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Abstract: Clematis is a perennial ornamental vine known as the “Vine Queen” for its gorgeous
floral color and rich flower shape. Clematis tientaiensis, an endangered plant, is a key protected
wild plant and a rare breeding parent of Clematis because of its extremely high ornamental value.
Light environment is one of the important environmental factors affecting the space distribution
and the size of C. tientaiensis population. One-year-old homogenous and healthy potted C. tien-
taiensis plants were grown under four different light intensities (T1: 1800 ± 30/0 µmol m−2 s−1;
T2: 1500 ± 30/0 µmol m−2 s−1; T3: 1200 ± 30/0 µmol m−2 s−1; T4: 900 ± 30/0 µmol m−2 s−1).
This study analyzed the potential adaptive mechanism of C. tientaiensis in response to irradiance
by investigating the photosynthesis, rapid light curve, chloroplast ultrastructure, Rubisco activase
enzyme (RAC), Rubisco enzyme, amino acids, and gene expression under four irradiance treatments.
High light caused the leaves chlorosis and yellowing, reduced the net photosynthetic rate (Pn), stom-
atal conductance (Gs), RAC and Rubisco enzyme activity; the quantum yield of unregulated energy
dissipation [Y(NO)], and increased the content of eight amino acids content. The expression of psbA,
psbB, psbC, and Psb(OEC) were down-regulated with decreasing irradiance. The results showed
that C. tientaiensis plants grown under T1 (1800 ± 30 µmol m−2 s−1) irradiance were in danger of
absorbing more light energy than they could use for photosynthesis, while they exhibited good
adaptability to the T3 (1200 ± 30 µmol m−2 s−1) irradiance, and the PSII reaction center and Rubisco
and RCA enzymes could be the key points in response to high light stress, which also emphasized
the importance of appropriate light management practices for promoting the growth and population
expansion of C. tientaiensis.

Keywords: Clematis tientaiensis; irradiance; photosystem II; rubisco; gene expression

1. Introduction

Clematis, a perennial woody or herbaceous vine belonging to the Ranunculaceae family,
has been widely used for its medicinal value since ancient times in China [1]. In recent
years, it is famous for its diverse flower types, rich color and many species and its common
uses include ground cultivation, pot planting and vertical wall greening in landscape
gardening [2], therefore which is known as “the queen of vines” [3]. There are about
300 species of Clematis in the world, and 147 species of wild Clematis in China, accounting
for about half of the world’s total, is the country with the most abundant plant resources of
this genus.

Clematis tientaiensis is endemic to Zhejiang Province and a key protected wild plant in
Zhejiang Province. It is a rare breeding parent of Clematis because of its grandiflora, large
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amount of flowers, rich variation in color and medicinal value. However, the distribution
of C. tientaiensis is narrow and the natural regeneration is difficult. It is only scattered in the
hillside forest margins and shrubs in southeastern Zhejiang Province (Figure 1). Moreover,
environmental change and multifarious artificial activities also change and degrade habitats
of C. tientaiensis, greatly limit population expansion of C. tientaiensis, and eventually lead
to endangered.
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Light environment is one of the important environmental factors affecting the space
distribution and the contraction and expansion of plant population. It is evident that
light contribute to increase in plant species richness within productive sites like tropical
rainforests, combined with a greater range of light intensities and spectra [4]. The same
mechanism may also apply in subtropical area. There is also mounting evidence that light
disrupt local adaptation in plants, such as wild Arabidopsis [5,6]. Light environment is
impacting the size of Clametis habitat through plant injury and death from extreme intense
light, such as Clametis crassifolia [7,8]. Therefore, in order to explore the optimum light
conditions for the growth of C. tientaiensis and expand the its wild population, it is necessary
to elucidate the adaptability of C. tientaiensis to high light condition. This information will
contribute to the population expansion and cultivation management of C. tientaiensis.

