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Abstract

In the high-light environment, young leaves accumulate anthocyanins as a photoprotection strategy. However,
anthocyanin biosynthesis-related enzymes gene sequence is still unknown in the leaves of subtropical forest plants.
There are thus few reports on the relationship between the expression level of these genes and photoprotection.
In this study, Machilus chinensis and Castanopsis chinensis were taken as plant material in a subtropical forest.
Non-full-length nucleotide sequences of chalcone synthase, dihydroflavonol 4-reductase, anthocyanin synthase, and
p-tubulin gene were obtained by homologous and electronic cloning. The expression of those genes was verified and
analyzed, and some physiological indicators were measured. The anthocyanin content and anthocyanin synthesis-
related gene expression in the young leaves of C. chinensis were significantly higher than that of M. chinensis.
Although young leaves of M. chinensis did not accumulate anthocyanins, they showed higher antioxidants and
nonphotochemical quenching (NPQ). This study indicates that anthocyanins, antioxidants, and NPQ together mediate

the positive effects on photoadaptation in young leaves.
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Introduction

The alternation of young leaves and mature leaves is
the basis of maintaining the continuous growth of the
population. So the normal growth and development of the
young leaf are particularly important. However, young
leaves do not always grow in a suitable environment, but
usually face various stresses. These include strong light,

Highlights

UV-B radiation, extreme temperature, drought, lack of
nutrients, efc. (Chalker-Scott 1999). In the subtropical
forest, high temperature and high light in summer are some
of the main stress factors faced by plants (Faria e al. 1998,
Szymanska ef al. 2017). In summer, the maximum sunlight
radiation in the subtropical forest canopy can reach 2,000
umol(photon) m s7!, and the average temperature exceeds
36°C, sometimes reaching 40°C (Zhang et al. 2016, Yu
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et al. 2020). Due to the incomplete development of the
photosynthetic apparatus in young leaves of plants, the
imbalance of light energy absorption and utilization in a
high-light environment is easy to reach; the excess of light
energy can cause photoinhibition or photodamage (Krause
et al. 1995, Murata et al. 2012). In this unfavorable
environment, if no strong photoprotection strategy exists,
the young leaves of plants cannot grow normally. In order
to ensure the normal development of young leaves, plants
have formed a complete set of defense strategies in the
long-term evolution process.

Some researchers have found that about one-third of
young leaves of plants in tropical forests turn red before
they mature (Dominy et al. 2002), and about four-fifths
of the young leaves of forest plants turn red because
anthocyanin accumulated (Kong ez al. 2003). The selective
pressure driving anthocyanin evolution in plant leaves is
still unknown. However, plant physiologists have made
significant progress in elaborating the effect of anthocyanins
on plant functions. Anthocyanins in plant leaves usually
occur as vacuolar solutions in epidermal or mesophyll
cells (Kunz et al. 1994, Gould et al. 2000, Lee and Collins
2001, Hooijmaijers and Gould 2007). However, regardless
of their position in the cell, the genes of anthocyanin
synthesis-related enzymes in many leaves are usually
upregulated in response to one or more environmental
stresses. Chalcone synthase (CHS) is the first key enzyme
in anthocyanin synthesis (Deng et al. 2014), and it plays a
decisive role in the formation of plant flower color and leaf
color. Dihydroflavonol 4-reductase (DFR) is a key enzyme
in anthocyanin synthesis, which is responsible for the
reduction of flavonol to colorless anthocyanins (Nakatsuka
et al. 2005a). Finally, under the catalysis of anthocyanin
synthase (ANS), a variety of colorless anthocyanins are
transformed into colored anthocyanins (Nakatsuka et al.
2005b). Therefore, these genes should be upregulated in
the leaves of plants to reflect the impact of stress. In recent
years, more attention has been paid to the photoprotective
effect of leaf anthocyanins. High-light stress can induce
a lot of free radicals in plant cells (Takahashi and Murata
2008, Murata et al. 2012). Anthocyanins can reduce the
oxidative load of leaves in two ways. First, anthocyanins
can shield part of the high energy quantum light from
entering the photosynthetic system and prevent or slow
down the photooxidation damage caused by chlorophyll
bleaching (Kato and Shimizu 1985). Secondly, antho-
cyanins can directly remove the reactive oxygen species
(ROS) (Neill and Gould 2003). Many studies have
confirmed that anthocyanin accumulation in young leaves
ensures the normal growth of young leaves in high-light
and high-temperature environment (Zhang et al. 2016,
2018a; Zhu et al. 2016, Yu et al. 2019, 2020), which
plays a role in photoprotection. However, the sequence
analysis of anthocyanin synthesis-related genes in the
young leaves of two tree species (i.e., Machilus chinensis
and Castanopsis chinensis) in the subtropical forest has
not been reported. Therefore, obtaining the anthocyanin-
related gene sequences of these two tree species has great
significance to prove the importance of anthocyanins in
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photoprotection.

