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Editorial on the Research Topic

Physiological ecology of trees under environmental stresses
The impact of environmental changes not only affects the survival of trees but also is closely

related to the interests of human beings.Woodyplants are a key element of the ecosystem since

they help mitigate the negative impacts of complex climate changes such as increased carbon

dioxide, high temperature, drought, etc (FAO, 2018). When trees suffer from environmental

stress, they have to respondphysiologically and ecologically to all kinds of adversity to improve

their survival ability. This includes changes from population to individual, and involves the

knowledge of ecology, morphology, and also physiology (Rewald et al., 2020). To explore the

physiological ecology of trees under environmental stresses is of great significance to improve

forestry production and environmental protection. The goal of this Research Topic (RT) is to

present an overview of the fundamental discoveries in the field of physiological ecology of trees

under environmental stresses. Here we collected physiological, biochemical, and also genetic

studies to improve our understanding of the response mechanisms of trees under abiotic

stresses, especially climate changes such as global warming, drought, atmospheric nitrogen

deposition, salinization, etc.

In recent years, the occurrence of high temperature events has caused more scholars to

study the heat tolerance of trees (Fahad et al., 2018; Yu, 2019). Ji et al. studied the effects of

high temperature on photosynthesis between two tree peony varieties with different high

temperature tolerance. Their results indicate the variety with strong high temperature

tolerance had higher connectivity with reaction center of light capture complex, less

damage to oxygen-evolving complex activity, and better stability of PSII system. Hu et al.

combined physiological analyses and RNA seq technology to provide a holistic view of the

behavior of Betula luminifera populations facing heat stress. Several transcription factors

(TFs) genes were identified by differentially expressed genes analysis. Additionally, the

author carried out qRT-PCR experiment to investigate the regulatory of candidate TFs

under heat stress, which will lay the foundation for the selection and breeding of Betula

luminifera and facilitate wider diversity of resistant Betula luminifera varieties to fulfill

current and future needs.
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Nutrient acquisition and high quality seedlings are the basis of

successful afforestation (Davis and Jacobs, 2005). Thus, fertilization

is often used to improve tree growth, and promote resistance to

biotic and abiotic stresses (Zhu et al., 2020). However, the effect of

fertilization depends on site conditions and external environments

(Gessler et al., 2017). Song et al. reported nutrient internal cycles of

two aged Metasequoia plantations in responses to N addition

gradients and P addition gradients using two relative independent

experiments. The authors identified the response patterns of root-

soil accumulation factor (RSAF) and leaf nutrient resorption

efficiency (LNRE) varied with fertilization types and stand ages, and

explored the trade-offmechanismbetween RSAF and LNRE driven by

nutrient alteration. Yu et al. compared the transcription level change of

Torreya grandis using simulated N deposition and strigolactone

(GR24) treatment. The authors analyzed the effects of these two

treatments on the soil bacteria of Torreya grandis. The research

showed 4,008 DEGs were identified and Legionella, Lacunisphaera,

Klebsiella, Bryobacter, and Janthinobacterium were significantly

enriched in the soil in the N addition and GR24 treatment. Yang

et al. detected how different drought durations and N fertilization as

well as their interactions affect the physiological and growth responses

of two coexisting species saplings and their resilience abilities after

rewetting procedure. They found root carbon storage appears to be

extremely important for tree growth and survival under prolonged

drought. Wang et al. conducted a summer drought and fertilization

experiment, and analyzed how drought and fertilization induced

changes in non-structural carbohydrate (NSC) storage of oak

saplings affect its spring leaf development. Their results indicate that

drought did not significantly alterNSC reserves, but delayed the spring

leaf expansion and reduced the leaf biomass, while fertilization

enhanced NSC reserves and stimulated spring leaf expansion.

Climate change is one of themain causes of soil salinization,which

in recent years has become a growing problem in agriculture and leads

to a decrease in the cultivation area, harming plant growth, crop yield,

and quality (Deinlein et al., 2014; Sun et al., 2016; Shang et al., 2022).

High salinity is often coupled with ionic and osmotic stress in trees,

which alters the biochemical and physiological processes in the plants

(Stefanov et al., 2022). Yang et al. discussed the role of nitric oxide in

ameliorating salinity stress in dioecious plants and established fact that

nitric oxide does mitigate salt-mediated oxidative injuries in a vast

variety of crops and plants. Grafting and salt stress have been regarded

as the main abiotic stress types for Chinese hickory. Yang et al.

explained the role and expression analysis of PIN family genes in

Chinese Hickory under salt stress and grafting. The authors had

analyzed the expression of the PIN gene family. Their results showed

CcPIN1a might be involved in the regulation of the grafting process,

whileCcPIN1aandCcPIN8awere related to the regulationof salt stress

in Chinese hickory.