Light intensity is one of the most important factors affecting plant photosynthesis.
Plant growth depends on photosynthesis [9]. It is the only photochemical process that
known to efficiently store the energy of visible light in the form of energy of chemical
compounds [10]. Plants absorb and capture light energy using chlorophyll and convert
water, carbon dioxide, and other small amounts of inorganic salts into carbohydrates,
amino acids, and other organic molecules [11]. Nearly allorganisms on Earth use these
molecules as sources of “energy” in the process of growth. Tang et al. [12] reported
Torreya grandis seedlings grown under full sunlight had lower net photosynthetic rate and
photosynthetic electron transport rate than leaves of plants grown in low light intensity,
leading to reduced growth in T. grandis. Similarly, exposure of bayberry tree to a high
irradiance (1300 µmol m−2 s−1) can cause a depression of photosynthesis and photosystem
II efficiency [13]. However, Schumann et al. [14] reported that plants under high light
or sunlight exhibited a loosening, or vertical unstacking of thylakoid and reduced grana
stacking but higher energy dissipation capacity (estimated from NPQ) than leaves of plants
grown under low sunlight (or shade), such as Monstera [15], Spinach [16].
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The absorption and utilization of light energy is closely related to the state of photo-
synthetic apparatus in plants. The photosystemsII is the primary site where photosynthesis
takes place, and is therefore of great significance to the utilization of light energy and
maintaining the stability of photosynthesis [17]. Earlier studies have shown that high
light or sunlight can damage the activity of the photosynthetic apparatus, resulting in
photoinhibition or even photodamage to PSII [18,19]. This destructive effect may be due to
damage to the plastoquinone binding protein, which is generally considered to be the D1
protein on the PSII complex. The damage to D1 protein will disrupt the charge separation
between the PSII reaction center P680 and pheophytin a, thereby interrupting the electron
transfer of PSII, and thus resulted in oxygen free radical excessive production [20]. These
hydroxyl free radicals destroy the composition of the oxygen-evolving complex (OEC) and
impede its turnover [18], ultimately inhibit plant growth. The Rubisco enzyme, which is
reported has the function of protecting plants against various environmental stresses, such
as high light [21,22]. Fukayama et al. [23] found that the decline in photosynthetic capacity
during flag leaf senescence after the heading of rice was closely related to the decrease
in Rubisco enzyme and RCA. Rubisco in plants must be activated by RCA to exhibit its
carboxylation and oxygenation activity, that is, the activity of Rubisco in plants depends on
its activation by Rubisco activase [24–26].

In recent years, researches on C. tientaiensis mainly focus on flower color mecha-
nism [27], nitrogen nutrition [28] and medicinal ingredients [29], whereas studies on its
adaptability to light intensity have not been reported. In this study, with the aim of ex-
ploring the potential adaptive mechanism of C. tientaiensis reponse to high light condition
and providing a information of population expansion and cultivation management, the
chloroplast ultrastructure, Rubisco activity, chlorophyll fluorescence parameters, and re-
lated gene expression levels in the leaves of C. tientaiensis were analyzed in response to
different light intensity stress, which provided a further theoretical basis and scientific basis
for the cultivation, management, and photoadaptive study of C. tientaiensis.

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

In late May 2020, a pot experiment was established at Zhejiang Institute of Subtropical
Crops, Zhejiang Province, China (N28◦23′, E120◦72′). One-year-old homogenous and
healthy C. tientaiensis plants were grown in an artificial incubator (MC1000, Snijders,
The Netherlands) under a 16/8-h light/dark cycle at 30 ± 2 ◦C 60% relative humidity
during the day, 20 ± 2 ◦C at night, and 65% humidity for 30 days. Photosynthetically active
radiation (PAR) of 1800± 30/0 µmol m−2 s−1, day/night was provided as the T1 treatment;
PAR of 1500 ± 30/0 µmol m−2 s−1 day/night was provided as the T2 treatment; PAR
of 1200 ± 30/0 µmol m−2 s−1 day/night was provided as the T3 treatment; and PAR of
900 ± 30/0 µmol m−2 s−1 day/night was provided as the T4 treatment. The irradiance was
measured using a Digital Lux Meter (TES-1339R, Taiwan). Ten replications per treatment
and 3 plants per replication, 30 pots per treatment in total. All pots were irrigated daily
to keep plants well-watered (75% soil moisture content). After treatments, materials for
the measurements of the photosynthetic rate, RAC, Rubisco activity, chlorophyll content,
chlorophyll fluorescence, chloroplast ultrastructure, superoxide anion production rate
(O2
−·), and peroxide (H2O2) content were collected from the leaves in each treatment,

cleaned, and immediately frozen in liquid nitrogen and stored at −80 ◦C for the analysis of
amino acid and gene expression. Experimental treatments were repeated three times.