Besides, some low-molecular antioxidants synthesized
by plants play an important role in preventing and
alleviating photoinhibition. The responses of ascorbic
acid, tocopherol, glutathione, carotenoids, flavonoids,
and phenolics to stress in plants have been widely studied
(Rice-Evans et al. 1997, Wang et al. 1997, Agati et al.
2007, Neill et al. 2002, Agati and Tattini 2010, Zhu et al.
2016). In the high-light environment, the balance of normal
ROS production and scavenging was disturbed in plants.
At this time, plants can restore this balance by increasing
the contents of the antioxidants (Foyer and Noctor 2005,
Foyer and Shigeoka 2011). Among them, carotenoids play
an important photoprotective role by quenching triplet
state chlorophyll molecules and scavenging singlet oxygen
formed within the chloroplast (Young 1991). Ascorbic
acid can directly quench most forms of ROS and regulate
the redox state of photosynthesis (Miller ef a/. 2010). It
has been shown that phenolics also play an important role
in photoprotection during the development of woody plant
leaves (Zhangetal.2018Db). Inaddition, heat dissipation was
also one of the important protective mechanisms for plants
to cope with photoinhibition (Hirotsu et al. 2004, Hu et al.
2008). At present, researchers believe that heat dissipation
is the main mechanism of plant photoprotection (Endo
et al. 2014). Heat dissipation, photosynthesis, and Chl
fluorescence are the three ways for photosynthetic organs
to utilize light energy: photosynthesis + Chl fluorescence +
heat dissipation = 1. Their relationship is competitive with
each other and Chl fluorescence only accounts for a small
part. Therefore, heat dissipation plays an important role
in the process of photoprotection when the photosynthetic
carbon assimilation rate of plants decreases under strong
light stress. At present, the nonphotochemical quenching
(NPQ) of Chl fluorescence is used to reflect the heat
dissipation of plants.

However, the anthocyanin synthesis-related genes
and internal reference gene sequences of the two species
of subtropical forest used in this experiment are still
unknown, so obtaining these gene sequences can play an
important role in exploring the photoprotection mechanism
of anthocyanins in the species of subtropical forest. At the
same time, this study revealed that plants not only rely on
anthocyanins as a means of photoprotection to cope with
the high-light environment, but also gain photoprotection
ability through other ways, such as antioxidants and NPQ.
Therefore, different species take different photoprotection
measures in the face of high temperature and high-light
environment but their common goal is to ensure the
normal growth of young leaves to maintain the stability of
the population.

Materials and methods

Plant materials: Machilus chinensis and Castanopsis
chinensis seedlings were collected from Dinghu Mountain
National Natural Reserve (112°30'39"-112°33'41"E,
23°09'21"-23°11'30"N) and were planted at the expe-
rimental site of the South China Normal University
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Biological Garden in pots. The climate conditions of the
planting area are consistent with the original site, which
belongs to the monsoon climate. When the seedlings
survived, they were divided into two groups and each group
contained ten pots. One group was grown under 100% full
sunlight and the other group was grown under a black
nylon shading net and only retained 30% full sunlight (Zhu
et al. 2016). Regular watering, fertilizing and weeding
were routine management practices performed. Five years
later, the experiment began. From July to September 2015
and 2016, the experiments were carried out on leaves of
different leaf positions under a different light.

Total RNA extraction and cDNA synthesis: The total
RNA of M. chinensis and C. chinensis were extracted by
Plant RNA Kit (Huayue Biotech, Beijing, China). Fresh
leaves (0.25 g) were grinded to powder in a mortar in
liquid nitrogen, and then immediately and thoroughly
mixed with lysis solution. The remaining extraction steps
followed the instructions of the kit to extract total RNA
from the sample, while 1% agarose gel electrophoresis
was used to identify the integrity of total RNA. The purity
and concentration of RNA were detected by measuring
the optical density (OD) at 260—-280 nm using a Nanodrop
ND-2000C spectrophotometer (Thermo Scientific). The
first-strand cDNA was synthesized by oligo (dT) 18 primer
and the reverse transcriptase of Takara's M-MLV-Reverse.
The total RNA of 1 ug was used for each retrotranscription.