Light is an important ecological factor that affects plant growth,

survival and distribution (Tang et al., 2015). Zhou et al. studied the

effects of different light intensities on growth, physiology,

photosynthetic characteristics, endogenous hormones and
Frontiers in Plant Science 026
antioxidant activity responses of Carpinus betulus seedlings. The

results suggested that Carpinus betulus can make effective use of low

light resources by adjusting its morphology, material distribution,

photosynthetic rate and antioxidant enzyme system in suitable low-

light environments. Yang et al. conducted relative benefit and scaling

relationship analyses of leaves in three urban plants to reveal the

response and adaptation to different light conditions, which is helpful

to understand the ecological changes in urban trees. Their results

showed the leaves of the three urban plants exhibited a shift in strategy

during transfer from the canopy shaded to the sunny habitat for

adapting to the lower light conditions. Wu et al. conducted proteome

analyses in developing Styrax tonkinensis kernels to revel the starch

and oil biosynthesis under fruit shading treatment with four biological

replicates. They found that fruit shading is a negative treatment for

lipid accumulationbutnot starchaccumulationbyrestrainingenzymic

protein expression involved in fatty acids (FAs) and triacylglycerol

(TAG) biosynthesis during Styrax tonkinensis kernel development.

The invasion of moso bamboo to natural evergreen broad-leafed

forests or mixed forests is a crucial issue of forest ecosystem and may

cause important effect on forest ecological functions (Ramula and

Pihlaja, 2012;Wang et al., 2019). In recent decades, moso bamboo has

been largely increasing in the subtropical area of China, raising

ecological concerns about its invasion into other native forest

ecosystems (Wang et al., 2017). While the ecological impacts of

moso bamboo invasion into native forests have been widely studied,

no study has considered its impact on forest productivity and on the

relationship between species diversity and productivity. Chen et al.

supplied reliable results on the impacts of bamboo invasion on species

diversity and biomass. The authors found that bamboos exchange

water via rhizomes and nighttime fluxes are highly important for the

support of freshly sprouted culms.

In recent years, with the rapid development of industrialization

and urbanization, the accumulation of heavy metals (HMs) in the

environment has been increasing, especially in developed economic

regions (Yang et al., 2020). As a developed economic region in

China, the problem of HMs pollution in the Yangtze River Delta has

become increasingly prominent. Li et al. illustrated a human health

risk assessment of heavy metals in the bark and leaves of camphor

trees located in Yangtze River Delta, China. The source and

contribution rate of heavy metals in the study area were analyzed

by Pb isotope ratio, and the human health risk assessment model

was combined with Pb isotope ratio analysis to evaluate the health

risk of heavy metal pollution sources in the study area. Their

research results can provide scientific guidance for the prevention

and control of heavy metal pollution of camphor trees and provide a

reference for avoiding areas with high risk of heavy metal pollution.
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The plant nutrient acquisition strategies are diverse, such as root nutrient acquisition
and leaf nutrient resorption, playing important roles in driving soil processes, vegetation
performance as well as ecosystem nutrient cycling. However, it is still in a debate
whether there is a synergy or tradeoff between above- and below-ground nutrient
acquisition strategy under nitrogen (N) and phosphorus (P) addition, or with stand age.
Herein, this study investigated the responses of root-soil accumulation factor (RSAF ) and
leaf nutrient resorption efficiency (NuRE) to long-term N and P fertilization, and further
explored the trade-off between them in Metasequoia glyptostroboides plantations with
different stand age. Results showed that under N fertilization in young plantations, leaf N
resorption efficiency (NRE) increased, and root-soil accumulation factor for P (RSAF-P)
decreased. For young forests under P fertilization, the NRE increased whereas RSAF-P
decreased. For middle-aged forests under P fertilization, the NRE and leaf P resorption
efficiency (PRE) increased and the RSAF-P decreased. Under P fertilization in young
and middle-aged plantations, PRE had a significant positive correlation with RSAF-P.
Under N fertilization in young plantations, NRE was significantly positive correlated with
root-soil accumulation factor for N (RSAF-N). The covariance-based structural equation
modeling (CB-SEM) analysis indicated that stand age had positive effects on PRE
whether under N or P fertilization, as well as on RSAF-P under N fertilization, whereas
had no effects on the NRE or RSAF-N. Overall, our results can shed light on the nutrient
acquisition strategies of M. glyptostroboides plantations under future environmental
changes and the results could be applied to the nutrient management practices.

Keywords: nutrient acquisition strategies, N and P fertilization, stand age, leaf, root
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INTRODUCTION

The plant nutrient acquisition strategies cannot be
underestimated in forest ecosystems, given that the plants usually
do not have sufficient amounts of biologically available nutrients
to support growth, survival, and reproduction, especially in
nutrient-impoverished habitats (Abrahão et al., 2018; Wang
et al., 2020). It has been always considered that roots are the
major tissue for the plant to acquire nutrients, and root nutrient
acquisition strategies play a decisive role in the maintenance
of forest ecosystem health and vitality (Andersen et al., 2017;
Ma et al., 2018; Li et al., 2019). In recent decades, some other
plant nutrient acquisition strategies have also been proposed,
such as leaf nutrient resorption proficiency and efficiency (Reed
et al., 2012; He et al., 2020; Xu et al., 2020). Naturally, whether
these plant nutrient acquisition strategies co-vary or exhibit
coordinated responses to a changing environment has drawn
great attention from ecologists.

