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Introduction: Abies beshanzuensis M. H. Wu is a critically endangered conifer

species of immense ecological and evolutionary significance, with only three wild

adult progenitor trees remaining globally. Due to its extreme vulnerability to

environmental stress, poor natural regeneration, and obligate mycorrhizal

dependency, identifying optimal microclimatic conditions for artificial

cultivation is paramount for its survival. This study investigates how varying

shading intensities influence the morpho-architectural, physiological, and

transcriptomic responses of A. beshanzuensis seedlings to establish ideal

conservation protocols.

Methods: Seedlings were subjected to multiple shading treatments arrayed along

an intensity gradient, culminating in extreme shading at T5. The intermediate

treatment, T3, represented moderate shading. The experimental framework

evaluated phenotypic morphology (plant height, crown width, and root system

architecture), physiological parameters (leaf chlorophyll content, chlorophyll

fluorescence, antioxidant enzyme activities, and oxidative stress markers), and

osmotic adjustments. Furthermore, global transcriptome profiling utilizing

advanced RNA-Seq methodologies coupled with Gene Ontology (GO) and

Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses was

conducted to identify Differentially Expressed Genes (DEGs) and map regulatory

molecular pathways.

Results: Moderate shading (T3) profoundly enhanced plant height, crown width,

root system architecture, and leaf chlorophyll content, significantly

outperforming all other treatments. Root and shoot growth initially increased

with shading intensity but declined sharply under excessive shading (T4 and T5).

Chlorophyll fluorescence analysis demonstrated optimized photosynthetic

performance under T3, characterized by higher electron transport rates and

maximal photochemical efficiency, whereas extreme shading (T5) suppressed

these parameters. Physiological assessments revealed that T3 seedlings exhibited

the highest antioxidant enzyme activities (Superoxide Dismutase, Peroxidase,
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Catalase) and the lowest Malondialdehyde content, indicating minimal oxidative

membrane damage. Soluble sugar, protein, and proline levels fluctuated,

reflecting adaptive metabolic adjustments. Transcriptome analysis identified

extensive DEGs across treatments, with significant enrichment in pathways

related to photosynthesis, secondary metabolism, stress responses, and

hormonal signaling. GO and KEGG analyses confirmed that T3 optimized

energy metabolism, enhanced defense mechanisms, and differentially regulated

hormone signal transduction.

Discussion: Moderate shading (T3) establishes highly favorable environmental

conditions for A. beshanzuensis by achieving a critical biological equilibrium

between photosynthetic efficiency, stress resilience, and molecular regulation.

Excessive shading disrupts this balance, precipitating carbon starvation and

physiological decline. These findings illuminate the underlying regulatory

networks of shade adaptation and provide a vital theoretical and practical

foundation for the ex-situ conservation, and artificial cultivation of this critically

endangered relict species.
KEYWORDS

antioxidant enzymes, molecular adaptations, oxidative stress, photosynthetic
performance, shade treatments
Introduction

Abies beshanzuensis M.H.Wu is an evergreen coniferous relict

tree distributed exclusively in Zhejiang, China (Hu et al., 2022).

Morphologically, this species is a medium-sized coniferous tree

characterized by irregularly fissured grey-white bark, opposite

branches bearing linear, emarginate leaves with two abaxial white

stomatal bands, and cylindrical cones that mature by November

into pale yellow-brown strobili featuring fan-shaped seed scales,

slightly exserted and reflexed bract scales, and winged seeds.

Globally, only three wild trees of A. beshanzuensi remain, classifying

the species as critically endangered (He, 2009). In 1987, the

International Union for Conservation of Nature (IUCN) listed A.

beshanzuensis among the twelve most critically endangered species

worldwide (Surhone et al., 2011). Global warming poses a signifi-

cant threat to the growth and survival of this species, highlighting

the pressing need for comprehensive conservation of its germplasm

resources, a thorough investigation into the mechanisms underlying

its endangered status, and the formulation of effective strategies to

expand its restricted habitat range. The survival of A. beshanzuensis

seedlings is pivotal for population establishment, with light identi-

fied as a key environmental factor influencing their growth and

development. Previous studies had showed that moderate shading

increases the biomass accumulation of Abies alba (Grassi and

Bagnaresi, 2001). However, no studies had reported the response

of A. beshanzuensis to light stress. Therefore, studying the effects of

varying light conditions on the critically endangered A.

beshanzuensis is essential for understanding the physiological and

molecular mechanisms driving seedling survival, thereby providing

critical guidance for effective conservation, habitat expansion, and

species recovery strategies.

External light conditions influence plant growth and develop-

ment, with varying light intensities exerting distinct effects on their

physiological traits. Excessive light energy impaired the
02
functionality of photosystem I and photosystem II, reduced

carbon assimilation, and damaged the structure and function of

plant organs (Zheng et al., 2020). In severe cases, such stress caused

plant mortality (Vialet-Chabrand et al., 2017). Conversely, insuffi-

cient light energy reduced photosynthetic rates below respiratory

demands, leading to decreased organic matter accumulation and,

eventually, reduced plant growth or mortality (Matuszyńska et al.,

2019). Therefore, it was necessary to analyze the physiological

conditions of plants under different light environments to infer

the optimal growth conditions. In addition, appropriate shading

increased the content of soluble sugars, soluble proteins, and proline

in plant, thereby reducing the damage caused by light stress (Gao

et al., 2019). Under shaded conditions, plant antioxidant enzymes

(superoxide dismutase (SOD), peroxidase (POD), catalase (CAT),

glutathione reductase, glutathione peroxidase, and ascorbate per-

oxidase) reduced lipid peroxidation damage by scavenging reactive

oxygen species (Xu et al., 2024).

Light governs plant growth and metabolism by activating light-

sensitive pigments, enhancing enzyme synthesis, and increasing

carbohydrate content (Fang et al., 2022). Research highlighted that

light intensity and quality regulated plant secondary metabolism

(Zheng et al., 2019; Ye et al., 2021; Lin et al., 2021). Shading

modulates the expression of genes associated with photosynthesis,

primary metabolism, and reactive oxygen species scavenging in

plants (Xu et al., 2024). These adjustments optimized photosynthe-

sis, enhanced energy consumption of excess reductants, and min-

imized photooxidative stress. Light conditions influenced hormone

biosynthesis and transport in plants (Zhao et al., 2024; Liu et al.,

2024). In addition, Studies demonstrated that light altered the

expression of auxin (IAA) signaling genes (Lv et al., 2021; Gai

et al., 2025). Shading affected the expression of the gibberellin (GA)

biosynthetic gene (GA20ox), thereby increasing the plant tolerance

(Li et al., 2017). Under shading treatment, the levels of cytokinin,

salicylic acid, and jasmonic acid were altered, which influenced
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plant morphogenesis (Kurepin et al., 2012; Muthu et al., 2016).

However, the regulatory mechanism of A. beshanzuensis under

shading treatment is still unknown.