Gene cloning and sequencing: Genes were cloned
and sequenced for partial fragments of CHS, DFR,
ANS, and TUB genes of M. chinensis. First of all, we
searched GenBank of NCBI website to find out whether
there were these gene sequences of species close to the
phylogeny of M. chinensis, and found that there were
no relevant results in the genus of Machilus nees, so we
searched for the related gene sequences of Lauraceae
in the upper level. We found that Persea americana
had the sequences of these genes, so we used these
gene sequences to clone the genes of M. chinensis.
Cloning primers were designed with the related genes of
P americana, and the cDNA of young leaves of
M. chinensis was amplified by PCR. If the electrophoretic
band of the PCR product was a single band of the target
length, the product was sent to the company for sequencing.
The sequencing results were aligned by BLAST on NCBI
website to determine whether these sequences were
expected. If there was a high similarity between the
sequences of these genes and those of other species, we
can expect that the sequences are of CHS, DFR, ANS, and
TUB of M. chinensis.

Gene were cloned and sequenced for partial fragments
of CHS, DFR, ANS, and TUB genes of C. chinensis.
We found that Castanea sativa was closely related to
C. chinensis in GenBank of NCBI website, so we could
directly use CHS, DFR, ANS, and TUB gene sequences of
C. sativa to design clone primers for the corresponding
genes. And the non-full-length sequences of these genes
were obtained directly by electronic cloning. In order
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to prove the correctness of these gene sequences, the
similarity between these gene sequences and another
closely related species of Castanopsis fissa was compared
with DNAMANS software. At the same time, these
sequences were aligned by BLAST on NCBI website. If
there is a high similarity between the comparison results
and other gene sequences of non-related species, it can
be determined that these gene sequences are sequences of
C. chinensis.

Primer design and synthesis: In order to design the clone
primers for partial fragments of CHS, DFR, ANS, and TUB
genes of M. chinensis and C. chinensis, the known CHS,
DFR, and ANS gene sequences were found in GenBank
at the NCBI website. These CHS, DFR, and ANS gene
sequences of the two tree species in this experiment were
compared using MegAlign software to find conserved
regions. Then, the highest homology nucleotide sequence
was used as a template, and primers were designed using
DNAMAN software.

Gene expression analysis: The relative expression levels
of CHS, DFR, and ANS genes were analyzed by SYBR
Premix Ex TaqTM II Kit (Takara) and ABI7500 Real-Time
PCR System (A4pplied Biosystems, Foster City, USA).
The TUB was the reference gene. The gene expression
reaction system and reaction temperature were designed
according to Zhang et al. (2016). The relative expression
of CHS, DFR, and ANS genes in the leaves of two tree
species under two different light conditions was calculated
by 244¢T method (Livak and Schmittgen 2001). Five
biological samples were used.

Anthocyanin content: Anthocyanins were extracted by
1% methanol:HCI (99:1, v/v) solution. First of all, we
wiped the selected plant leaves with distilled water,
weighed 0.2 g of fresh plant leaves with main veins
removed, and put them in a mortar containing 2 mL of
1% methanol:HCI solution, and ground them into a
homogenate, and transferred to a centrifuge tube. The
solution was fully soaked at 4°C in dark for 24 h. When the
anthocyanins were completely extracted, an equal volume
of chloroform and 1 mL of distilled water were added. At
this time, the solution was divided into two layers. Chl was
dissolved in the lower chloroform phase and anthocyanins
were dissolved in the upper methanol-water phase.
The upper solution was absorbed for measurement, and
then spectral absorption scanning was performed with a
UV-2450 spectrophotometer (Shimadzu, Tokyo, Japan) at
the wavelength of 400—700 nm. The anthocyanin content
was calculated using the method described by Reddy
et al. (1995).