Allocation of effort toward nutrient capture and resorption
depends on both the environment nutrient availability and the
cost involved in these processes (Wright and Westoby, 2003;
Wang et al., 2014a). In barren soils, plants should bear traits
that prioritize conservation over active absorption of resources,
whereas the opposite was expected in nutrient-rich soils.
Specifically, since nutrients derived from capture become less
expensive than those from resorption as soil nutrient availability
increases, the root capture strategy would be more favored
than leaf resorption (Wright and Westoby, 2003; Kou et al.,
2017). Inversely, species from nutrient-impoverished habitats
also reduce nutrient losses by remobilizing a large fraction of the
nutrients before senesced organ shedding (high remobilization
efficiency), and shedding leaves with very low final nutrient
concentrations (Killingbeck, 1996; Kobe et al., 2005; Hayes
et al., 2014). Nevertheless, in cases of consistent environmental
nutrient availability, the costs of the different plant nutrient
acquisition strategies have not been effectively evaluated.

Increasing anthropogenic nitrogen (N) and phosphorus (P)
deposition has enhanced N and P availability in many forest
ecosystems, respectively, providing ideal venues for the studies
of the trade-off relationships of plant nutrient acquisition
strategies. It is well known that plants can maintain high
nutrients level under nutrient enrichment through increasing
above-ground nutrient conservation or improving below-ground
nutrient uptake (Deng et al., 2016; Hofmann et al., 2016).
Several studies showed the trade-off relationships between root
nutrient acquisition and leaf nutrient resorption while only
considering these two mechanisms (Deng et al., 2016; Kou et al.,
2017). In contrast, other studies found the synergy relationship
between these two mechanisms, and emphasized that only
adopting above-ground nutrient conservation of below-ground
nutrient uptake may not be applicative (Ushio et al., 2015;
Hofmann et al., 2016).

The corresponding alterations in tree nutrient capture
capacity during forest stand development had been widely
demonstrated (Brant and Chen, 2015; Chen and Chen, 2022). For
instance, the NRE rose and then dropped, and the PRE increased
with stand age in Medicago sativa, which was closely related to the

nutrient limitation of plant growth (Wang et al., 2014b). As trees
had different root physiology and exudation patterns at different
ages, their root nutrient capture capacity exhibited significant
divergence (Liu et al., 2018). Yet, whether the patterns of the
tree nutrient capture with different stand ages would alter under
nutrient addition remained unclear.

As each mechanism demands distinct levels of resource
investments, as well as its potential consequences for ecosystem
functions, it is critical to understand how plants adjust above-
ground conservation and below-ground uptake to alleviate
N and P deficiency as stand development. Taken together,
it is generally believed that a trade-off mechanism generally
existed between the leaf nutrient resorption and the root
acquisition strategies whether in the cases of sufficient or
deficient nutrients supplies. In this study, we conducted N and
P fertilization experiments to explore the effects of different
gradient N and P fertilization on leaf nutrient resorption
efficiency (NuRE) and root-soil accumulation factor (RSAF)
in M. glyptostroboides plantations with different stand ages.
Specifically, we aimed to: (1) describe the change trends of
NuRE and RSAF with the increase of nutrient availability among
nutrient fertilization types and along stand development; (2)
explore the potential relationships between NuRE and RSAF
under environmental changes.

MATERIALS AND METHODS

Study Site
The study was conducted in Dongtai Forest Farm (121◦ 45′E, 33◦
42′N), a site located in the central coast of the Jiangsu Province,
China. The climate of the study site is that of the monsoon
subtropical moist marine climate zone. The altitude is 0–4 m, the
annual average temperature, frost-free period, precipitation, and
sunshine duration is 14.5◦c, 220 days, 1055.7 mm, and 2130.5
h. The soil is alkaline sandy soil, which was more infertile than
yellow-earth soil in the natural range of M. glyptostroboides. The
study site was the pioneer area to plant the M. glyptostroboides in
coastal China (Figure 1).

Experiment Design and Sample
Collection
N and P experiment was initiated in 2014 of different ages
(young forest: 6-year old; middle-age forests: 24-year old) with
three 300 m × 100 m plots of M. glyptostroboides plantations
in Dongtai forest farm, and ten 20 m × 30 m plots of each plot
were selected for completely random block N and P addition
experiments, of which 5 plots were used for N addition treatments
and 5 plots for P addition treatments in each age class. Each
plot was separated by a buffer zone. The basic information is
shown in Table 1. N and P addition gradients setting: set the
N addition treatments as CK, 0.8, 2.4, 4.0, and 6.0 mol·m−2,
respectively, and the fertilization was added in the form of urea
[CO(NH2)2]; P fertilization treatment was set as CK, 0.05, 0.2,
0.6, and 1.0 mol·m−2, respectively, and fertilization was added
in the form of superphosphate [Ca(H2PO4)2]. The fertilization
gradients were based on a pretest and a previous seedling pot
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FIGURE 1 | Location of M. glyptostroboides forest experiment site in Dongtai forest farm, Jiangsu Province, China.

study (Wang et al., 2018). Fertilization dosage and time: the first
addition time is from the end of March to the beginning of
April, 60% of the total amount of fertilization added; the second
addition time is in the middle of June, 40% of the total amount of
fertilization added. In addition, N and P were applied to the field
directly every year.