Studies on plant shading revealed that shading treatment

enhanced light utilization efficiency and energy metabolism flexi-

bility (Gao et al., 2020). The plants demonstrated adaptive re-

sponses to shading by enhancing antioxidant enzyme activity and

improving osmotic regulation. However, the specific adaptation and

regulatory mechanisms of Acer beshanzuensis under shaded con-

ditions remain poorly understood. This study explores the physi-

ological and photosynthetic responses of A. beshanzuensis leaves to

different light intensities. Comparative transcriptomic analysis

revealed significant alterations in gene expression patterns under

shading conditions. These findings provide valuable insights into

the response mechanisms and physiological adaptations of A.

beshanzuensis to shaded environments.
Materials and methods

Plant materials, growth conditions, and
different light intensities

A total of 540 two-year-old seedling trees of A. beshanzuensis

with similar growth years, size, and basal diameter were selected.

The seedlings were transplanted to a nursery near Baisan Station

(119°12’21”E, 27°45’5”N) with a spacing of 10 cm × 10 cm between

plants. The region is characterized by an average annual tempera-

ture of 12.8 °C and an average annual precipitation of 2341.8 mm.

The relative humidity averages 84.0% annually, while the recorded

extreme temperatures range from a minimum of -13.2 °C to a

maximum of 30.1 °C. Additionally, the frost-free period lasts for

187 days. At a height of approximately 1.5 meters on the A.

beshanzuensis, nylon black nets with varying densities were applied

to create different shading treatments. A light meter (GM1010,

Bentech, Shenzhen, China) was used to measure light intensity on

sunny days to determine the shading levels. The shading experi-

ment included six treatments: Control (CK, natural sunlight), 15%

shading (T1, transmitting 85% of natural sunlight), 30% shading

(T2, transmitting 70% of natural sunlight), 45% shading (T3,

transmitting 55% of natural sunlight), 60% shading (T4, transmit-

ting 40% of natural sunlight), and 75% shading (T5, transmitting

25% of natural sunlight). The awning height was set at 1.5 m to

optimize measurement and sampling conditions. A clearance of 20–

30 cm from the ground was maintained to ensure proper ventila-

tion, while sufficient spacing between adjacent awnings was pro-

vided to reduce interference. The 540 seedlings were randomly

assigned to the six light intensity treatments, with 90 seedlings per

treatment. To ensure rigorous biological replication, each treatment

was divided into three independent blocks (30 seedlings per block),

and awnings were independently erected for each block. After 60

days, the seedlings growth status and related parameters were

comprehensively evaluated. Leaf samples were harvested and im-

mediately immersed in liquid nitrogen for preservation. Samples
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were stored at -80 °C for subsequent biochemical, transcriptomic,

and qRT-PCR analyses.

Measurement of seedling growth
indicators

After 60 days of shading treatments, the basal diameter, plant

height, crown width, and leaf count of the seedlings were measured

using precision calipers and a steel ruler. The increments in basal

diameter, plant height, crown width, and leaf count were then

calculated. The root characteristics of the seedlings were also

analyzed after the 60-day shading period. To assess root character-

istics without selection bias, three seedlings were randomly selected

and harvested from each of the three biological replicates per

treatment. The root length, root diameter, average root diameter,

and total root surface area were measured using a root scanner

(Microtek Scan Maker I800, WinRHIZO Pro).

Determination of the chlorophyll content

Leaves from A. beshanzuensis subjected to different shading

treatments were excised and homogenized. 0.2 g leaf sample was

weighed and the chlorophylls were extracted 2h using 10 ml of 80%

acetone until they turned completely white. The mixture was then

filtered. The filtrate was transferred to a 25 mL volumetric flask and

diluted to the mark with 80% acetone. All extraction and measure-

ment steps were performed in the absence of light to prevent

chlorophyll photodegradation. A blank control was prepared

using 80% acetone. Absorbance was measured at 663 nm and 645

nm using a UV-Visible spectrophotometer (Purkinje General,

Beijing, China). Each wavelength was measured in triplicate for

accuracy. The contents of chlorophyll a (Chl a) and chlorophyll b

(Chl b) were calculated using the Lambert-Beer law, as follows

(Ma et al., 2023):

Chl a  ¼  (12:71A663 �  2:59A645)�  V=(1000� FW)

Chl b  ¼  (22:88A645 �  4:76A663)�  V=(1000� FW)

Here, A663 and A645 represent the absorbance values at 663

nm and 645 nm, respectively, V is the extraction solution volume,

and FW is the leaf’s fresh weight (g).

Determination of chlorophyll fluorescence
parameters

Chlorophyll fluorescence parameters of seedlings subjected to

various shading treatments were measured using a Mini-PAM

fluorometer (Walz, Effeltrich, Germany) and WinControl 3 soft-

ware. The procedure described by Dai et al. (2009) was followed to

measure leaf chlorophyll fluorescence parameters. Before measure-

ment, the leaves were adapted to darkness for 30 min (Yu et al.,

2023; Lu et al., 2024). Under dark adaptation conditions, the needles

were exposed to low-intensity measuring light to record the initial

fluorescence value (Fo). Subsequently, a saturating pulse of light

(8000 μmol photons m-² s-¹ for 0.8–1 second) was applied to fully
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close the PSII reaction centers, allowing the maximum fluorescence

value (Fm) to be recorded. Based on the recorded Fo and Fm values,

the gain settings of the instrument were adjusted to ensure the

signal remained within the detector’s linear range, thereby prevent-

ing signal saturation or insufficient sensitivity. Subsequently, an

internal light source was used to measure Yield (photochemical

yield), ETR (electron transport rate), qP (photochemical quenching

coefficient), and NPQ (non-photochemical quenching) under vary-

ing light intensities (Lu et al., 2026). Measurements were repeated

three times for validation.

Determination of enzyme activity

The malondialdehyde (MDA) content in the leaves was mea-

sured using the thiobarbituric acid method described by Yan et al.

(2020). 0.1 g leaf sample was homogenized in 1 mL of extraction

solution on ice, centrifuged at 8,000×g at 4 °C for 10 minutes, and

the supernatant was collected. Absorbance at 532 nm and 600 nm

was measured with a blank control, and DA532 and DA600 were

calculated as the differences between sample and blank absorbance

values. MDA content was calculated using the formula:

MDAcontent(nmol=g)¼ 32:258� (DA532� DA600)=W

W: weight (g).

The activities of superoxide dismutase (SOD), catalase (CAT),

and peroxidase (POD) were determined using commercial kits from

Beijing Solabao Technology Co., Ltd. (Beijing, China), following the

manufacturer’s instructions.

For SOD activity, leaf samples (0.1 g) were homogenized in 1

mL of extraction solution on ice, centrifuged at 8,000×g at 4 °C for

10 minutes, and the supernatant was collected. Absorbance values

for Adetermination, Acontrol, A1blank and A2blank at 560 nm were

recorded. DA determination and DA blank were calculated as

Adetermination − Acontrol and A1blank − A2blank, respectively. SOD

activity was calculated using the following formulas:

Inhibitionpercentage ¼(DAblank�DAdetermination)=DAblank � 100%

SODactivityðU=gmassÞ ¼ 11:4� Inhibitionpercentage=

ð1� InhibitionpercentageÞ �W� F

W: weight (g); F: dilution ratio.

For CAT activity, the preparation of samples followed the same

protocol as for SOD. Absorbance values at 405 nm for Aassay,

Acontrol, Ablank and Astandard were recorded. DAassay, and DAstandard

were calculated as Aassay − Acontrol and Astandard−Ablank, respectively.