2.2. Chlorophyll Content Analysis

Leaves were collected for determination of chlorophyll content (Chl a and Chl b).
Chlorophyll contents (Chl a and Chl b) were measured by the acetone extraction method
as described by Lichtenthaler with an ultraviolet spectrophotometer (Shimadzu UV-2550,
Kyoto, Japan) and expressed as mg g–1 fresh weight (FW) [30].
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2.3. Photosynthetic Parameters and Chlorophyll Fluorescence Parameters Measurements

Healthy and fully-developed leaves (subleathery, ovate-lanceolate, bottle-green) were
selected for the determination of the net photosynthetic rate (Pn, µmol m−2 s−1), stomatal con-
ductance (Gs, µmol mol−1), intercellular carbon dioxide concentration (Ci, µmol/(H2O m2 s)),
and transpiration rate (Tr, mmol m−2 s−1). Measurements were taken with an LI-6400 XT
portable photosynthesis system (LI-COR Inc., Lincoln, USA). The measurements were carried
out from 9:30 to 11:00 a.m. on sunny days at 1200 µmol m−2 s−1 PAR white light, 400 µmol of
CO2 mol−1 (CO2 of dry air), 55% relative humidity and temperature 28–32 ◦C [31].

Chlorophyll fluorescence parameters was measured as the method described by Hen-
drickson et al. 2004 using a portable Dual PAM-100 Fluorometer (WALZ, Germany).
Leaves were dark-adapted for 20 min and then the fast light curve were measured at 0,
10, 18, 36, 94, 172, 214, 330, 501, 759, 923, 1178, 1455 µmol m−2 s−1 PAR. The calcula-
tion formula is as follows: Y(II) = (F’m − Ft)/F’m (Genty et al., 1989); Y(NO) = Ft/Fm;
Y(NPQ) = (Ft/F’m) − (Ft/Fm) [32], Y(II) + Y(NPQ) + Y(NO) = 1. where: Y(II) is the actual
photochemical quantum efficiency of PSII; Y(NO) is the fluorescence and light-independent
fundamental heat dissipation quantum efficiency in PSII; Y(NPQ) is the heat dissipation
quantum efficiency regulated by ∆pH and lutein in PSII.

2.4. Rubisco Activase Enzyme (RAC) and Rubisco Enzyme Activity Analysis

The Rubisco carboxylase activity was measured using the method described by
Tsuyoshi et al. [33]. In short, 0.5 g of fresh leaves was weighed, liquid nitrogen was
added to grind, and 4 mL of extraction solution was added (50 mmol·L−1 Tris-HCl, 0.01%
(v/v) TritonX-100, 1 mmol·L−1 EDTA, 10 mmol·L−1 DTT, 10 mmol·L−1 MgCl2, pH 7.6).
The sample was then centrifuged at 4 ◦C 15000 g for 15 min and the supernatant was
saved. One milliliter supernatant was mixed with NADH (5 mM, 0.1 mL), ATP (50 mM,
0.1 mL), NaHCO3 (0.2 mol·L−1, 0.1 mL), reaction medium (0.7 mL, 100 mm−1 Tris-HCl,
containing 12 mmol·L−1 MgCl2, 0.4 mmol·L−1 EDTA·Na2, pH 7.6), creatine phosphokinase,
glyceraldehyde phosphate dehydrogenase, and glycerate phosphokinase (160 U·mL−1,
0.5 mL), and 0.15 mL of distilled water. Then the mixture was poured into a cuvette, and
the absorbance was measured every 30 s for 3 min. The enzyme activity was calculated
based on the absolute value of the decrease in absorbance of OD340 nm per minute. The
activity was expressed as mmol·g−1·min−1. The activity of RCA was measured using the
method described in the instruction manual of the GENED Bradford Protein Concentration
Quantitative Kit GMS30030.1 (Jiancheng Co., Ltd., Nanjing, China).