Three average trees in each plot were selected for collecting
leaves, branches, and roots. Fully expanded leaves and branches
from the upper and outer part of tree crowns were sampled. The

fine roots (<2 mm) of each selected individual were sampled
through the careful removal of the soil surrounding the roots.
Five soil cores (2.5 cm in diameter) per plot were randomly
collected from 0 to 10 cm depth following the removal of
understory plants and surface litter, and thoroughly mixed to
homogenize a sample. Leaves, branches, roots, and soils were
sampled in August 2018 (the end of the growing season). Five
litter traps (1.0 m2, made of nylon mesh) per plot were fixed 1.0 m
above the ground. Leaf litter was collected in late November 2018.
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TABLE 1 | General characteristics of the young and middle-aged
M. glyptostroboides stands.

Basic
properties

Parameter Young
plantations

Middle-aged
plantations

Stand
structure

Average height (m)
DBH (cm)

DBH (growth)
Density (tree/ hm2)
Crown width (m)

10.33 ± 2.21
17.8 ± 0.86
4.8 ± 1.52

417
4.61 ± 0.65

15.91 ± 2.20
27.75 ± 0.84
2.39 ± 0.69

417
5.01 ± 0.52

Soil physical
properties

Water content (%)
Total porosity (%)

Capillary porosity (%)

0.22 ± 0.02
44.09 ± 2.81
42.46 ± 3.68

0.32 ± 0.03
46.49 ± 2.39
45.75 ± 2.37

Soil chemical
properties

Organic C content (g kg−1)
Total N content (g kg−1)

Available N content (mg kg−1)
Total P content (g kg−1)

Available P content (mg kg−1)

8.19 ± 0.38
0.71 ± 0.01
90.90 ± 4.27
0.85 ± 0.03
14.27 ± 3.91

13.18 ± 4.09
0.94 ± 0.08

132.67 ± 12.66
0.68 ± 0.10
2.85 ± 0.15

The DBH (growth) is the DBH increasement during 2015–2019 year.

Chemical Measurements
All plant organs samples were dried in the oven at 105◦C for 2 h,
then dried at 75◦C to constant weight, crushed with a mechanical
grinder, and the samples were sieved to determine nutrient
content. The C and N concentrations were determined for each
sample using an autoanalyzer (Kjeltec 2300 Analyzer Unit, Foss,
Sweden). P concentration was determined using the standard
ammonium molybdate method (reference code GBW08513;
General Administration of Quality Supervision, PRC).

Soil samples were air-dried after being sieved (2-mm mesh).
Soil pH was determined by the potentiometric method, soil
organic carbon (SOC) was determined with wet oxidation by
sulfuric acid and potassium dichromate and back titration with
ferrous sulfate. The total N concentration was determined by
Kjeldahl method, Hydrolysable N concentration was determined
by titration with a dilute solution of H2SO4 after extraction with
a mixture of ferrous sulfate and sodium hydroxide. The total P
and available P concentrations were determined with a molybdate
blue colorimeter after extraction with 0.5 M sodium bicarbonate
(Zhang et al., 2018).

Data Analysis
Nutrient resorption efficiency (NuRE) was defined as the
proportional withdrawal of a nutrient during senescence and was
calculated as follows:

NuRE =
(

1−
Nusenescenced
Nugreen

×MLCF
)
× 100%

Where NuRE is N or P resorption efficiency, Nusenescenced
and Nugreen represent N or P concentration (mass-based) in
leaf and litter, respectively, and MLCF is mass loss correction
factor with a value of 0.745 for deciduous coniferous species
(Vergutz et al., 2012).

Root-soil accumulation factor (RSAF) for N and P were
defined to describe the root N or P acquisition (Kou et al., 2017),
as follows:

RSAF =
Nuroot
Nusoil

Where RSAF is root N or P accumulation factor, Nuroot and
Nusoil represent N or P concentration (mass-based) in absorptive
fine root and soil, respectively.

Data analysis using the single factor variance (One-way
ANOVA) analysis of the different fertilization gradients of
plant organs stoichiometric characteristics, nutrient acquisition,
nutrient recycling, and nutrient absorption efficiency under
different stand ages, respectively, the influence of significance
level set as P = 0.05, with minimal process significantly
difference (LSD) determined the level of significance in SPSS 23.0
(SPSS Inc., Chicago, IL, United States). The covariance-based
structural equation modeling (CB-SEM) analysis was conducted
in SPSS Amos 26 (SPSS Inc., Chicago, IL, United States)
to explore the effects of stand age on NuRE and RSAF
under N and P fertilization. All data were tested to fulfill
the assumptions of normality and homogeneity of variance,
and transformations were carried out when necessary. Figures
were plotted using Origin 2018 (Origin Lab Corporation,
Northampton, MA, United States).

RESULTS

Effect of Nitrogen and Phosphorus
Fertilization on Leaf Nutrient Resorption
Efficiency and Root-Soil Accumulation
Factor
Under N fertilization in young plantations, the NRE and
PRE of CK treatment were 31.02 and 64.25%, respectively.
The NRE remarkably increased while PRE kept relatively
stable along N fertilization gradients (Figure 2A). The
RSAF-N and RSAF-P of CK treatment were 131.75 and
198.49, respectively. The RSAF-P remarkably decreased
while RSAF-N kept relatively stable along N fertilization
gradients (Figure 2B).