CAT activity was calculated as:

CAT activity (U=g mass)  ¼  10� ðDAstandard�DAassay=DAstandardÞ=W� F

F: Sample dilution ratio; W: Sample weight (g).

For POD activity, the preparation of samples followed the same

protocol as for SOD. Absorbance values at 470 nm were recorded as

A1 (at 30 seconds) and A2 (at 1 minute), and DA was determined as

A2−A1. POD activity was calculated using the formula:
Frontiers in Plant Science 04
POD activity (U=g mass)  ¼  DA� Vt=(W� Vm=Vs)

=0:01=T  ¼  7133� DA=W

Vt: Total reaction volume (1.07 mL); Vm: Sample volume

added (0.015 mL); Vs: Extraction solution volume (1 mL); T:

Reaction time (1 min); W: Sample weight (g).
Determination of soluble sugar, soluble
protein, and proline content

Proline content (μg/mL) was determined following the method

described by Bates et al. (1973). Initially, 0.1 g leaf sample was

homogenized in 1 mL of extraction solution using a homogenizer.

The homogenized mixture was centrifuged at 8,000 × g for 10 min,

and the supernatant was collected. The supernatant’s absorbance

was measured at 520 nm using a spectrophotometer.

Soluble sugar content (μg/mL) was determined using the

phenolic sulfuric acid method described by Dubois et al. (1951).

0.5 g leaf sample was weighed, mixed with water in a 1:25 ratio, and

ground into a homogenate. The homogenate was extracted using

ultrasonic soaking for 1 h. 1 mL leaf extract was added to 5 mL of

anthracene sulfate reagent (1 g of anthracene dissolved in 1 liter of

80% sulfuric acid solution). The mixture was boiled in a water bath

for 10 minutes, then cooled to room temperature. The absorbance

at 620 nm was measured using a UV-Visible spectrophotometer.

Soluble protein content was quantified using the Coomassie

brilliant blue G-250 method described by Liang et al. (2018).

Specifically, 0.5 g sample was homogenized with water in a 1:25 (w/

v) ratio. The homogenates were centrifuged at 10,000 × g for 10minutes

at 4 °C, and the supernatants were collected for further analysis. 0.1 mL

leaf extract was added to 4.9 mL of Coomassie brilliant blue G-250

solution. The absorbance of the mixture was measured at 595 nm.

RNA sequencing and RT–qPCR analysis

Total RNA was extracted using the Trizol Invitrogen Kit (CA,

USA), and RNA quality and purity were assessed using the Agilent

2100 Bioanalyzer with the RNA 1000 Nano LabChip Kit (Agilent,

CA, USA). Paired-end sequencing was performed on the Illumina

Novaseq™6000 platform (Illumina, USA) by Lianchuan Biotech

Company, which also conducted the RNA extraction and sequenc-

ing procedures.

Sequencing data underwent de novo assembly. CutAdapt and

Perl scripts were used to remove adapter contamination, low-

quality bases, and indeterminate sequences. The sequence quality

was validated using FASTQC. Trinity 2.4.0 was employed for de

novo transcriptome assembly. Transcripts were grouped into clus-

ters based on shared sequence content, referred to as “genes.” The

longest transcript in each cluster was designated as the representa-

tive “gene” sequence or unigene.

Unigene expression levels were quantified using Salmon soft-

ware, and TPM values were calculated. The R package DESeq2 was

used to identify statistically significant results. Differentially ex-

pressed genes (DEGs) were identified by DESeq2 based on an
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adjusted P-value<0.05 and |log2 fold change| ≥ 1. Metabolic

pathway analysis was performed using GO (Gene Ontology,

http://www.geneontology.org) and KEGG (Kyoto Encyclopedia of

Genes and Genomes, http://www.genome.jp/kegg/). Raw

transcriptome data were deposited in the NCBI Gene Expression

Omnibus (GEO) under accession number PRJNA1063909.

For qRT-PCR analysis, cDNA was synthesized using the

HiScript® III All-in-one RT SuperMix Kit (Vazyme, Nanjing,

China) and subjected to RT-qPCR on the QuantStudio3 Real

Time PCR System (Thermo Fisher Scientific). Six differentially

expressed genes shared among the four groups were randomly

selected. Primers were designed using Primer Premier 6.0 software,

and their sequences are listed in Supplementary Table 1. Primer

synthesis was outsourced to Shanghai Shenggong Bioengineering

Company. Due to the lack of a fully annotated genome for A.

beshanzuensis, the actin gene from the closely related Pinus

massoniana Lamb. served as the internal reference gene, as it has

shown high stability in related conifer studies under abiotic stress

(Zhao et al., 2026). Relative expression levels of the six differentially

expressed genes were quantified using the 2-DDCT method.
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Statistical analysis

Variance analysis was performed using SPSS v21.0 software.

Data analysis and visualization were conducted using GraphPad

Prism 9.0. Data normality and homogeneity of variances were

verified using the Shapiro-Wilk and Levene’s tests, respectively.

Subsequently, a one-way ANOVA combined with Duncan’s new

multiple range test was used to determine significant differences

(P< 0.05) (Zhao et al., 2025).
Results

Changes in leaf growth parameters and
root system under different shading
conditions

Shade treatments significantly influenced plant growth, includ-

ing height, crown width, and leaf number (Figure 1). Plant height
FIGURE 1

The effects of different shade treatments on the growth parameters and root system of A. beshanzuensis. (A) Height increment; (B) Crown width;
(C) Leaf increment; (D) Total root volume; (E) Total root length; (F) Mean root diameter; (G) Total root surface area. Data are mean ± SD (n = 3).
Different letters at the top of the bar indicate significant differences between different shading treatments (P< 0.05).
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FIGURE 3

Electron transport rate (ETR) (A), photosynthetic efficiency (Yield) (B), non-photochemical quenching (NPQ) (C), and photochemical quenching (qP)
(D) of A. beshanzuensis seedling leaves under different shading treatments. Data are mean ± SD (n = 3). Different letters at the top of the bar indicate
significant differences between different shading treatments (P< 0.05).
FIGURE 2

Chlorophyll a (A), chlorophyll b (B), total chlorophyll (C), and chlorophyll a/b (D) concentration in A. beshanzuensis seedling leaves under different
shading treatments. Data are mean ± SD (n = 3). Different letters at the top of the bar indicate significant differences between different shading
treatments (P< 0.05).
Frontiers in Plant Science frontiersin.org06
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significantly increased in T1, T2, T3, T4, and T5 compared to CK.

Seedling height gradually increased from T1 to T3 compared to CK.

T3 resulted in the greatest seedling height, while T4 and T5 showed

significantly lower growth than T3. No significant differences in

plant height were observed among T2, T4, and T5 (Figure 1A).

Crown width in CK was significantly lower than treatments

(Figure 1B). Crown width initially increased and then decreased

with increasing shade intensity, peaking in T3. Leaf number also

initially increased and then decreased from T1 to T5. Leaf numbers

in T2, T3, T4, and T5 were significantly higher than in CK

(Figure 1C). As shading intensity increased, root length, total root

volume, mean root diameter, and total root surface area initially

increased and then decreased. T3 seedlings had the greatest total

root volume, which significantly differed from CK, T1, T2, and T5.