2.5. H2O2 Content and O2
−· Production Rate Analysis

For the analysis of the H2O2 content and O2
−· production rate analysis, 0.5 g leaf

samples were homogenized with 8 mL potassium phosphate buffer (50 mM, pH 7.4) and
then centrifuged at 8000× g, 4 ◦C for 15 min. One milliliter of supernatant was mixed
with 0.9 mL potassium phosphate buffer (50 mM, pH 7.4) and 0.1 mL hydroxylamine
hydrochloride (10 mM). The mixture was incubated at 25 ◦C for 30 min. Then, 1 mL
incubation solution was added to the same volume of 3-aminobenzenesulfonic acid (17 mM)
and 1-naphthylamine (7 mM), and then incubated at 25 ◦C for 20 min. The absorbance
was measured at 530 nm. The O2

−· production rate was expressed as µM min−1 mg−1

FW using the method described by Wang and Luo [34]. The H2O2 content was measured
following the method described by Patterson et al. [35] and expressed as mMg−1 FW.

2.6. Chloroplast Ultrastructure Analysis

The chloroplast ultrastructure was observed using a transmission electron microscope
(H7650, Hitachi., Tokyo, Japan) as described by Deng et al. [36]. The fresh leaves were diced
and immediately fixed in glutaraldehyde (2.5% (v/v), 0.1 M phosphate buffer, pH 7.2) for
24 h. The leaf samples were then rinsed through a series of elutions, immersed in osmium
acid (1% (v/v)) for post-fixation, and embedded in resin for ultrathin sectioning.
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2.7. Amino Acid Content Analysis

Leaf samples were weighed, and then 1 mL methanol was added to 1 g of leaves,
homogenized in an ultrasonic instrument, and centrifuged at 4 ◦C 10,000× g for 15 min.
The supernatant was transferred to heat-resistant tubes and diluted 10 times. One hundred
microliters of supernatant and the same standard solution (100 ppb) were mixed; the
mixture was filtered and then injected into an Acquity UPLC system (Waters., Manchester,
UK) for analysis. The sample injection volume was 5 µL. The MS analysis was performed by
a spectrometer (4000 mass., AB., FL, USA) equipped with an ESI source in the positive-ion
mode working in the multiple reaction monitoring mode [37] and the various amino acid
content were calculated and expressed as µg g−1 FW.

2.8. Related Gene Expression Analysis

Total RNA was isolated from Clematis leaves using an RNeasy column (Qiagen, CA,
USA), and qRT-PCR experiments were conducted using Real Master Mix (SYBR Green)
(Roche Applied Science, Mannheim, Germany). The genes were the same as those reported
previously [7]. The primers used for real-time PCR are listed in Table 1.

Table 1. Primers information for the quantification of gene expression by qRT-PCR.

Genes Code Primer Sequences Annealing Temp (◦C) Gene Length

actin
actin-F AACCCTGAGGAGATTCCA

60 162actin-R CACCACCCTTCAAGTGAGCAG

psbA c136757_g1_1F GCCTGAGACACAATAGAACC
62 268c136757_g1_1R AAGTAAGCAAGGAGGGAAC

psbB c145729_g1_1F GGAGGAATCGCTTCTCATCATAT
62 192c145729_g1_1R CGGACGCTAAGATGGAATAGAC

psbC c144230_g2_1F GTCAATTATGTCTCGCCTAGAAGT
60 158c144230_g2_1R ACCTACGAAGAAGAAGAATCCTAA

psb(OEC) c144262_g2_1F CAACAGTGGGAGGAAAAGAG
62 168c144262_g2_1R GCAACTCATCTCAGCACCAT

All of the PCR products were confirmed by sequencing.

2.9. Data Analysis

Statistical analysis was conducted using a one-way analysis of variance (ANOVA)
with SPSS software version 22.0 (SPSS, Chicago, IL, USA). Duncan’s multiple range test
was used to detect differences between means.

3. Results
3.1. Leaf Morphology Response to Different Levels of Irradiance

The leaf morphology of C. tientaiensis grown under different levels of irradiance for
one month are shown in Figure 2. The light intensity had a significant effect on the leaf
growth of C. tientaiensis. The high irradiance caused the leaves to turn yellow, while the
decreasing irradiance resulted in a gradual increase in leaf area. The quantitative analysis
of leaf area is shown in Table 2. The leaf area of C. tientaiensis increased with the increase of
irrrandice, and the leaf area of C. tientaiensis grown under T4 was approximately 3.89 times
of that grown under T1 irradiance.

Table 2. Quantitative analysis of leaf area of C. tientaiensis grown under different irradiance levels. The
values presented are the means ± SE (n = 10 plants). Different lowercase letters indicate significant
differences based on one-way ANOVA followed by Duncan’s multiple comparisons (p ≤ 0.05).