Under P fertilization in young plantations, the NRE and PRE
of CK treatment were 32.17 and 68.31%, respectively. The NRE
remarkably increased, while PRE kept relatively stable along P
fertilization gradients (Figure 2C). The RSAF-N and RSAF-P of
CK treatment were 108.38 and 189.6, respectively. The RSAF-
N and RSAF-P remarkably increased and decreased along P
fertilization gradients (Figure 2D).

Under N fertilization in middle-aged plantations, the NRE and
PRE of CK treatment were 45.02 and 54.24%, respectively. The
NRE and PRE both kept relatively stable along N fertilization
gradients (Figure 3A). The RSAF-N and RSAF-P of CK
treatment were 82.59 and 126.71, respectively. The RSAF-N
and RSAF-P both kept relatively stable along N fertilization
gradients (Figure 3B).

Under P fertilization in middle-aged plantations, the NRE and
PRE of CK treatment were 39.07 and 46.33%, respectively. The
NRE and PRE both remarkably increased remarkably along P
fertilization gradients (Figure 3C). The RSAF-N and RSAF-P of
CK treatment were 83.64 and 121.24, respectively. The RSAF-
N and RSAF-P both kept relatively stable along P fertilization
gradients (Figure 3D).
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FIGURE 2 | Effects of N fertilization (CK: control, N0.8: 0.8 mol N, N2.4: 2.4 mol N, N4: 4 mol N, N4.8: 4.8 mol N) on NuRE (A) and RSAF (B) in M. glyptostroboides
forests of young forests. Values are presented as mean ± S.E. (n = 3). Effects of P fertilization (CK: control, P0.05: 0.05 mol P, P0.2: 0.2 mol P, P0.6: 0.6 mol P, P1: 1
mol P) on NuRE (C) and RSAF (D) in M. glyptostroboides forests of young forests. Values are presented as mean ± S.E. (n = 3). Different lowercase letters in the
bars and above the bars indicated significant difference (P < 0.05), respectively.

Effect of Nitrogen and Phosphorus
Fertilization on Leaf N Resorption
Efficiency/leaf P Resorption Efficiency
and Root-Soil Accumulation Factor for
N/Root-Soil Accumulation Factor for P
The NRE/PRE of CK treatment was 0.49 and 0.83 in young and
middle-aged plantations under N fertilization, respectively. The
NRE/PRE for young plantation increased significantly under N
fertilization, while theNRE/PRE for middle-aged plantations kept
relatively stable along N fertilization gradients (Figure 4A). The
RSAF-N/RSAF-P of CK treatment were 0.69 and 0.68 in young
and middle-aged plantations under N fertilization, respectively.
The RSAF-N/RSAF-P for young plantation increased significantly
under N fertilization, while the RSAF-N/RSAF-P in middle-
aged plantations kept relatively stable along N fertilization
gradients (Figure 4B).

The NRE/PRE of CK treatment was 0.50 and 0.88 in young
and middle-aged plantations under P fertilization, respectively.
The NRE/PRE in young and middle-aged plantations both kept

relatively stable along P fertilization gradients (Figure 4C). The
RSAF-N/RSAF-P of CK treatment were 0.59 and 0.70 in young
and middle-aged plantations under P fertilization, respectively.
The RSAF-N/RSAF-P remarkably increased under P fertilization,
while the RSAF-N/RSAF-P in middle-aged plantations kept
relatively stable along P fertilization gradients (Figure 4D).

The Relationships Between Leaf Nutrient
Resorption Efficiency and Root-Soil
Accumulation Factor Under Nitrogen and
Phosphorus Fertilization
Under N fertilization, NRE showed no association with RSAF-
N, while PRE was significantly positive correlated with RSAF-P
in young and middle-aged plantations (Figures 5A,C). Under
P fertilization, NRE was significantly positively correlated with
RSAF for N in young plantation, whereas no significant
relationships were found between NRE and RSAF-N in middle-
aged plantation, as well as PRE and RSAF-P in both young and
middle-aged plantations (Figures 5B,D).
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FIGURE 3 | Effects of N fertilization (CK: control, N0.8: 0.8 mol N, N2.4: 2.4 mol N, N4: 4 mol N, N4.8: 4.8 mol N) on NuRE (A) and RSAF (B) in M. glyptostroboides
forests of middle-aged forests. Values are presented as mean ± S.E. (n = 3). Effects of P fertilization (CK: control, P0.05: 0.05 mol P, P0.2: 0.2 mol P, P0.6: 0.6 mol
P, P1: 1 mol P) on NuRE (C) and RSAF (D) in M. glyptostroboides forests of middle-aged forests. Values are presented as mean ± S.E. (n = 3). Different lowercase
letters in the bars and above the bars indicated significant difference (P < 0.05), respectively.