T3 seedlings also had the longest total root length, significantly

differing from CK, T1, and T5 but not from T2 and T4. T3 seedlings

had the largest average root diameter, significantly differing from

CK and T1 but not from T2, T4, and T5. The total root surface area

of T3 seedlings was the largest, significantly differing from CK, T1,

and T5 but not from T2 and T4 (Figures 1D–G).

Changes in leaf chlorophyll fluorescence
parameters under different shading
conditions

Shading treatments significantly influenced chlorophyll a, b, and

total chlorophyll content (Figure 2). The highest levels of chlorophyll

a, b, and total chlorophyll were observed in T3 (Figures 2A–D). In T3,

chlorophyll a, b, and total chlorophyll concentrations increased by

141%, 140% and 232%, respectively, compared to CK. T2 and T4 had

the highest chlorophyll a/b values, significantly differing from other

treatments. Significant differences were observed in the physiological
Frontiers in Plant Science 07
responses of Yield, ETR, NPQ, and qP under shading treatments

(Figure 3). The ETR were relatively high in the CK, T1, and T3 groups,

with T1 exhibiting the highest ETR within the light intensity range of

268 - 540 mmol m-²·s-¹. In contrast, T5 consistently showed the lowest

ETR under all light intensities (Figure 3A). Under low light intensity

conditions, the Yield was highest in CK, while the T5 exhibited the

lowest Yield. As light intensity increased, the Yield in CK decreased

significantly when the light intensity exceeded 81 mmol m-²·s-¹. The

Yield of T5 remained the lowest across all light intensities (Figure 3B).

The CK exhibited the highest NPQ, followed by the T1, whereas the

NPQ values in the T2 to T5 groups were relatively low, with the T3

group showing the lowest NPQ values (Figure 3C). The qP of leaves in

CK was lowest at light intensities below 540 mmol m-² s-¹. The qP

values in T1 to T5 were relatively high, with no significant differences

among these treatments (Figure 3D).

Changes in leaf physiological parameters
and enzyme activity under different
shading conditions

Shading treatments significantly affected enzymatic activities of

SOD, POD, CAT, and MDA concentration in A. beshanzuensis

(Figure 4). MDA concentration in A. beshanzuensis leaves initially

decreased and then increased with increasing shade intensity. The

lowest MDA content occurred in T3, with no significant differences

between CK and T1. MDA content in CK and T1 was significantly

higher than in T2, T3, T4, and T5, with no significant differences

between T2 and T5 (Figure 4A). SOD activity in A. beshanzuensis

leaves initially increased with shading, peaking in T3, before

decreasing. Compared to T3, SOD activity decreased in T4 and

T5 but remained significantly higher than in CK, T1, and T2

(Figure 4B). POD activity showed no significant differences between
FIGURE 4

MDA content (A), SOD activity (B), POD activity (C), and CAT activity (D) of A. beshanzuensis seedling leaves under different shading treatments. Data
are mean ± SD (n = 3). Different letters at the top of the bar indicate significant differences between different shading treatments (P< 0.05).
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CK and T1, with the lowest activity in T1. POD activity increased

from T1 to T4, with higher activity in T3, T4, and T5. However, no

significant differences were noted among T3, T4, and T5

(Figure 4C). CAT activity increased gradually from T1 to T3,

with significantly higher activity in T2, T3, T4, and T5 compared

to CK. CAT activity showed no significant differences among T2,

T4, and T5, but was significantly higher in T3 compared to other

shade treatments (Figure 4D).

Shading treatments influenced the concentrations of soluble

sugars, soluble proteins, and proline content (Figure 5). Soluble

sugar content was highest in T2, followed by CK, T1, T3, and T4, in

descending order. No significant difference was found between CK
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and T4. Soluble sugar content in T1 and T3 was lower, with the

lowest levels observed in T5 (Figure 5A). In A. beshanzuensis

seedlings, soluble protein content initially decreased and then

increased as shading intensity rose. No significant difference was

observed between T3 and T4, with minimal soluble protein content

in both groups. Soluble protein content was highest in CK,

significantly differing from T1, T2, T3, T4, and T5. T1 and T2

exhibited higher soluble protein content, significantly differing from

T3, T4, and T5 (Figure 5B). Proline content in T5 was significantly

lower than in CK. Both CK and T5 exhibited significantly higher

proline content compared to T1, T2, T3, and T4. Among all

treatments, T2 exhibited the lowest proline content (Figure 5C).
FIGURE 6

GO (A–C) and KEGG (D–F) analyses of differentially expressed genes in leaves of A. beshanzuensis under different degrees of shade treatments.
FIGURE 5

Contents of total soluble sugars (A), total soluble proteins (B), and proline (C) in A. beshanzuensis seedling leaves under different shading treatments.
Data are mean ± SD (n = 3). Different letters at the top of the bar indicate significant differences between different shading treatments (P< 0.05).
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Analysis of DEGs in response to shade
treatment

To elucidate the molecular responses of A. beshanzuensis to

light-induced stress, we conducted a comprehensive transcriptome

analysis using its leaf samples. We obtained 498.36 million raw

reads across 12 samples, which yielded 486.34 million clean reads

after filtering. The clean reads accounted for 68.07 G base pairs

from four experimental groups (CK, T1, T3, and T5) with biological

replicates. Sequencing reads exhibited high quality, with Phred

scores showing Q20 between 97.91% and 98.12% and Q30 between

93.5% and 94.05%. The transcriptome data showed an average GC

content of 45.48% (Supplementary Table 2). Rigorous quality

control confirmed the high quality of the transcriptome dataset.

Pearson correlation and PCA analyses showed significant differ-

ences among the four sequenced groups (CK, T1, T3, and T5) and

consistent intra-group patterns across biological replicates. PCA

identified the primary sources of variation, with PC1 and PC2

accounting for 51.79% and 33.8% of the total variance, respectively

(Supplementary Figure 1). Significant transcriptomic alterations

were observed in shading treatments (T1, T3, and T5) compared

to CK (Supplementary Figure 2). Specifically, 324 upregulated and

422 downregulated DEGs were identified in T1 vs CK, 589 upreg-

ulated and 1282 downregulated DEGs in T3 vs CK, and 1174

upregulated and 1722 downregulated DEGs in T5 vs CK. To

validate the accuracy of the RNA-Seq data, we randomly selected

six genes for qRT-PCR analysis. The results demonstrated that the

expression profiles of these DEGs were consistent with the RNA-

Seq data, confirming the reliability of the RNA-Seq results

(Supplementary Figure 3).

To elucidate the biological functions of DEGs under shading

treatments, we performed GO enrichment analysis on DEGs

compared to CK (Figures 6A–C). DEGs from T1, T3, and T5

treatments were enriched in defense responses, oxidation-reduction

processes, transcription regulation, and protein phosphorylation.

For cellular components, DEGs in all treatments were associated

with the cell nucleus, plasma membrane, cytoplasm, integral mem-

brane components, and chloroplast (Figures 6A–C). Regarding

molecular functions, DEGs from T1 were enriched in protein

binding, ATP binding, and serine/threonine kinase activity com-

pared to CK (Figure 6A). DEGs from T3 were enriched in protein

binding, serine/threonine kinase activity, ATP binding, and DNA-
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binding transcription factor activity (Figure 6B). Similarly, DEGs

from T5 were enriched in protein binding, serine/threonine kinase

activity, ATP binding, and DNA-binding transcription factor ac-

tivity (Figure 6C).

