Letters indicate significant differences based on one-way ANOVA (p < 0.05).
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3.2. Effects of Pruning Times on Plant Growth and Leaf Development

Among the three pruning methods, light pruning can significantly promote branch
number, leaf biomass, and flavonoid content. Therefore, we chose light pruning for the
secondary pruning study (Figure 4D). Compared to the primary pruning, the number of
branches increased by 3—4 after the secondary pruning, but the new shoot growth and the
stem diameter of the branches slightly decreased (Figure 4F-H). The plants generally exhibit
dwarfism, increased branch density, and an expanded canopy after two light prunings.
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Figure 4. Branch growth after different pruning times. (A) Multiple pruning model; (B) primary
pruning; (C) plant growth after the primary pruning; (D) secondary pruning; (E) plant growth after
the secondary pruning; (F) shoot length after pruning; (G) number of new branches after pruning;
(H) stem diameter after pruning. The red arrow represents the pruned cutting area, and the yellow
arrow represents the newly sprouted lateral branches after pruning. Means + SD, n = 5. Letters
indicate significant differences based on one-way ANOVA (p < 0.05).

At the same time, the size and shape of the leaves have undergone significant changes
after being pruned twice. Compared to the control, the leaves were larger, with more
and deeper leaf lobing after the primary pruning, indicating that pruning can rejuvenate
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G. biloba (Figure 5A-C). Moreover, compared with the primary pruning, after the secondary
pruning, the leaf area increased by 22.6%, the depth of leaf lobing increased by 61.1%,
and the leaf thickness increased by 19.5%, indicating that secondary pruning can further
enhance the rejuvenation of G. biloba (Figure 5D-G). Furthermore, compared with the
control, after the secondary pruning, the fresh weight of the leaves was 8.34 £ 0.17 g, an
increase of 189% (Figure 5I), and the dry weight was 1.82 & 0.18 g, an increase of 104%
(Figure 5H,J). However, compared with the primary pruning, the content of flavonoids in
the leaves slightly increased after the secondary pruning (Figure 5K).

e
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Figure 5. Changes in leaf morphology, water content, and flavonoid accumulation after secondary
pruning. (A) Control leaves; (B) leaves of primary pruning; (C) leaves of secondary pruning.
(D-K) The area, lobing number, lobing depth, thickness, fresh weight, dry weight, water content, and
flavonoid content of the leaves after pruning. In (D-G), light green represents the control group and
dark green represents the treatment group. Means £ SD, n = 3. Letters indicate significant differences
based on one-way ANOVA (p < 0.05).

3.3. Expression Changes of Genes Related to Bud Sprouting and Flavonoid Biosynthesis in
Pruned Seedlings

Due to the significant promotion of bud sprouting achieved by pruning, we used
qRT-PCR to detect the expression of genes related to sprouting in the buds. After pruning,
the expression of growth-inhibiting factors GhSHR (17251) and GbSHR (30494) was signifi-
cantly upregulated (Figure 6A,B), while the expression of genes responding to auxin, GbPIN
(02144), and GbSPL14 (00228) was significantly downregulated (Figure 6C,D). Because prun-
ing caused damage to the plants, and previous research found that genes involved in the
response to wounding also participate in bud development, we also analyzed genes that
respond to damage. We found that GWWIND1 (08541) and genes responding to cytokinin,
GbWUS (28733), showed an upward trend of expression (Figure 6E,F).

Considering that the flavonoid content significantly increases after pruning, we ana-
lyzed the dynamic expression changes of five key enzyme-coding genes related to flavonoid
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synthesis. We found that after pruning, the expression of the flavonoid biosynthesis-related
genes GbFLS (06949), GbF3'H (24534), and GbDFR (26256) increased significantly compared
with the control (Figure 7A—C), while the expression of GbFLS (14030) and GbCHS (19002)
increased slightly (Figure 7D,E).
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Figure 6. Expression of genes related to bud formation after pruning. QRT-PCR expression profiling
the analysis of six candidate genes involved in bud formation (A-F). The data represent mean + SD
of the relative expression levels (n = 3). Lowercase letters indicate significant differences compared to
the control, p < 0.05, as determined using a Student’s ¢-test.
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Figure 7. Expression of genes related to flavonoid synthesis after multiple prunings. QRT-PCR
expression profiling analysis of five candidate genes involved in flavonoid synthesis (A-E). The data
represent mean = SD of the relative expression levels (n = 3). Letters indicate significant differences
based on one-way ANOVA (p < 0.05).
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3.4. Repetitive Pruning Promotes the Rooting of Cuttings