Irradiance Leaf Area (cm2)

T1 3.41 ± 0.39 d
T2 5.04 ± 0.12 c
T3 6.35 ± 0.47 b
T4 13.28 ± 0.53 a
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Figure 2. Effect of different irradiance levels on the phenotype of the leaves of C. tientaiensis. A steel
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3.2. Chlorophyll Content Response to Different Levels of Irradiance

The decreasing light intensity caused an obvious increase in the Chla, Chlb, and
carotenoid contents of C. tientaiensis leaves (Figure 3). The Chla content of C. tientaiensis
leaves under the T4 irradiance treatment was approximately 1.5 times as much as that
under T1 light intensity. The Chlb content increased by 74% (p < 0.05), 131.6% (p < 0.05),
and 175.1% (p < 0.05) under T2, T3 and T4 irradiance, respectively, compared with under
T1 light intensity.
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T3 (1200 ± 30/0 µmol m−2 s−1) and T4 (900 ± 30/0 µmol m−2 s−1). The values presented are the
means ± SE (n = 10 plants). Different lowercase letters (a–d) indicate significant differences based on
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3.3. Responses of Photosynthetic Parameters and Chlorophyll Fluorescence Parameters to Different
Levels of Irradiance

The variation trend in the gas exchange parameters of C. tientaiensis under the four
light-intensity treatments is presented in Figure 4. The Pn increased at first and then
decreased with the decreasing irradiance. The Pn of C. tientaiensis under T3 irradiance was
higher than that under other light-intensity treatments (p < 0.05). However, there was no
significant difference in the Pn of C. tientaiensis between T1 and T4 treatments. Irradiance
affected the Gs and Tr of C. tientaiensis prominently, and the Gs and Tr increased firstly
and then decreased with the decrease of the light intensity. The Ci values of C. tientaiensis
under the T1 and T3 treatments were higher than those under other irradiance levels, while
there was no significant difference between them. The effect of irradiance on chlorophyll
fluorescence parameters in C. tientaiensis is shown in Figure 5. The figure focuses on
observing the area of Y(II), Y(NPQ) and Y(NO). Y(II) + Y(NPQ) + Y(NO) = 1, where: Y(II)
is the actual photochemical quantum efficiency of PSII; Y(NO) is the fluorescence and
light-independent fundamental heat dissipation quantum efficiency in PSII; Y(NPQ) is
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the heat dissipation quantum efficiency regulated by ∆pH and lutein in PSII.The Y(NO)
significantly descended with declining light intensity from T1 (1800 ± 30 µmol m−2 s−1)
to T3 (1200 ± 30 µmol m−2 s−1) in C. tientaiensis, which was highest under T1 treatments
among all irradiance treatments. Y(II) of C. tientaiensis under T3 treatments was higher
than other irradiance treatments. However, there was no significant difference in Y(II) and
Y(NPQ) of C. tientaiensis between T1 and T2 irradiance treatments.
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3.4. RAC and Rubisco Activity Response to Different Levels of Irradiance

Light intensity had an observable impact on the RAC and Rubisco activity of C. tien-
taiensis (Figure 6). The RAC increased by 28.04% (p < 0.05), 68.2% (p < 0.05), and 26.2%
(p < 0.05) under T2, T3, and T4 light intensity, respectively, compared with that under T1
irradiance. The Rubisco activity increased by 12.8% (p < 0.05), 33.5% (p < 0.05), and 13.4%
(p < 0.05) under the T2, T3, and T4 treatments, respectively, compared with that under
T1 irradiance. Furthermore, there was no significant difference in the RAC and Rubisco
activity of C. tientaiensis between T2 and T4 irradiance treatments.
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3.6. Chloroplast Ultrastructure Response to Different Irradiance Levels

Chloroplast ultrastructure was significantly influenced by light intensity (Figure 8).
The chloroplasts of C. tientaiensis grown under T1 irradiance showed the swelling, distortion,
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and stacking structure disorder grana lamellae. The C. tientaiensis grown under T2 and T3
irradiance had grana that contained an increased number of legible thylakoid membranes
than plants grown under T1 treatments. Additionally, clear starch granules and osmiophilic
globules were observed in C. tientaiensis under different light intensities.
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T4 (900 ± 30/0 µmol m−2 s−1). (n = 10 plants) Ch, chloroplast; CW, cell wall; SG, starch grains; OG,
osmiophilic granule; GL, grana lamella.