Similar to GO enrichment, KEGG enrichment pathways of

DEGs under various conditions were identified. Compared to CK,

the top 20 enriched metabolic pathways of DEGs in T1 included

terpenoid skeleton biosynthesis, plant-pathogen interaction, pho-

tosynthesis, MAPK signaling, glutathione metabolism, and

sesquiterpenoid biosynthesis (Figure 6D). In T3, DEGs were en-

riched in plant-pathogen interaction, phenylpropanoid biosynthe-

sis, MAPK signaling, sesquiterpenoid biosynthesis, carotenoid

biosynthesis, photosynthesis, and carbon fixation (Figure 6E). In

T5, enriched pathways of DEGs included starch and sucrose

metabolism, plant-pathogen interaction, phenylpropanoid biosyn-

thesis, MAPK signaling, glycerophospholipid metabolism, flavo-

noid biosynthesis, photosynthesis, and carbon fixation (Figure 6F).

Shading affects photosynthesis in A.
beshanzuensis

Photosynthesis played a pivotal role in plant biomass accumu-

lation. Shading treatments influenced DEGs related to photosyn-

thesis in A. beshanzuensis (Figure 7). In T3 and T5, shading

downregulated two NADH and two PSII genes (PsbR and PsbP),

while altering the expression of one PsbB and one GAPB genes.

Additionally, T1 showed upregulation of two ATP synthase genes

(ATPA and ATPB) and three PSII genes (PsbA, PsbE, and PsbC)

(Figure 7B; Supplementary Table 3). In T3, FES1, FES2 and PETD

genes were upregulated. The results demonstrated that moderate

shading increased plant energy accumulation.
Shading affects defense/detoxification
related genes in A. beshanzuensis

We analyzed the expression patterns of DEGs associated with

antioxidant enzymes. Shading treatments (T1, T3, and T5) en-

hanced the expression of NADH dehydrogenase (ND2), Cytochrome

C oxidase, and ATP synthesis. Additionally, one SOD and one CAT

genes were downregulated in T1, T3, and T5 (Figure 8;

Supplementary Table 4). The findings indicated that plants acti-

vated antioxidant enzymes to adapt to light-induced stress.
FIGURE 7

Expression patterns of photosynthesis-related genes in A. beshanzuensis under shading treatment. (A) Schematic representation of the
Photosynthesis pathway. (B) Heatmap analysis of log2-fold change.
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Shading affects hormone biosynthesis in A.
beshanzuensis

To examine the impact of shading treatments on hormone signal-

ing pathways in A. beshanzuensis, we analyzed related gene expression

profiles (Figure 9; Supplementary Table 5). In the ABA pathway,

shading treatments downregulated one PYR/PYL, one PP2C, and one

ABF genes (Figure 9A). In the BR pathway, shading reduced the

expression of CyCD3 and increased the expression of one BZR1/2

gene in T5 (Figure 9B). In the cytokinin pathway, shading downregu-

lated one type-AARR and upregulated threeAHP genes (Figure 9C). In
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the GA pathway, light stress downregulated the GID2 in T1 and T3,

while its expression was upregulated in T5 (Figure 9D). In the JA

pathway, shading treatments downregulated one Coi1 and one MYC2

genes, while upregulatingMYC2 expression in T5 (Figure 9E). In the SA

pathway, shading downregulated one pathogenesis-related gene

(NPR1), while upregulating one pathogenesis-related protein gene

(PR-1) in T5 (Figure 9F). In the auxin pathway, shading treatments

downregulated several genes, including TIR1, most AUX/IAA, a ma-

jority of ARF, one GH3 and specific SAUR genes (Figure 9G). In the

ethylene signaling pathway, shading suppressed several genes, including

one ETR, two CTR1, one MKP, one EIN2 and three ERF1/2 genes. In

contrast, T5 showed upregulation of one EIN3 and two EBF1/2 genes

(Figure 9H). These findings indicated that shading treatments modu-

lated plant growth and development by altering hormone biosynthesis.
Discussion

Effect of shading on inhibits A.
beshanzuensis seedlings growth

Photosynthesis served as a crucial biochemical process by which

plant generates energy (Kitajima and Butler, 1975; Wang et al.,
FIGURE 9

Pathway schematic diagram of hormone signal transduction-related genes in A. beshanzuensis under shade treatment and heatmap analysis of log2-
fold changes. (A) Carotenoid biosynthesis; (B) Brassinosteroid biosynthesis; (C) Zeatin biosynthesis; (D) Diterpenoid biosynthesis; (E) Linolenic acid
metabolism; (F) Phenylalanine metabolism; (G) Tryptophan metabolism; (H) Cysteine and methionine metabolism.
FIGURE 8

Expression patterns of ROS-related genes in A. beshanzuensis under
shading treatment. (A) Schematic representation of the ROS
pathway. (B) Heatmap analysis of log2-fold change.
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2019). The photosynthetic parameters of A. beshanzuensis were

investigated following shading treatments. Previous studies sug-

gested that substantial ROS accumulation under high light condi-

tions inhibited chlorophyll synthesis, reduced the number of

chloroplasts in leaves, and promoted their degradation, ultimately

reducing the photosynthetic rate (Yang et al., 2022). This phenom-

enon was evident in our study. Additionally, moderate shading (T3)

significantly enhances the electron transport rate and improves

photosynthetic efficiency. In contrast, excessive shading (T5) mark-

edly reduces the photochemical efficiency and electron transport

capacity of leaves. These results aligned with findings from

Cunninghamia lanceolata (Dong et al., 2015). These results indicate

that shading treatments enhanced the proportion of open reaction

centers in PSII, enabling more light energy to drive photosynthetic

electron transfer and improve photosynthetic efficiency (Gao

et al., 2020).

The GO terms revealed that the T3 was enriched in cellular

components such as the nucleus, plasma membrane, cytoplasm, and

chloroplast. These components are involved in various biological

processes, including photosynthesis. Cell polarity expansion and

development begin with cell wall loosening, which is facilitated by

increased cell wall extensibility. Additionally, cell proliferation

represents another critical mechanism driving changes in leaf

morphology (Madan et al., 2021). Compared with the T1 and T5,

T3 showed enrichment of more cyclins and serine/threonine

kinases. Cyclins bind and regulate cyclin-dependent kinases

(CDKs), which are primary regulators of cell proliferation

(Novikova et al., 2013). This suggests that under optimal shading

conditions, A. beshanzuensis seedlings experience continuous cell

proliferation, resulting in favorable leaf growth.

The KEGG pathway analysis showed that DEGs in shade

treatment involved photosynthesis-related pathways, including

photosynthesis, photosynthesis-antenna proteins, carbon assimila-

tion, and carotenoid metabolism. For the “photosynthesis” and

“photosynthesis-antenna protein” pathways, DEGs were signifi-

cantly upregulated in both the T1 and T3 compared with the CK.