Next, we conducted a cutting experiment using the cuttings obtained after each
pruning (Figure 8A-C). Compared with the control, the formation of callus tissue and
the development of roots occurred early after pruning. Specifically, the occurrence of
rooted cuttings was accelerated by 6 days following the secondary pruning (Figure 8D,E).
In addition, the number and length of roots increased by 46.9% and 17.9%, respectively,
in the cuttings after the primary pruning and by 53.1% and 18.2%, respectively, in the
cuttings after the secondary pruning (Figure S8EG). It is worth noting that the rooting rate
of the cuttings increased by 12.5% after primary pruning and by 16.6% after the secondary
pruning (Figure 8H).
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Figure 8. The rooting of cuttings after pruning: (A) control cuttings; (B) cuttings after the primary
pruning; (C) cuttings after the secondary pruning; (D) the time of cutting callus generation; (E) the
time of cutting root formation; (F) the number of cutting roots; (G) the length of cutting roots;
(H) rooting rate of cuttings. The right end of the red arrow is a close-up of the left end. Means + SD,
n = 3. Letters indicate significant differences based on one-way ANOVA (p < 0.05).

Due to the high rooting rate in the cuttings after consecutive pruning, we specifically
selected the cuttings after the secondary pruning to further screen for the most optimal
hormone combination for root development (Figure 9A-E). Compared with the control,
the combined treatment of three hormones significantly increased the number of roots,
the root length, and the rooting rate of the branches. Among them, the combination of
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1.5 uM MeJA + 400 mg/L NAA + 100 mg/L Uniconazole-P had the most favorable effect,
promoting callus and root formation 14 days and 17 days earlier, respectively (Figure 9EG).
This particular combination also resulted in a 93.9% increase in the number of roots, a
116.0% increase in root length, and a 21.9% increase in the rooting rate (Figure 9H-]J).
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Figure 9. The root development of cuttings after NAA, MeJA, and Uniconazole-P treatments.
(A-E) Root development of cuttings after different hormone treatments; (F) time of cutting cal-
lus formation; (G) time of cutting root formation; (H) number of cutting roots; (I) length of cutting
roots; (J) rooting rate. MeJA unit is uM; NAA unit is mg/L; Uniconazole-P unit is mg/L. The right
end of the red arrow is a close-up of the left end. Means & SD, n = 3. Letters indicate significant
differences based on one-way ANOVA (p < 0.05).

4. Discussion

Pruning can effectively promote the sprouting of adventitious buds or axillary buds,
thereby achieving the goal of the rejuvenation and revitalization of plants [32]. The number
of branches and leaves in eucommia (Eucommia ulmoides O.) significantly increases after
pruning in the third year [33]. In this study, we initially applied various pruning techniques
to five-year-old G. biloba trees and observed that light pruning had the most pronounced
effect on lateral branch growth and plant rejuvenation. Subsequently, a second light pruning
on this basis further increased the number of lateral branches, with an increase of up to
3—4 times. Pruning experiments on tea trees (Camellia sinensis L.) have shown that different
degrees of pruning can significantly increase branch weight and fresh weight, while also
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promoting rejuvenation and vitality. There are significant differences between light pruning
and mild to heavy pruning. Compared to light pruning, mild pruning increased branch
and leaf biomass by 41.2%, while heavy pruning increased it by 61.2% [24]. Increasing the
frequency of pruning in raspberry (Rubus corchorifolius L.) led to a significant increase in
both branch growth and leaf yield [34]. These studies showed that pruning can increase
branch and leaf biomass by stimulating the growth of buds, and consecutive pruning
can further stimulate bud sprouting and promote the development of lateral branches
and rejuvenation.

The G. biloba leaves, due to their high content of active medicinal ingredients, such as
flavonoids and terpenoids, have significant economic value [3]. Therefore, increasing the
yield of ginkgo leaves and their active medicinal ingredients is of great importance. After
pruning the ginkgo trees, there is a significant increase in leaf size, leaf quantity, leaf water
content, and flavonoid content, indicating a clear rejuvenation state [8]. Previous studies
have found that ginkgo leaf yield significantly increases after pruning, and the leaves
exhibit more desirable characteristics, such as deeper leaf lobes, larger leaf size, and higher
water content. Additionally, the content of compounds such as flavonoids and terpenoids in
the leaves also increases significantly [29]. In this study, we conducted consecutive pruning
on 5-year-old ginkgo trees and found that compared to the control group, the flavonoid
content in the leaves significantly increased after both rounds of pruning. Furthermore,
on the basis of the primary pruning, the leaf yield further increased after the secondary
pruning, and the flavonoid content in the leaves increased by an additional 10.3%. Our
results indicate that secondary pruning can increase the leaf yield and accumulation of
flavonoid compounds in ginkgo trees by continuously stimulating the plant’s rejuvenation.