3.7. Amino Acid Content Response to Different Irradiance Levels

The variation in amino acid content of C. tientaiensis under different light-intensity
treatments is shown in Table 3. Alanine, aminobutyric acid, proline, glutamine, and lysine
significantly decreased in C. tientaiensis under the T2, T3, and T4 treatments compared with
the T1 treatment. Tyrosine was only detected in C. tientaiensis under the T1 treatment, and
glycine was only detected under the T1, T2, and T3 treatments. Valine, asparagine, aspartic
acid, glutamic acid, and tryptophan were upregulated in C. tientaiensis with the decrease
in irradiance. Leucine and phenylalanine content in C. tientaiensis under T3 light intensity
were higher than under other treatments.
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Table 3. Amino acid contents of C. tientaiensis grown under different light intensity treatments.

Amino Acid
Absolute Content (µg g−1) Relative Contnet to T1 Irradiance

T1 T2 T3 T4 T2 T3 T4
Glycine 13.40 8.62 9.21 — 0.64 0.69 /
Alanine 105.00 46.7 28.56 35.88 0.44 0.27 0.34

Aminobutyric acid 79.05 38.29 27.77 35.13 0.48 0.35 0.44
Serine 613.54 678.56 366.25 367.88 1.11 0.60 0.601
Proline 154.21 89.33 65.67 95.48 0.58 0.43 0.62
Valine 86.26 88.92 95.33 108.21 1.03 1.11 1.25

Threonine 278.92 183.52 148.92 122.32 0.66 0.53 0.44
Isoleucine 3.24 5.68 8.24 12.78 1.75 2.54 3.94
Leucine 11.28 15.89 58.95 23.86 1.41 5.23 2.12

Asparagine 368.93 427.57 502.36 602.82 1.16 1.36 1.63
Ornithine

hydrochloride 0.68 — — 0.38 / / 0.56

Aspartic acid 32.48 48.28 52.46 60.28 1.49 1.62 1.86
Glutamine 1033.89 988.69 970.80 850.60 0.96 0.94 0.82

Lysine 21.15 18.36 15.10 13.47 0.87 0.71 0.64
Glutamic acid 268.95 288.85 305.66 396.79 1.07 1.14 1.48

Histidine 4.78 5.95 16.17 7.88 1.24 3.38 1.65
Phenylalanine 22.58 25.68 158.38 32.38 1.14 7.01 1.43

Arginine 0.48 0.28 — — 0.58 / /
Tyrosine 13.67 — — — / / /

Tryptophan 5.88 6.48 7.95 8.93 1.10 1.35 1.52
≤1.0 1–2 2–3 3–4 ≥4

Data were shown as the mean; Different colors indicate the differences in the ploidy of amino acids contents under
T2, T3 and T4 irradiance compared to T1 irradiance treatment; —: indicates not detectable.

3.8. Related Gene Expression Response to Different Irradiance Levels

The expression levels of psbA, psbB, psbC and Psb (OEC) in C. tientaiensis under
different irradiance treatments are shown in Figure 9. The expression levels of psbA psbB,
psbC, and Psb (OEC) genes were significantly affected by irradiance. The expression
levels of psbA, psbB, psbC, and Psb (OEC) genes in C. tientaiensis exhibited significant
down-regulation and were remarkably lower (>2.0-fold) with the decreasing irradiance.
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4. Discussion

It is well kown that light in an envionment variable affecting the spatial distribution,
biomass and diversity of terrestrial animals and plants [38]. Plants often needs to deal
with a fast-fluctuating and highly unpredictable light intensity covering several orders of
magnitude under most natural conditions, and thus photosynthetic apparatus in plants
frequently face either highly effective absorption and utilization light energy to photosyn-
thesis under low light conditions, or powerful dissipation the light energy absorbed in high
light environments while cannot be utilized in photosynthesis [15]. In the current study, the
high light (T1, 1800 ± 30 µmol m−2 s−1) caused leaf tine fading and yellowing of C. tien-
taiensis (Figure 2), however, healthier and larger leaves were observed from C. tientaiensis
plants grown under other irradiance treatments (Figure 2). Similar results were reported in
C. crassifolia [7], Clematis cadmia [7], and Torreya grandis [12]. C. tientaiensis plants enhance
the absorption of light energy through increasing leaf area under low light conditions to
maintain the photosynthesis of plants, and ultimately ensure continued growth. These
results show the typical and common characteristics of plants grown under high light in
comparison with those under low light (or shade).