This repression of photosynthesis-related genes under excessive

shading indicates a negative impact on the photosynthetic activity

of A. beshanzuensis seedlings. Carotenoids, as accessory pigments,

play a crucial role in photoprotection under high light intensities

(Saeed et al., 2015). They assist chloroplasts in capturing wave-

lengths of light that chlorophyll cannot absorb while also dissipat-

ing excess energy from excited chlorophyll molecules (Dall'Osto

et al., 2012). This prevents lipid peroxidation and reduces damage

to thylakoid membranes, which are highly susceptible to oxidative

stress (Muller et al., 2001). In this study, compared with the control

group, DEGs associated with the “carotenoid metabolism” pathway

were enriched and significantly downregulated in T3 and T5,

indicating a reduction in photooxidative stress in seedlings sub-

jected to shading.

DEGs related to the PSI and PSII systems were identified. The

PSI system encompassed various ferredoxins. Among these, PsaA, a

key PSI component, alleviated photoinhibition during PSI repair or

recombination, as reported by Wada et al. (2021). Consequently,

upregulation of the PsaA gene stabilized PSI and delayed reductions

in photosynthetic efficiency (Zhou et al.2021). Drought-stressed
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plants exhibited increased PsaA protein levels, enhancing resilience

to adverse environments, as observed by Dahal and Vanlerberghe

(2018). Additionally, salt stress impaired energy transfer in PSI by

inhibiting PsaA expression (Suo et al., 2020; Tokarz et al., 2021).

Our results confirm this. PsaB served as a critical photosensitive

component of PSI. Previous research showed that saline-alkali

stress suppressed PsaB expression, reducing photosynthetic func-

tion (Qian et al., 2009). T3 and T5 significantly downregulated the

expression of PsaB. PSII is the primary reaction center in photo-

synthesis, responsible for capturing light energy and converting it

into chemical energy, which is subsequently used to generate ATP.

PSII is the primary reaction center in photosynthesis, responsible

for capturing light energy and converting it into chemical energy,

which is subsequently used to generate ATP. PsbR and PsbP are two

extrinsic subunits of the oxygen-evolving complex associated with

PSII in higher plants, where PsbP binding to PsbR is essential for

optimal oxygen-evolving activity (Liu B et al., 2022). While the

absence of PsbP is typically associated with decreased PSII quantum

yield under standard conditions (Guo et al., 2022). Our findings

revealed a significant downregulation of PsbP and PsbR under T3

and T5. This downregulation likely reflects a structural reorgani-

zation of the PSII antenna complex to adapt to lower photon flux

and prevent over-excitation under shaded conditions. Despite the

downregulation of these specific PSII components, our physiolog-

ical data showed T3 maintained high ETR and improved overall

photosynthetic efficiency. This suggests a compensatory mechanism

whereby the concurrent upregulation of critical downstream elec-

tron transport and energy accumulation genes, such as FES1, FES2,

and PETD, observed in the T3 treatment, likely stabilizes the

coupling between PSI and PSII. Consequently, A. beshanzuensis is

able to maintain robust electron transfer and adaptively balance

energy assimilation under moderate light restriction.

Effect of shading on defense/detoxification
related enzymes and genes

Light played a crucial role in photosynthesis in plants, while

excessive shading adversely impacted plant growth and develop-

ment. Our findings indicated that an optimal shading intensity of

approximately 45% was ideal. Deviations from this optimal light

intensity, both above and below, adversely affected plant biomass

accumulation, growth, and development. Environmental stress led

to ROS accumulation in plant cells, resulting in cell damage and

lipid peroxidation in the membrane (Cheng et al., 2021). MDA, a

stable end product of lipid peroxidation, served as a crucial

indicator of free radical-induced damage to plant cell membranes

under various environmental stress conditions (Xu et al., 2024), as

corroborated by our study. Under CK, T1 and T2 treatments, A.

beshanzuensis were subjected to strong light stress, membrane lipid

peroxidation was enhanced, MDA content was increased, and

protective enzyme activity was low. In T4 and T5, under low light

stress, MDA was higher than T3, and protective enzyme activity was

lower than T3. The data suggests that intense light stress exceeds the

plant defense mechanisms, resulting in significant impairment of

the synthesis rates or activities of antioxidant enzymes, thereby

hampering plant growth (Lu et al., 2017). However, our study did
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not find a complete correspondence between antioxidant enzyme

activity levels and their gene expression levels. The researchers

noted that no strictly linear relationship existed between them (Kim

et al., 2021). Thus, further investigation into the relationship

between enzyme activity and gene regulation was warranted.

Furthermore, abiotic stress increased the concentrations of soluble

sugars, soluble proteins, and proline, functioning as a protective

mechanism for plants (Liu et al., 2018). Our observations revealed

that shading treatment triggered a marked increase in soluble sugar

content in the leaves of A. beshanzuensis. Moderate shading can

enhance the accumulation of soluble sugars, thereby improving the

plant’s adaptability to environmental stress (Li et al., 2024a),

whereas strong light and excessive shading weakened this tolerance.

SOD and CAT, along with other enzyme protection systems,

constituted crucial mechanisms for plant cells to counteract oxida-

tive damage. They effectively mitigated cellular damage induced by

various physicochemical stressors, prevented ROS accumulation,

and preserved the integrity of cell membrane structure. The activity

of antioxidant enzymes relied on the stress tolerance of plants and

varied among species (Szymanska et al., 2017). In this study,

exposure to intense light decreased the activities of SOD, POD,

and CAT, downregulated gene expression, and resulted in unfa-

vorable leaf growth conditions. Analogous observations were re-

corded in the investigation conducted by Lu et al. on tomatoes (Lu

et al., 2017). Moderate shading enhanced the production rate and

functionality of antioxidant enzymes, which benefited plant growth

and development. The present study revealed that as shading

intensity escalated, both SOD and CAT initially increased before

declining, suggesting that optimal shading treatments might aug-

ment plant resistance (Huang et al., 2022). Additionally, shading

increased cytochrome c oxidase activity (Lu et al., 2022). In our

study, the expression of genes associated with cytochrome c oxidase

was up-regulated under shading, thereby reducing the damage

caused by excessive ROS to A. beshanzuensis.

Effect of different light intensities on
phytohormone pathways

Prior studies postulated that shading modulated physiological

and biochemical mechanisms by upregulating ABA-related genes

(PYL4, PP2CA, and APF3), significantly enhancing plant tolerance

(Asghar et al., 2020, 2022; Kim et al., 2022). However, our findings

diverged from this hypothesis. The discrepancy could be attributed

to the unsuitability of sunlight conditions for the growth and

development of A. beshanzuensis, necessitating shading treatment

to optimize its habitat. Furthermore, auxin modulated plant growth

under abiotic stress by activating the antioxidant system (Guilfoyle

and Hagen, 2007). Auxin is perceived through a co-receptor

complex consisting of TIR1/AFB receptors and AUX/IAA proteins.

This perception leads to the ubiquitination and degradation of

AUX/IAA proteins, thereby releasing their inhibition on ARFs. This

process plays a crucial role in the plant response to changes in light

conditions (Peer, 2013; Lv et al., 2021). Under shading treatment,

the downregulation of one TIR and five ARF genes suggests that

light may directly or indirectly modulate plant growth by altering

auxin biosynthesis and/or signaling pathways. Furthermore, SUAR
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genes were significantly upregulated in the T3 and T5 treatments.