Multiple genes have been found to be involved in bud sprouting. The WOX family
belongs to the homologous domain (HD) superfamily and plays an important role in plant
lateral branch development [35]. WUS (WUSCHEL) is the first WOX gene to be discov-
ered. Overexpression of WUS in birch (Betula platyphylla Suk.) trees can enhance lateral
branch formation [36]. Additionally, SPL and SHR have been identified to participate
in the regulation of branch development in Populus. Overexpression of SPL13 leads to
slow plant growth, while silencing SPL13 increases the number of lateral branches [37].
SHR is primarily expressed in axillary buds and is significantly upregulated during bud
maturation and activation [38,39]. Furthermore, other crucial genes involved in regulating
lateral branch formation have been identified, such as CUC (CUP-SHAPED COTYLEDON)
and BRC1 (BRANCHED1). Ectopic overexpression of CUC1/CUC2 in Arabidopsis thaliana
promotes bud formation, contributes to axillary meristem development, and aids in lateral
branch formation [40], while mutants of BRC1 and BRC2 exhibit excessive branching [41].
To further explore the gene expression changes related to bud sprouting in G. biloba fol-
lowing pruning, we conducted qRT-PCR analysis on GbSHR, GbPIN, GbSPL, GWWUS, and
GbWIND1. Our results revealed that GhSHR showed significant upregulation after pruning,
while GbPIN and GbSPL14 were significantly downregulated. Based on these findings, it is
hypothesized that GhSHR auxin transport-related genes may play a role in the regulation
of bud sprouting in G. biloba.

The biosynthesis of flavonoids is directly controlled by many key enzyme coding
genes [42]. In G. biloba, several important genes related to the flavonoid synthesis pathway
have been identified, including GbPAL, GbC4H, Gb4CL, GbCHS, GbFLS, GbDFR, GbANS,
GbANR, GbCHI, GbF3H, GbF3'H, and GVLAR [13,43-45]. Among them, CHS, FLS, F3'H, and
DEFR have been found to participate in the biosynthesis of flavonoids [8]. Previous research
has indicated that pruning can significantly increase the expression level of genes associated
with flavonoid biosynthesis in sandalwood [46]. To explore whether multiple prunings can
continuously affect the expression of flavonoid biosynthesis-related genes [8,29], we chose
the key genes of flavonoid biosynthesis, including GhCHS, GbFLS, GbDFR, and GbF3'H,
for qRT-PCR detection. We found that the expression of the GbFLS, GbF3'H, and GbDFR
genes increased significantly after pruning, especially the expression of GbF3'H in the
leaves, which increased by 7.3 times, confirming that pruning could enhance flavonoid
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biosynthesis. Due to a significant increase in the total flavonoid content in G. biloba leaves,
we hypothesize that GbF3'H might serve as the key enzyme-coding gene responsible for
regulating flavonoid biosynthesis in G. biloba.

Many studies have shown that the quality of cuttings and exogenous hormone treat-
ments have a significant impact on the rooting of cuttings [47-49]. The young apple tree
branch has a 24.02% higher rooting rate than the mature branch [50]; the highest rooting rate
of African blackwood (Dalbergia melanoxylon Guill. & Perr.) cuttings is 71.11%, while the
rooting rate of mature cuttings is only 24.42% [51]. This is because the young branches have
strong cell division ability and a reduced rate of substances that inhibit rooting in the plant,
making rooting easier [52]. In this study, we compared the rooting ability of branches after
each pruning and found that the cutting rooting rate of branches after secondary pruning
was higher than that of branches after primary pruning and that of the control group.

Previous research utilizing NAA treatment on ginkgo cuttings reported an average
rooting rate of 51.04% for various types of cuttings [53]. Additionally, the application of both
NAA and IBA led to rooting approximately 60 to 70 days post-treatment, with a rooting
rate of approximately 50% [54]. In the present study, we added MeJA and Uniconazole-P
to the NAA treatment and screened a hormone formula that promotes cutting rooting. We
found that the best effect was obtained with 1.5 uM MeJA + 400 mg/L NAA + 100 mg/L
Uniconazole-P, with rooting taking about 20 days and a rooting rate reaching 71.2%. Com-
pared to those of previous studies, our cutting technique significantly reduces rooting
time by over 30 days and increases the rooting rate by about 20%. This is likely because
Uniconazole-P inhibits the synthesis of GA3 and ABA, promoting the induction of root
primordia into adventitious roots, while MeJA responds to wound signals to promote auxin
accumulation and improve the ability to regenerate adventitious roots [55,56]. Our results
suggest that pruning can promote the rejuvenation of plants and improve their rooting
ability, while MeJA and NAA can serve as supplemental hormones for rooting agents,
applied for the rapid rooting of ginkgo cuttings.

5. Conclusions

Pruning treatments resulted in a significant increase in branch number, leaf lobe
depth, leaf area, leaf weight, and leaf flavonoids. Among the treatments, light pruning
had the most positive effect on increasing branch number, leaf area, and leaf flavonoids.
Secondary light pruning also led to an increase in branch number. Additionally, cuttings
taken from secondary pruning showed a higher rate of rooting. Further research is needed
to understand the molecular mechanisms behind these improved economic traits.
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