The Direct and Indirect Effect of Nutrient
Fertilization and Stand Age on Leaf
Nutrient Resorption Efficiency and
Root-Soil Accumulation Factor
The covariance-based structural equation modeling (CB-SEM)
analysis indicted that N fertilization and stand age together
explained 84.3% of variations in NRE and 73.5% of variations in
PRE (Figure 6A). N fertilization had a positive indirect effect on
NRE via leaf N, and a negative indirect effect on PRE through leaf
P and soil pH. Stand age had a positive direct effect on PRE via
soil pH, and a negative indirect effect via soil total N and leaf P. N
fertilization and stand age together explained 62.8% of variations
in RSAF-N and 56.0% of variations in RSAF-P (Figure 6B). N
fertilization and stand age had a negative and positive direct effect
on RSAF-P, respectively. N fertilization had a positive indirect
effect on RSAF-N via fine root N. Stand age had a negative
indirect effect on RSAF-N via soil N:P.

P fertilization and stand age together explained 60.9% of
variations in PRE (Figure 6C). Stand age had a positive direct
effect on PRE, and P fertilization had a positive indirect effect on

PRE via leaf P. P fertilization and stand age together explained
78.1% of variations inRSAF-N, and 44.4% of variations inRSAF-P
(Figure 6D). P fertilization had a negative direct effect on RSAF-
P, and stand age had a negative direct effect on RSAF-N. Stand age
had a negative indirect effect on RSAF-N via fine root N and P.

DISCUSSION

Effects of Nitrogen Fertilization on Plant
Nutrient Acquisition
Bioavailable N is increasing due to human activity, which
greatly alters nutrient availability for plant growth and affects
fundamental ecological processes (Wang et al., 2019a). Nutrient
resorption from senescing leaves is one of the plants’ essential
nutrient conservation strategies, accounting for a large property
of the nutrient demand for plants (Aerts, 1996). In this
study, N fertilization increased leaf N concentration in young
plantation, which was in line with the observations from
the global-scale meta-analysis (Ostertag and DiManno, 2016;
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FIGURE 4 | Effects of N fertilization (CK: control, N0.8: 0.8 mol N, N2.4: 2.4 mol N, N4: 4 mol N, N4.8: 4.8 mol N) on NRE/PRE (A) and RSAF-N/RSAF-P (B) in
M. glyptostroboides plantations of different stand ages. Values are presented as mean ± S.E. (n = 3). Effects of P fertilization (CK: control, P0.05: 0.05 mol P, P0.2:
0.2 mol P, P0.6: 0.6 mol P, P1: 1 mol P) on NRE/PRE (C) and RSAF-N/RSAF/P (D) in M. glyptostroboides plantations of different stand ages. Different lowercase
letters in the bars and above the bars indicated significant difference (P < 0.05), respectively.

Sardans et al., 2017). However, in contrast to most previous
studies, we found a significant increase in NRE for young
plantation and no significant changes for middle-aged plantation
under N fertilization (Yuan and Chen, 2015; Lu et al., 2019;
Zhao et al., 2020). Our study also found that leaf litter
N concentration kept relatively stable under N fertilization
whether in young and middle-aged plantations (Wen et al.,
2021). Thus, considering the violent strong natural and
human-activities disturbances, we deemed that nutrient return
of leaf litter to the soil, i.e., litter decomposition, might
not be so essential, especially in the coastal man-made
forests. Moreover, the RSAF-P decreased remarkably under N
fertilization, which was not consistent with Kou et al. (2017),
who reported that the RSAF-P kept relatively stable in Pinus
elliottii plantations.

The NRE/PRE in leaf was recently developed to indicate the
theoretical framework of N or P limitation for plant growth,
which could be applied to quantitatively evaluate the spatial
characteristics and key influencing factors of N and P limitation
in the terrestrial ecosystems (Du et al., 2020). In this study, the
NRE/PRE was always less than 1 under N fertilization, indicating
that the plant growth was mostly limited by N. This result

was consistent with one of our previous studies, which found
N was the main limiting factor for M. glyptostroboides growth
combining with the concept of stoichiometric homeostasis
(Wang et al., 2019b). Moreover, theNRE/PRE of young plantation
increased along the gradient of N fertilization, demonstrating
that the N limitation got relieved to some extent (Li et al., 2016;
Du et al., 2020).

It was always expected that plant tissues exhibited trade-
offs relationships in water and nutrient acquisition, which is
of great significance for plant stoichiometric homeostasis and
the balance of matters and energy in the terrestrial ecosystems.
While these trade-off relationships became unpredictable under
the background of global change. In this study, we observed
significant and positive associations between PRE and RSAF-P in
both young and middle-aged plantations under N fertilization,
which was not in line with Kou et al. (2017) for Pinus elliottii
plantations. However, most of the trade-off relationships between
leaf nutrient resorption and fine root nutrient acquisition had
been lost under N fertilization. Therefore, we referred that the
changes in environmental nutrient conditions might lead to the
absence of trade-off relationships between under- and above-
ground plant tissues.
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FIGURE 5 | (A) Relationships between NRE and RSAF-N under N fertilization in young and middle-aged plantations (no significance). (B) Relationships between
NRE and RSAF-N under P fertilization in young (R2 = 0.468, P < 0.01) and middle-aged (no significance) plantations. (C) Relationships between PRE and RSAF-P
under N fertilization in young (R2 = 0.266, P < 0.05) and middle-aged plantations (R2 = 0.291, P < 0.05). (D) Relationships between PRE and RSAF-P under P
fertilization in young and middle-aged plantations (no significance).