Flavonoids, phenolics, and total antioxidant capacity:
Fresh leaves of 0.1 g with the main veins removed were
placed in a labeled centrifuge tube with 3 mL of 95%
methanol solution, and then they were soaked overnight
in a refrigerator at 4°C to extract flavonoids and phenolics.
The determination method of flavonoids was slightly
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modified according to the method of Heimler ez al. (2005).
The phenolic contents of the plant leaves were determined
according to the methods of Ainsworth and Gillespie
(2007). The determination method of total antioxidant
capacity was carried out according to Saha et al. (2008).
The total antioxidant capacity in the sample was determined
by monitoring the scavenging amount of 1,1-diphenyl-
2-picrylhydrazyl (DPPH) radicals in the extract. The total
antioxidant capacity of different leaves was expressed in
nmol of DPPH scavenged per unit mass.

Chl fluorescence after high-light stress: Healthy young
leaves and mature leaves were selected, and their petioles
were immersed in water immediately after the detachment.
Then, the leaves were allowed to fully adapt to the dark,
and then the leaves were treated with 1,800 umol(photon)
m~? s of white light for 60 min at a temperature of 30°C.
After high-light treatment, the leaves returned to the dark
environment to recover for 60 min. During the treatment,
the change of the maximum photochemical efficiency
(F/Fn) was measured with a PAM 2100 portable
fluorometer (Waltz, Germany) every 20 min. In the process
of high-light treatment, the petiole was inserted in water to
prevent water loss of leaves (Hughes et al. 2005).

Determination of Chl fluorescence: Chl fluorescence
was measured by Chl fluorescence imaging system CFI
(Technologica, UK). The young and mature leaves after
dark adaptation for 30 min were placed on CFI platform
of Chl fluorescence imaging system to measure Chl
fluorescence. The response curve of Chl fluorescence to
light intensity was measured by the instrument's own blue
light source. Subsequently, the samples were irradiated
with a measuring light with an intensity lesser than
0.05 pmol(photon) m=2 s7'; this was used to obtain
the initial fluorescence (F¢) and then a pulse of 6,000
umol(photon) m= s7! of saturated light was used to obtain
the maximum fluorescence (F,). The gradient settings of
PPFD were 15, 30, 60, 100, 200, 400, 600, 800; 1,000; and
1,200 umo(photon) m= s7!, respectively. The adaptation
time for each light intensity was 120 s. The F, and F,,'
of the light-adapted state at each PPFD were recorded.
The NPQ was calculated using the following equation:
NPQ = (Fun/Fn') — 1 (Bilger and Bjorkman 1990).

Statistical analysis: The statistical analysis of the data was
performed using /BM SPSS Statistics SPSS 19.0 software
(UBM, NY, USA). Duncan's multiple comparison method
was used to test differences in physiological indexes
between different leaf positions of plants. The significance
level was P<0.05. SigmaPlot 12.5 software (USA) was

Machilus chinensis
1 2 3

Castanopsis chinensis

4 5 6 7 8
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used for drawing. The data were presented as the mean +
standard error (SE).

Results

RNA extraction and sample quality testing: The total
RNA of M. chinensis and C. chinensis leaves were detected
by 1% agarose gel electrophoresis for RNA quality
(Fig. 1). The total RNA of the samples of both M. chinensis
and C. chinensis leaves showed neat rRNA bands (Fig. 1),
both containing 28 S and 18 S bands with clear brightness,
relatively good RNA integrity, and no obvious degradation.
The Nanodrop ND-2000C spectrophotometer showed that
the RNA OD26onn/ODasonm 0f e€ach sample was between
1.80-2.00, indicating that the RNA complied to the
requirements of subsequent experiments. Fig. 24 shows the
primer sequences of CHS, DFR, ANS, and TUB genes for
M. chinensis. The reverse transcription cDNAs from the
leaves of M. chinensis were used as templates and amplified
by PCR, and the PCR products of CHS, DFR, ANS,
and TUB were analyzed by agarose gel electrophoresis
(Fig. 2B-D). We found that the electrophoresis images
of the amplified products were all single bands, and the
product length were all between 500—750 bp, which was
consistent with the predicted results. The purified products
were sent to Majorbio (Shanghai, China) for sequencing.