Plant photosynthesis takes place mainly in chloroplasts. Accordingly, the structure
and location of chloroplasts within the leaves can optimize the capture of light energy [38].
Chlorophyll, acting as energetic antenna, absorb light energy and transfer electron excitation
states towards photochemical reaction centers [39]. In this study, a significant increase in
chlorophyll content was observed in C. tientaiensis with the decreasing irradiance (Figure 3).
These findings indicate that C. tientaiensis plants absorbed more light energy than was used
in photosynthesis under T1 (1800 ± 30 µmol m−2 s−1) irradiance, and excess light energy
destroyed the synthesis of chlorophyll in plants and accelerated the degradation of chloro-
phyll [40]. In the present study, the swollen and deformed chloroplasts and irregular shapes of
the grana with fractured grana lamella and a disordered thylakoid membrane were observed
under T1 (1800 ± 30 µmol m−2 s−1) irradiance (Figure 8). This suggested that chloroplasts
subjected to excess light energy changed the structure of the thylakoid membrane. These
changes included the reduction of thylakoid stacking and the decomposition of the thylakoid
membrane [41]. High light damages chloroplasts because the excess light energy produces
fluxes of dioxygen and excess electrons, resulting in the over-reduction of the electron trans-
port chain, which causes the increase and formation of reactive oxygen species (ROS) [42].
Thus, high-light-driven photosynthetic processes are the main contributors to chloroplastic
ROS production in plants [42]. Consequently, a higher H2O2 content and O2

−· production
rate of C. tientaiensis under T1 (1800 ± 30 µmol m−2 s−1) irradiance were found in the current
study (Figure 7). Consistent results have been reported in Camptotheca acuminata [41] and
cucumber [43]. Excessive ROS destroy cell membrane structure of C. tientaiensis, resulting
in membrane lipid peroxidation, and thereby lead to membrane dysfunction and increased
cell osmotic pressure, finally impaired cell function [42]. The absorption and utilization of
light energy directly affects the photosynthetic efficiency of plants. In this study, the Pn, Gs,
and Tr increased firstly and then decreased with the decreasing light intensity, and the Pn, Gs,
and Tr of C. tientaiensis under T1 (1800 ± 30 µmol m−2 s−1) irradiance was lower than that
under other treatments (Figure 4). Similar results were found in C. acuminata [41] and Anoec-
tochilus plantlets [44], suggesting that C. tientaiensis grown under T1 (1800 ± 30 µmol m−2 s−1)
irradiance absorbed excessive light energy, and excess energy caused photooxidative stress
and damaged the photosynthetic sensitive sites, ultimately reducing the Pn and efficiency of
photosynthesis. The higher Ci of C. tientaiensis under T1 irradiance also supported this point.

The PSII reaction center is a key site for light reactions and is one of the most sensitive
and vulnerable among the many reaction sites of photosynthesis [20]. The quantum yield
of unregulated energy dissipation [Y(NO)] represents the ratio of basic heat dissipation of
fluorescence and light-independent, which is an important indicator of photodamage [45].
If Y(NO) is high, it indicates that the incident light may exceed the acceptable level of plants
and suffer from photodamage. Compared with C. tientaiensis under T1 irradiance treatment,
the C. tientaiensis performed higher Y(II) and lower Y(NO) under T3 irradiance treatment
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(Figure 5), which indicated that excessive light energy produced by C. tientaiensis under
T1 (1800 ± 30 µmol m−2 s−1) irradiance caused the light injury of PSII, and the deactivated
reaction center further caused the degradation and destruction of structural proteins,
thereby intercepted the PSII electron transport, and finally reduced the photosynthetic
efficiency [46]. Consistent results have been found in cotton [47], and grape [48]. The
degressive Y(NPQ) suggested that the protective ability of plants to PSII reaction center
began to decline, especially the Y(NPQ) under T1(1800 ± 30 µmol m−2 s−1) which could
better explain the protective mechanism of plants to deal with excess light energy.