Effects of Phosphorus Fertilization on
Plant Nutrient Acquisition
Atmospheric P deposition brought by agricultural activities,
dust transport, and combustion source emissions had greatly
altered the soil P availability that greatly influenced plant growth
(Widdig et al., 2019; Pan et al., 2021). Generally, the availability
of one nutrient would inevitably affect relative availability of
other nutrients, particularly in the status of nutrient deficiency
or imbalance (Kou et al., 2017). In the current study, the
NRE of young and middle-aged plantation increased along the
gradient of P fertilization, which was also reported in Yan et al.
(2015). Furthermore, the RSAF-N/RSAF-P increased remarkably
whether under P fertilization in young plantation, and kept
relatively stable in middle-aged plantation. This finding was
also in line with the above observations for above-ground plant
tissues. Therefore, fine root nutrient acquisition might play an
important role in indicating the nutrient limitation of plant
growth. Meanwhile, we observed that the RSAF-P decreased
significantly under P fertilization whether in young or middle-
aged plantation, which might be attributed to the fact that
the fine root nutrient acquisition existed some delayed effects.
Meanwhile, some limitations appeared in this study such as
considering the fine roots with a diameter less than 2 mm,
ignoring the high morphological and functional heterogeneity in

fine roots (Pregitzer et al., 2002; Kou et al., 2018), which might
lead to an underestimate of the RSAF.

Notably, the NRE and RSAF-N in young plantation under P
fertilization, were significantly correlated with each other, even
exhibiting synergy relationships to some extent. These findings
were also observed in previous research, which emphasized
that only adopting aboveground N and P conservation or
belowground N and P uptake might not be accurate (Ushio
et al., 2015; Hofmann et al., 2016). Therefore, we concluded that
the synergistic relationship for P acquisition might be explained
by the two following reasons. Firstly, the relationships between
fine root nutrient acquisition and leaf nutrient resorption
were indeed positively related, whereas there might exist some
other mechanisms which could balance these two nutrient
conversation mechanisms. Secondly, there was no trade-off
evolutionary mechanism between leaves and roots, which
might leading to the consistent responses of leaf nutrient
resorption and fine root nutrient acquisition to environment
changes by chance.

Stand Age Mediates Fertilization Effects
on Plant Nutrient Acquisition
Trees at different growth stages have great differences in
physiological processes and nutrition requirements, resulting

Frontiers in Plant Science | www.frontiersin.org 8 May 2022 | Volume 13 | Article 90535815

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-13-905358 May 5, 2022 Time: 19:6 # 9

Song et al. Plant Nutrient Acquisition Strategies

FIGURE 6 | Covariance-based structural equation modeling (CB-SEM) analysis of the direct and indirect effects among variables. All the paths in the model were
significant, and the standardized coefficients were listed on them. The thickness of the solid arrows reflected the magnitude of the standardized SEM coefficients, the
red solid line represented the positive effect while the blue solid line represented the negative effect. (A) Results of model fitting: X2 = 13.51; Probability level = 0.563;
df = 15; GFI = 0.9; RMSEA = 0.000; AIC = 55.51. (B) Results of model fitting: X2 = 7.116; Probability level = 0.524; df = 8; GFI = 0.927; RMSEA = 0.000;
AIC = 33.116. (C) Results of model fitting: X2 = 5.915; Probability level = 0.55; df = 7; GFI = 0.938; RMSEA = 0.000; AIC = 33.915. (D) Results of model fitting:
X2 = 10.519; Probability level = 0.484; df = 11; GFI = 0.918; RMSEA = 0.000; AIC = 44.519.

in changes of nutrient acquisition strategies along an age
sequence (Sun et al., 2016; Zhang et al., 2018). However,
most previous studies considered the stand age effects on
nutrient acquisition strategies in natural conditions, while
little was known about its combination with environmental
changes. In the current study, we used SEM analysis to
explore the direct and indirect effects of stand age on NuRE
and RSAF under N and P fertilization. Generally, stand
age had positive effects on PRE whether under N or P
fertilization, as well as on RSAF-P under N fertilization,
which indicated that plant intended to resorb more P
from senescing leaves and soil by fine root to deal with
strengthening P-limitation during stand development (Zhang
et al., 2018; Wang et al., 2019b). Thus, these findings confirmed
that stand age mediated the fertilization effects on nutrient
acquisition strategies.

CONCLUSION

This study evaluates how N and P fertilization affects nutrient
acquisition strategies in M. glyptostroboides plantations with
different stand ages of the coastal in China. We found that

N fertilization increased NRE, while decreased RSAF-P
in young plantations. P fertilization increased NRE and
PRE, while decreased RSAF-P in middle-aged plantations.
Little synergetic relationships were observed between
NuRE and RSAF whether under N and P fertilization, as
well as in young and middle-aged plantations. Stand age
had positive effects on PRE and RSAF-P, whereas had no
effects on the NRE or RSAF-N. These findings provided
new insights into the predictions for the facts that how
variations in nutrient availability induced by the global
change will influence plant nutrient uptake and nutrient
conservation strategies.