Homologous alignment of the CHS, DFR, and ANS
partial nucleotide sequences: After sequencing, a homo-
logous alignment of the CHS, DFR, ANS, and TUB partial
nucleotide sequences of M. chinensis and C. chinensis
was performed via nucleotide Blastn and Blastx on the
NCBI website to examine their homology to the partial
nucleotide sequences of these genes in known plants. It
was found that they are very similar to some nucleotide
sequences of these genes in known species (Table 1). Some
nucleotide sequences of the cloned M. chinensis CHS gene
had the highest similarity with Persea americana (97.3%),
and C. chinensis had the highest similarity with Quercus
lobata (97.2%). Part of the nucleotide sequence of the
cloned M. chinensis DFR gene had the highest similarity
with Medicago truncatula (75.2%), and C. chinensis had
the highest similarity with Quercus suber (97.5%). Some
nucleotide sequences of the cloned M. chinensis ANS gene
had the highest similarity with Elaeis guineensis (78.9%),
and C. chinensis had the highest similarity with Quercus
lobata (96.9%). Some nucleotide sequences of the cloned
M. chinensis TUB gene had the highest similarity with
Litsea cubeba (97.9%), and C. chinensis had the highest
similarity with Castanea mollissima (99.6%). Therefore, it
can be confirmed that these sequences obtained by cloning

285 rRNA
8S rRNA Fig. 1. Agarose gel electrophoresis image of total
RNA extracted products from leaves of Machilus

chinensis (1-4) and Castanopsis chinensis (5-8).
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A Gene Forward primer sequence Reverse primer sequence

Product length [bp]

CHS  ACTACTACTTCGGATCACCA  ACTTCCCTCAAATGTCCATC 670

DFR  AAGCCCACAATAAATGGAGT TGTAGGGATGTTGTATTCCG 535

ANS  TATCCTGACCTTCTCCTTGT = AAGGCATTTTTCGATCTTCC 600

TUB  TTCCATCGCCTAAAGTTTCT GAGGTAGAGTTGCCAATGAA 609
B M CHS C M DFR

750 bp
500 bp 750 bp)

500 bp

750 bp
500 bp

Fig. 2. The chalcone synthase (CHS), dihydroflavonol
4-reductase (DFR), anthocyanin synthase (ANS),
and p-tubulin (TUB) primer sequences for Machilus
chinensis (A); the agarose gel electrophoresis images of
PCR cloned products of CHS, DFR, ANS, and TUB genes
of Machilus chinensis (B—D).

Table 1. Comparison results of partial nucleotide sequences of chalcone synthase (CHS), dihydroflavonol 4-reductase (DFR), and
anthocyanin synthase (ANS) genes of Machilus chinensis and Castanopsis chinensis with CHS, DFR, and ANS genes of other known

species.
Gene Species Species GeneBank accession Identity [%]
CHS Machilus chinensis Persea americana EU335633 97.30
Vaccinium angustifolium MK333526 84.44
Vaccinium ashei AB694903 84.27
Castanopsis chinensis Quercus lobata XM 031118777 97.21
Quercus suber XM 024058423 97.04
Juglans regia XM 018961711 86.27
DFR Machilus chinensis Medicago truncatula XM 013610680 75.16
Prosopis alba XM 028918146 75.00
Lotus japonicus AB162109 74.25
Castanopsis chinensis Quercus suber XM 024016259 97.50
Quercus lobata XM 031094690 97.22
Carya illinoinensis MH613770 84.51
ANS Machilus chinensis Elaeis guineensis XM 010911553 78.93
Strelitzia reginae KC484623 78.89
Phoenix dactylifera XM_008785360 78.49
Castanopsis chinensis Quercus lobata XM 031092627 96.91
Quercus suber XM 024021064 96.82
Juglans regia XM 018991659 85.47

were partial nucleotide sequences of CHS, DFR, ANS, and
TUB genes of M. chinensis and C. chinensis, respectively
(Figs. 1S-8S, supplement).

Analysis of the melting curve of the CHS, DFR, ANS,

and TUB gene in qRT-PCR: After obtaining the CHS,
DFR, ANS, and TUB gene sequences of M. chinensis and
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C. chinensis, according to the primer design principle of
fluorescence quantitative PCR, NCBI online primer design
website was used to design fluorescence quantitative
PCR primers for the corresponding genes (Fig. 13S4,B;
supplement). The fluorescence quantitative PCR primers
of CHS, DFR, ANS, and TUB of M. chinensis and C.
chinensis were used to carry out PCR. The electrophoretic



results showed that the amplified products were all single
bands with the expected length (Fig. 3). The qRT-PCR
was carried out using the cDNA of M. chinensis and
C. chinensis leaves as templates. The results showed
that the fluorescence quantitative PCR melting curves
of CHS, DFR, ANS, and TUB genes of the two species
were all single peaks without messy peaks, and the single
peaks were between 82—-88°C, indicating that there was
no nonspecific amplification and no primer dimers for
each gene primer (Fig. 13SC.D; supplement). The primers
of each gene had the good specificity. The results were
accurate and reliable, in line with qRT-PCR standards, and
could be used for subsequent experiments.