SAUR expression was negatively correlated with auxin biosynthesis

(Kant et al., 2009). Therefore, the reduction in auxin content in A.

beshanzuensis may be associated with the upregulation of SUAR

genes under shading treatment. Collectively, these observations

suggested that shading stress impeded signaling pathways in A.

beshanzuensis, including those related to ABA and auxin. In the BR

pathway, the shading induced downregulation of CyCD3 and

upregulation of BZR2 under T5 conditions highlight a finely

tuned regulation of cell division and elongation processes.

CyCD3, a crucial promoter of cell cycle progression, was sup-

pressed, suggesting reduced cellular proliferation under shading

(Zhu et al., 2024). This suppression may reflect an adaptation to

prioritize resource allocation for survival over active proliferation.

The upregulation of BZR2, which enhances cell elongation, could

act as a compensatory mechanism to maintain growth and struc-

tural integrity (Li et al., 2023), enabling A. beshanzuensis to adapt to

reduced light availability effectively.

In the JA signaling pathway, the active molecule jasmonate-

isoleucine (JA-ILE) bound to Coi1, released MYC2, and regulated

various plant hormones as well as growth and development (Li

et al., 2024b). In our results, Coi1 and MYC2 were downregulated

under most shade treatments, while MYC2 was upregulated during

the T5 phase. This upregulation possibly represented a critical

threshold response, enabling plants to achieve a balanced distribu-

tion of growth and defense processes under moderate light restric-

tion. Shading led to a downregulation of ARR and an upregulation

of AHP genes in the cytokinin pathway. ARR acts as a negative

regulator of cytokinin signaling (Ai et al., 2024), while AHPs are

positive regulators. This opposing regulation suggests a rebalancing

of cytokinin signaling, potentially enhancing plant growth in

response to shading. The differential regulation of GID2 across

treatments (downregulated in T1 and T3, upregulated in T5)

highlights the dynamic response of the GA pathway to varying

shading intensities. GID2 is a key regulator of GA signaling,

promoting the degradation of DELLA proteins that suppress

growth (Razzaq and Du, 2024). The upregulation of GID2 in T5

suggests enhanced GA signaling, possibly promoting stem elonga-

tion to reach light sources.

Ethylene receptors regulated the growth and development of

plants, with ETR, EIN, and CTR acting as negative regulators in

the ethylene signaling pathway (Dubois et al., 2018; Shi et al.,

2016). A decrease in the expression of ETR and CTR1 hindered

the growth and development of plants (Tao et al., 2015). Members

of the Ethylene Response Factor (ERF) gene family played a

pivotal role in influencing plant responses to abiotic stressors

(Candar-Cakir et al., 2016). In the ethylene signaling pathway,

shading suppressed several key genes, including ETR, CTR1,

MKP, EIN2 and ERF1A, indicating a general downregulation of

ethylene signaling under shaded conditions. Ethylene is known to

regulate stress responses and senescence, and its suppression may

delay aging processes and prioritize growth. Notably, under T5

conditions, the upregulation of EIN3 and ERF1A suggests a

compensatory mechanism to fine-tune ethylene-mediated re-

sponses. This dynamic adjustment might help balance growth

and stress adaptation under moderate shading.
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Conclusion

In this study, we conducted an in-depth analysis of the regulatory

mechanisms governing the response of A. beshanzuensis to shading

treatments. Our findings revealed that shading treatments, particularly

medium shading treatment (T3), significantly enhanced growth met-

rics, including plant height, crown width, total root volume, total root

length, average root diameter, total root surface area, and chlorophyll-a,

chlorophyll-b, and total chlorophyll concentrations. Medium shading

treatment has been shown to enhance the ETR, thereby improving the

photosynthetic efficiency of plants. Moderate shading treatment

boosted biomass production in A. beshanzuensis, fostering its optimal

growth and development. These shading treatments also increased the

activities of SOD, POD, and CAT enzymes, which reduced excessive

ROS accumulation. Transcriptomic analysis revealed that the expres-

sion levels of FES1, FES2, and PEYD genes were significantly upreg-

ulated under T3, potentially contributing to enhanced photosynthetic

activity. Furthermore, moderate shading treatment dynamically mod-

ulated the expression of genes related to auxin, ABA, and ethylene

signaling pathways, often suppressing stress-induced ethylene responses

to prioritize structural growth. These findings indicate that utilizing

45% shading nets during artificial nursery breeding, and selecting

appropriately shaded microhabitats for wild reintroductions, will be

critical strategies for the successful conservation of this critically

endangered species.
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Dubois, M., Van den Broeck, L., and Inzé, D. (2018). The pivotal role of ethylene in
plant growth. Trends Plant Sci. 23, 311–323. doi: 10.1016/j.tplants.2018.01.003

Fang, Z. T., Jing, J., Ying, Y., He, Z. H., Shu, Z. F., Shao, J. N., et al. (2022). Effects of
different shading treatments on the biomass and transcriptome profiles of tea leaves
Camellia sinensis L. and the regulatory effect on phytohormone biosynthesis. Front.
Plant Sci. 13, 909765. doi: 10.3389/fpls.2022.909765

Gai, S. J., Su, L. J., Tang, C. Z., Xia, M., and Zhou, Z. (2025). The antagonistic effects of
red and blue light radiation on leaf and stem development of pepper Capsicum annuum
L. seedlings. Plant Sci. 351, 112338. doi: 10.1016/j.plantsci.2024.112338

Gao, S., Liu, X., Liu, Y., Cao, B., Chen, Z., and Xu, K. (2020). Photosynthetic
characteristics and chloroplast ultrastructure of welsh onion Allium fistulosum L.
grown under different LED wavelengths. BMC Plant Biol. 20, 78. doi: 10.1186/s12870-
020-2282-0

Gao, Z., Khalid, M., Jan, F., Saeed, F., Jiang, X., and Yu, X. (2019). Effects of light-
regulation and intensity on the growth, physiological and biochemical properties of
Aralia elata (miq.) seedlings. S. Afr. J. Bot. 121, 456–462. doi: 10.1016/j.sajb.2018.12.008

Grassi, G., and Bagnaresi, U. (2001). Foliar morphological and physiological plasticity
in Picea abies and Abies alba saplings along a natural light gradient. Tree Physiol. 21,
959–967. doi: 10.1093/treephys/21.12-13.959

Guilfoyle, T. J., and Hagen, G. (2007). Auxin response factors. Curr. Opin. Plant Biol.
10, 453–460. doi: 10.1016/j.pbi.2007.08.014

Guo, C., Li, J., Li, M., Xu, X., Chen, Y., Chu, J., et al. (2022). Regulation mechanism of
exogenous brassinolide on bulbil formation and development in Pinellia ternata. Front.
Plant Sci. 12, 806769. doi: 10.3389/fpls.2021.809769

He, F. (2009). Price of prosperity: economic development and biological conservation
in China. J. Appl. Ecol. 46, 511–515. doi: 10.1111/j.1365-2664.2009.01641.x