PSII, a multi-subunit protein complex, is composed of more than 25 subunits. The D1
protein encoded by psbA stabilizes the structure of PSII through binding some cofactors and
is closely related to photosynthetic electron transport [49]. The PSII electron donor OEC,
encoded by psb(OEC), is one of the major damage sites under environmental stress [50]. In
addition, psbB and psbC are involved in coding the protein subunits at the PSII reaction
center [51]. In the study, the expression of psbA, psbB, psbC and psb(OEC) were down-
regulated in C. tientaiensis with the decreasing irradiance from T1 (1800 ± 30 µmol m−2 s−1)
to T4 (900 ± 30 µmol m−2 s−1) (Figure 9). The results showed that C. tientaiensis rapidly
responded to light intensity and the timely synthesis of D1 protein and subunits to accelerate
PSII repair and improve photosynthetic efficiency. In addition, the changes in expression
levels of psbA, psbB, psbC and psb(OEC) also indicated that C. tientaiensis could accelerate
the repair of the PSII reaction center through promoting the synthesis of PSII protein subunits,
therey alleviate the damage of PSII reaction center caused by excess light energy, and therefore
maintain normal photosynthesis [52].

The photosynthetic rates of plants are usually restricted by Rubisco activity. RCA is
the key enzyme that regulates Rubisco activity [53]. The present study showed that the
Rubisco activity and RCA of C. tientaiensis under T1 (1800 ± 30 µmol m−2 s−1) irradiance
were lower than under other treatments, while the highest values of Rubisco activity
and RCA were found under T3 (1200 ± 30 µmol m−2 s−1) irradiance (Figure 6). These
findings indicated that the decrease of Pn under high light (1800 ± 30 µmol m−2 s−1) was
closely related to the inhibition of Rubisco activity and RCA activity by high light. High
light (1800 ± 30 µmol m−2 s−1) stress not only directly inhibited Rubisco activity, but also
indirectly reduced Rubisco activity by restraining RCA activity [54].

Amino acids are a vital class of physiological active substances that play an important
role in protecting plants from all kinds of environmental stress, including photoinhibition
and photooxidative stress [55]. Proline and other small molecules synthesized with amino
acids as precursors can accumulate under high light stress to maintain cell osmotic pres-
sure [56]. Glycine is a synthetic substrate of glycine betaine that can stabilize the membrane
system and protect PSII from peroxidation damage [57,58]. In addition, γ-aminobutyric
acid, a nonprotein amino acid, is found in many plants, and can enhance antioxidant
enzyme activity to eliminate excess ROS. In the current study, amino acids such as alanine,
aminobutyric acid, proline, glutamine, tyrosine, and lysine were significantly higher in
C. tientaiensis under the T1 (1800 ± 30 µmol m−2 s−1) treatment than other irradiance treat-
ments, which indicated that alanine, aminobutyric acid, proline, glutamine, tyrosine, and
lysine were increased to maintain cell osmotic pressure and relieve peroxidation damage to
the PSII reaction center and thylakoid membranes, thereby improving the photosynthetic
efficiency and mitigating the damage caused by excess light energy.

5. Conclusions

In conclusion, these results suggest that C. tientaiensis plants grown under T1
(1800 ± 30 µmol m−2 s−1) irradiance are in danger of absorbing more light energy than they
can use for photosynthesis. The excess light energy had to be dissipated to avoid photoin-
hibition and photooxidative damage to the PSII reaction center, chloroplasts, Rubisco and
RCA enzymes, photosynthetic process (Pn, Gs, Tr and Ci) and gene expression. This dam-
age eventually appeared as chlorosis, or yellowing of the leaves and reduced Pn, Gs and Tr.
In addition, the C. tientaiensis showed good adaptability to the T3 (1200 ± 30 µmol m−2 s−1)
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irradiance, and the PSII reaction center and Rubisco and RCA enzymes have been the key
points in response to high light stress.The results of this study clearly indicate that light
intensity is an important factor in affecting the growth and development of C. tientaiensis,
either directly or indirectly.This emphasizes the importance of appropriate light manage-
ment practices for promoting the growth and population expansion of C. tientaiensis. This
study also serves as a theoretical basis for research on the photosynthetic response and
molecular mechanisms in Clematis under light stress.
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