Anthocyanin contents and the expression of CHS, DFR,
and ANS: The young leaves of M. chinensis showed that
there was no anthocyanin accumulation under both 100%
and 30% full sunlight. The expression of some key enzyme
genes of anthocyanin synthesis pathway (CHS, DFR,
and ANS) in the young leaves was relatively low (Fig.
44,C,E). On the contrary, we found in the young leaves
of C. chinensis that there was anthocyanin accumulation
under both light intensities. Among them, the anthocyanin
content in the leaves under 100% full sunlight was
significantly higher than that under 30% full sunlight, and
the anthocyanin content in the first young leaves was the
highest, followed by the second young leaves, while no
anthocyanin accumulation was observed in the mature
leaves (Fig. 4B). Besides, we found from the expression
levels of the related enzyme genes in anthocyanin
synthesis pathway in young leaves of C. chinensis that
the expression levels of CHS, DFR, and ANS genes under
100% full sunlight was significantly higher than that under
30% full sunlight, with the highest expression levels in the
first young leaves, followed by the second young leaves,
and the lowest expression in the mature leaves (Fig. 4D,F).
This was consistent with the accumulation trend of
C. chinensis anthocyanins.

Flavonoid content, phenolic contents, and total anti-
oxidant capacity: At the two light intensities, the flavonoid
content, phenolic contents, and total antioxidant capacity
of the young leaves of M. chinensis and C. chinensis
were significantly higher than those of the mature leaves
(Fig. 5). The first young leaves contained the highest
amounts, the second young leaves followed, and the mature
leaves had the least amounts. In the leaves of M. chinensis
and C. chinensis, the flavonoid content, phenolic contents,
and total antioxidant capacity of young leaves in the same
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leaf position under 100% full sunlight environment were
higher than those of young leaves in the same leaf position
under 30% full sunlight environment. At the same leaf
position, whether under 100% full sunlight or 30% full
sunlight, the flavonoid content, phenolic contents, and
total antioxidant capacity of M. chinensis young leaves
were higher than that of C. chinensis.

Chl fluorescence: The results of light curve analysis
showed that the NPQ of young leaves of M. chinensis
and C. chinensis were significantly higher than that of the
mature leaves. The first young leaves were the highest
followed by the second young leaves and the mature
leaves were the smallest. The NPQ value of leaves under
100% full sunlight was higher than that under 30% full
sunlight. When comparing the NPQ differences between
M. chinensis and C. chinensis species, we found that
the NPQ value of M. chinensis leaves was higher than
that of C. chinensis leaves under both 100% and 30%
full sunlight (Fig. 64,8). Under the high-light treatment
of 1,800 pumol(photon) m? s!, both M. chinensis and
C. chinensis were stressed, and the F./F,, of their leaves
decreased significantly (Fig. 6C,D). The decrease of F,/F,
in young leaves growing under 30% full sunlight was
higher than that under 100% full sunlight in both species.
Under the same light conditions, the F./F,, change range of
C. chinensis leaves after high-light treatment was smaller
than that of M. chinensis.

Discussion

Anthocyanins are derivatives of benzopyran and are
the most abundant water-soluble pigments in many
plant species (Oancea and Oprean 2011). Anthocyanin
synthesis is regulated by a series of enzyme genes, in
which structural genes directly encode the enzymes
needed for anthocyanin synthesis, and their expression is
directly related to anthocyanin accumulation (Nakatsuka
et al. 2005a). CHS is the first key enzyme or rate-limiting
enzyme in the anthocyanin synthesis pathway (Deng ef al.
2014). Its expression is directly related to plant color. DFR
is a necessary structural gene for plant leaf coloration.
ANS is also known as dioxygenase (Tanaka et al. 2008).
It mainly catalyzes the transformation of colorless
anthocyanins into various colored anthocyanins, which
is a rate-limiting enzyme for the anthocyanin synthesis.
The expression of ANS gene is positively correlated
with the anthocyanin content (Welford er al. 2005).
Therefore, it is important to study the expression of these