Hu, R., Liu, Y. J., Zhang, J. X., Xing, H., Jiang, S., and Liu, Y. (2022). Auxiliary seed
treatment is necessary to increase recruitment of a critically endangered species, Abies
beshanzuensis (Pinaceae). Forests 13, 961. doi: 10.3390/f13060961

Huang, Y., Zhai, Y., Huang, Y., Huang, Y., Liu, K., Zhang, J., et al. (2022). Effects of light
intensity on physiological characteristics and expression of genes in coumarin biosyn-
thetic pathway of Angelica dahurica. Int. J. Mol. Sci. 23, 15912. doi: 10.3390/
ijms232415912

Kant, S., Bi, Y. M., Zhu, T., and Rothstein, S. J. (2009). SAUR39, a small auxin-up RNA
gene, acts as a negative regulator of auxin synthesis and transport in rice. Plant Physiol.
151, 691–701. doi: 10.1104/pp.109.143875

Kim, B. B., Brownlee, S. N., Grant, J. S., and Cannon, A. B. (2022). Gene expression
characteristics in response to abscisic acid under shade. Plant Mol. Biol. Rep. 40, 43–67.
doi: 10.1007/s11105-021-01292-9

Kim, M. W., Kim, Y. H., Bal, J., Stephanie, R., Baek, S. H., Lee, S. K., et al. (2021).
Rational design of bienzyme nanoparticles-based total cholesterol electrochemical
sensors and the construction of cholesterol oxidase expression system. Sens. Actuat.
B Chem. 349, 130742. doi: 10.1016/j.snb.2021.130742
Frontiers in Plant Science 14
Kitajima, M., and Butler, W. L. (1975). Quenching of chlorophyll fluorescence and
primary photochemistry in chloroplasts by dibromothymoquinone. Biochim. Biophys.
Acta 376, 105–115. doi: 10.1016/0005-2728(75)90209-1

Kurepin, L. V., Walton, L. J., Hayward, R. J. N., and Pharis, R. P. (2012). Interactions
between plant hormones and light quality signaling in regulating the shoot growth of
Arabidopsis thaliana seedlings. Botany 90, 237–246. doi: 10.1139/B11-108

Li, W., Katin, G., Gu, X. B., Wang, X. J., Tanbouly, R. E., Yer, H. Y., et al. (2017).
Transcriptome analysis reveals differential gene expression and a possible role of
gibberellins in a shade-tolerant mutant of perennial ryegrass. Front. Plant Sci. 8, 868.
doi: 10.3389/fpls.2017.00868

Li, X. M., Jiang, M., Ren, Y. C., Pang, J. S., Ren, J. J., Li, G. F., et al. (2024a). Growth,
physiological, and transcriptome analyses reveal Mongolian oak seedling responses to
shading. Forests 15, 538. doi: 10.3390/f15030538

Li, Z. W., Huang, Y. S., Shen, Z. W., Wu, M. F., Huang, M. J., Hong, S. B., et al. (2024b).
Advances in functional studies of plant MYC transcription factors'. Theor. Appl. Genet.
137, 1–62. doi: 10.1007/s00122-024-04697-8

Li, Z. Y., Fu, Y. J., Wang, Y. Z., and Liang, J. S. (2023). Scaffold protein RACK1 regulates
BR signaling by modulating the nuclear localization of BZR1. New Phytol. 239, 1804–
1818. doi: 10.1111/nph.19049

Liang, D., Shen, Y. Q., Ni, Z. Y., Wang, Q., Lei, Z., Xu, N., et al. (2018). Exogenous
melatonin application delays senescence of kiwifruit leaves by regulating the antiox-
idant capacity and biosynthesis of flavonoids. Front. Plant Sci. 9, 426. doi: 10.3389/
fpls.2018.00426

Lin, N., Liu, X., Zhu, W., Cheng, X., Wang, X., Wan, X., et al. (2021). Ambient
ultraviolet b signal modulates tea flavor characteristics via shifting a metabolic flux in
flavonoid biosynthesis. J. Agr Food Chem. 69, 3401–3414. doi: 10.1021/acs.jafc.0c07009

Liu, D., Liu, M., Liu, X. L., Cheng, X. G., and Liang, Z. W. (2018). Silicon priming
created an enhanced tolerance in alfalfa (Medicago sativa L.) seedlings in response to
high alkaline stress. Front. Plant Sci. 9, 716. doi: 10.3389/fpls.2018.00716

Liu, T. B., Qu, J., Fang, Y. Y., Yang, H. S., Lai, W. T., Pan, L. Y., et al. (2024). Polyamines:
The valuable bio-stimulants and endogenous signaling molecules for plant develop-
ment and stress response. J. Integr. Plant Biol. 67 (3), 13796. doi: 10.1111/jipb.13796

Liu, B., Zhao, F. M., Cao, Y., Wang, X. Y., Li, Z., Shentu, Y., et al. (2022).
Photoprotection contributes to freezing tolerance as revealed by RNA-seq profiling
of Rhododendron leaves during cold acclimation and deacclimation over time. Hortic.
Res. 9, 25. doi: 10.1093/hr/uhab025

Lu, H., Diao, S., Jiang, B., Li, S., Luo, N., Shen, Z., et al. (2026). Comparative study of the
effects of shading treatments on photosynthetic capacity, chlorophyll fluorescence,
chlorophyll content, and antioxidant activities of Viburnum opulus and V. japonicum.
New Zeal J. Crop Hort 54, e70090. doi: 10.1002/nzc2.70090

Lu, T., Meng, Z., Zhang, G., Qi, M., Sun, Z., Liu, Y., et al. (2017). Sub-high temperature
and high light intensity induced irreversible inhibition on photosynthesis system of
tomato plant (Solanum lycopersicum L.). Front. Plant Sci. 8, 365. doi: 10.3389/
fpls.2017.00365

Lu, L. X., Shi, H. Z., Guo, Q. S., Zhao, K., Chang, H. Y., Zou, J., et al. (2022). Effects of
shading on photosynthetic physiology and energy metabolism of Asarum forbesii.
China J. Chin. mater medi 47, 4048–4054. doi: 10.1007/s00344-019-10021-2

Lu, H., Sun, Y., and Li, S. (2024). Nondestructive evaluation of changes in total
flavonoid, total phenol and DPPH scavenging activity during loquat (Eriobotrya
japonica Lindl.) fruit development by chlorophyll fluorescence and RGB intensity
values. Sci. Agric. 81, e20220113. doi: 10.1016/j.lwt.2012.01.008

Lv, B. S., Zhu, J. Y., Kong, X. P., and Ding, Z. J. (2021). Light participates in the auxin-
dependent regulation of plant growth. J. Integr. Plant Biol. 63, 819–822. doi: 10.1111/
jipb.13036

Ma, X., Ren, X., Gao, H., Wu, X., Chen, K., and Khan, R. (2023). Proteomic,
transcriptomic, biochemical, and physio-anatomical analyses provide insights into
energy metabolism, light usage, and photosynthesis in cigar tobacco under different
light intensities. Ind. Crop Prod 198, 116651. doi: 10.1016/j.indcrop.2023.116651

Madan, B., Malik, A., Tyagi, A., and Chakraborty, N. (2021). Annual review of plant
biology. Curr. Sci. 121, 1496–1498.
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