Fig. 3. Agarose gel electrophoresis patterns of PCR
products of chalcone synthase (CHS), dihydroflavonol
4-reductase (DFR), anthocyanin synthase (ANS), and
p-tubulin (TUB) genes of Machilus chinensis and
Castanopsis chinensis.
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three genes. They can prove the role of anthocyanins in
photoprotection of the young leaves of subtropical forest
plants. Total RNA of the M. chinensis and C. chinensis
leaves was extracted (Fig. 1) and reverse transcribed to
cDNA as templates for PCR amplification. After verifying
by agarose gel electrophoresis (Fig. 25—D), PCR product
was purified and sent to Majorbio (Shanghai, China) for
sequencing to obtain part of the nucleotide sequences of
the target genes (Figs. 1S—8S). Because of the discovery
of Castanea sativa which is closely related to C. chinensis,
the nucleotide sequences of the target genes were directly
obtained by the method of electronic cloning. In order
to verify the accuracy, we compared the similarity with
another closely related species Castanopsis fissa and
found that these genes are very similar (Figs. 9S—118S,
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Fig. 4. Anthocyanin content (4,B),
chalcone synthase (CHS) (C,D), di-
hydroflavonol 4-reductase (DFR), and
anthocyanin  synthase (ANS) (G,H)
gene relative expression in different
leaf positions of Machilus chinensis and
Castanopsis chinensis under different
light conditions. Data are presented
as the means + SE (n = 5); different
letters represent statistically significant
differences (P<0.05). 1% — the first
young leaves; 2" — the second young
leaves; ML — mature leaves; FL — 100%
full sunlight; LL — 30% full sunlight.

supplement). After that, we compared the homology of
some nucleotide sequences of these genes in known plants
to determine whether the cloned sequences were partial
sequences of CHS, DFR, and ANS genes of subtropical
tree species (Table 1). At last, some nucleotide sequences
of the target genes were sequenced to design qRT-PCR
primers (Fig. 13S4), and the fluorescent quantitative PCR
primers of these genes were analyzed by common PCR
(Fig. 3). The gene expression was verified by qRT-PCR
technology (Fig. 4). Finally, it was determined that CHS,
DFR, and ANS genes belong to the two tree species in the
subtropical forest.

Hightemperature and high-lightenvironmentin summer
can severely inhibit photosynthesis of plants (Zhang
et al. 2018a). However, the young leaves at the top of the



canopy have various defense mechanisms to deal with
the high temperature and high-light environment (Zhang
et al. 2016). In order to make up for the mismatch between
photosynthetic energy utilization ability and light energy
capture ability, these young leaves accumulate a large
number of anthocyanins, synthesize a large number of
antioxidants, and enhance their heat dissipation to obtain
photoprotection ability. Anthocyanins play an important
role in the process of photoprotection. Hughes et al. (2007)
believed that the accumulation time of anthocyanins was
strongly coupled with the development process of leaves,
and anthocyanins could play a role in protecting tissues
until its photosynthetic mechanism was mature. This
provides strong support for the photoprotective effect
of anthocyanins in developing leaves. Many studies
have shown that anthocyanins accumulated in plant
leaves mediate photoprotection mainly by intercepting
light energy (Gould et al. 1995, Neill and Gould 2003,
Hughes et al. 2005, Tuci¢ et al. 2009, Zhang et al. 2010).
Anthocyanins can absorb yellow, green, and blue light in
visible spectrum to change light quality and reduce light
intensity (Feild er al. 2001, Karageorgou and Manetas
20006), to achieve the purpose of shielding from excess
light energy for photosynthetic apparatus. Secondly,
anthocyanins can directly remove ROS. Neill and Gould
(2003) proved that the colorless and red tautomers of

PHOTOPROTECTIVE ROLE OF ANTHOCYANINS

Fig. 5. Flavonoid content (4,B),
phenolics content (C,D), and
total antioxidant capacity (TCA)
(E,F) of different leaf positions of
Machilus chinensis and Castano-
psis chinensis under different light
conditions. Data are presented as
the means = SE (n = 5); different
letters  represent  statistically
significant differences (P<0.05).
I — the first young leaves;
2" — the second young leaves;
ML — mature leaves; FL — 100%
full sunlight; LL — 30% full
sunlight.

cyanidin glycoside can clear ROS produced by chloroplast
suspension under mild stress. Besides, Zeng ef al. (2010)
also reached the same conclusion; anthocyanins have a very
strong ROS-scavenging ability. Therefore, anthocyanin
accumulation in young leaves of plants can be used not
only as a light attenuator, but also as an antioxidant.

The decrease of F./F,, of Chl fluorescence in plants is
a significant feature of photoinhibition of photosynthesis
(Demmig-Adams and Adams 1992). The F./F, ratio
of healthy plants is usually stable but when are plant
exposed to stress, the F./F,, ratio decreases significantly.
It is a simple method to study the tolerance of different
leaves to light stress by treating leaves with high light,
and then measuring the change of F,/F,, ratio before and
after treatment (Force ef al. 2003, Schubert ef al. 2006).
After high-light stress, the F./F,, ratio of red young leaves
of C. chinensis decreased less than that of green young
leaves of M. chinensis (Fig. 6C,D). This indicated that
anthocyanins formed a light barrier on the surface of plant
leaves, weakened the light energy entering the leaves,
and delayed the effect of light stress on plant leaves.
Besides anthocyanins, some low-molecular antioxidants
synthesized in plants also play an important role in the
process of photoprotection. Some young leaves of plants
can change the synthesis of secondary metabolites to
adapt to the high-light environment. Zhang et al. (2018b)
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confirmed that young leaves of plants can adapt to
different growth light intensity by improving the synthesis
of secondary metabolites such as flavonoids and phenolics
through physiological and transcriptome analysis results.
In this study, we found that the flavonoids and phenolics
contents in young leaves containing anthocyanins were also
high but the content of flavonoids and phenolics in young
leaves without anthocyanin accumulation was higher
(Fig. 54-D). It was shown that anthocyanins cannot
completely shield and eliminate the adverse effects of
excess light energy when the light intensity is high. At
this time, plants increase contents of these antioxidants to
achieve the best photoprotection. At the same time, it was
also proved that these low-molecular antioxidants are the
most basic and key means of photoprotection for plants.
Increasing heat dissipation capacity is another defense
method of plants when absorbing excessive light energy.
Previous studies have found that plants exposed to high
light for a short time dissipate the excess light energy by
increasing NPQ (Mai et al. 2010). The corresponding
curves of fluorescence showed that the NPQ value of red
young leaves of C. chinensis was lower than that of green
young leaves of M. chinensis (Fig. 64,B). It means that
NPQ can balance the deficiency of anthocyanin-mediated
photoprotection in high-light environment. Within a cer-
tain range of high light, NPQ of plant leaves increased
with the increase of light intensity, which can also explain
why the NPQ changes and anthocyanin content changes
were of the opposite trend.

Conclusion: The young leaves of forest species in sub-
tropical forests can grow normally under high-light
environment. But different plants adopt different photo-
protection means under high light. The young leaves of

124

Fig. 6. The response curves of non-
photochemical quenching (NPQ)
(4,B) and the change of maximal
quantum yield of PSII photo-
chemistry (F/Fn) (C,D) after high-
light treatment of different leaf
positions of Machilus chinensis
and Castanopsis chinensis under
different light conditions; white
areas represent high-light treat-
ment; gray areas represent dark
treatment. Data are presented as
the means + SE (n = 5). 1* — the
first young leaves; 2" — the second
young leaves; ML — mature leaves;
FL — 100% full sunlight; LL — 30%
full sunlight.

C. chinensis accumulate anthocyanins to intercept light
energy, and when the light intensity is too high, they
accumulate higher amounts of antioxidants and increase
NPQ to achieve the photoprotection. Since the young
leaves of M. chinensis did not accumulate anthocyanins
under the high-light stress, they concentrate all resources
on the accumulation of antioxidants and the increase of
NPQ, thus forming the strong photoprotection potential. In
conclusion, the accumulation of anthocyanins, the synthesis
of antioxidants, and the improvement of NPQ together
mediate the positive photoprotection of young leaves on
photoadaptation, which provides a strong guarantee for
the successful development of young leaves in different
light intensity environments. In addition, sequencing and
comparing the genes related to anthocyanin biosynthesis
in young leaves of tree species in subtropical forest was
important to reveal the photoprotective role of anthocyanins
in young leaves under high-light environment.
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