Please confirm that the Data Availability statement is accurate.
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Nitric oxide (NO), a bioactive molecule, is often involved in the regulation of physiological 
and biochemical processes in stressed plants. However, the effects of NO donors on 
dioecious plants remain unclear. Using a pot experiment, female and male Torreya grandis 
were used to study the role of sex and NO in salt stress tolerance. In the present study, 
female and male T. grandis seedlings pretreated with an NO donor (sodium nitroprusside, 
SNP) were exposed to salt stress, and then leaf relative water content (RWC), photosynthetic 
pigments, chlorophyll fluorescence parameters, NO and glutathione levels, oxidative 
damage, and antioxidant enzyme activities were investigated. Female T. grandis plants 
had better tolerance to salinity, as they were characterized by significantly higher RWC, 
pigment content, and photochemical activities of photosystem II (PSII) and fewer negative 
effects associated with higher nitrate reductase (NR) activity and NO content. Pretreatment 
with an NO donor further increased the endogenous NO content and NR activity of both 
female and male T. grandis plants compared with salt treatment. Moreover, pretreatment 
with an NO donor alleviated salt-induced oxidative damage of T. grandis, especially in 
male plants, as indicated by reduced lipid peroxidation, through an enhanced antioxidant 
system, including proline and glutathione accumulation, and increased antioxidant enzyme 
activities. However, the ameliorating effect of the NO donor was not effective in the 
presence of the NO scavenger (Nω-nitro-L-arginine methyl ester, L-name). In conclusion, 
enhanced salt tolerance in T. grandis plants is related to nitric oxide levels and the supply 
of NO donors is an interesting strategy for alleviating the negative effect of salt on T. grandis. 
Our data provide new evidence to contribute to the current understanding of NO-induced 
salt stress tolerance.

Keywords: antioxidant capacity, Torreya grandis, nitric oxide, sexual difference, salt stress

INTRODUCTION

It has been estimated that up to 70% of plant growth can be  impacted by environmental 
stress, including drought, high salinity, heavy metal exposure, high or low temperatures, and 
light levels (Bhatnagar-Mathur et  al., 2008; Mantri et  al., 2012; Li et  al., 2020). Salinity is a 
crucial factor affecting plant growth and metabolic responses throughout the world (Mostofa 
et  al., 2015). In addition to direct ion damage, salt stress can produce secondary damage to 
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plants through the production of reactive oxygen species (ROS) 
and osmotic stress (Li et  al., 2020). When salt content in the 
soil is significantly higher than the optimal concentration for 
plant survival, it causes a series of stress responses in plants, 
including maintenance of osmotic balance and activation of 
the antioxidant system (Wakeel et  al., 2020). In recent years, 
a great deal of research has been done to explore potential 
ways to improve saline–alkali land, including the breeding of 
salt-tolerant varieties, the discovery of salt-tolerant genes, and 
the application of hormones and growth regulators (Wang 
et  al., 2017; Fang and Xue, 2019).

Current studies have shown that nitric oxide (NO) in plants 
is mainly produced through two pathways, NO synthase (NOS) 
and nitrate reductase (NR) pathways (Corpas and Barroso, 
2017; Astier et  al., 2018), and is further involved in a series 
of physiological and biochemical reactions, including root 
morphogenesis (Corpas and Barroso, 2015), seed germination 
(Kopyra and Gwózdz, 2003), stomatal movement (Laxalt et al., 
2016), and abiotic stress regulation (Begara-Morales et  al., 
2014). Nitric oxide is also involved in the salt tolerance of 
plant growth. For example, da Silva et  al. (2017) reported 
that salinity-induced accumulation of endogenous NO is 
associated with modulation of the antioxidant and redox defense 
systems in Nicotiana tabacum. Ren et  al. (2020) reported that 
pretreatment with NO alleviates salt stress in seed germination 
and seedling growth of Brassica chinensis by enhancing 
biochemical parameters and regulating osmolyte accumulation. 
However, most of the studies focused on vegetables and 
herbaceous plants (Ren et  al., 2020; Valderrama et  al., 2021; 
Wani et  al., 2021), and there were few studies on woody 
plants (Chen et  al., 2021).

Dioecious plants, as an important part of the terrestrial 
ecosystem, account for nearly 6% of angiosperms and play an 
indispensable role in the cycling stability of the ecosystem 
(Susanne-S and Ricklefs, 1995). In the process of natural 
differentiation and evolution, dioecious plants evolve sex 
specificity and show significant differences in growth, survival, 
reproductive pattern, spatial distribution, and resource allocation 
(Todd-E and Bliss, 1989). Many researchers have devoted 
themselves to studying differences in the growth, survival, 
spatial distribution, and resource allocation of dioecious plants 
(Retuerto et  al., 2000; Rana and Liu, 2021). On a smaller 
scale, some scholars have found that male and female individuals 
of dioecious plants show different physiological, ecological, and 
biochemical traits under environmental stress (Chen et  al., 
2018; Wang et  al., 2021). For example, drought stress reduces 
the water content of leaves and stress resistance in female 
Populus yunnanensis (Zhang et  al., 2019). In addition, the 
mortality rate of female plants was higher than that of male 
plants, indicating that the drought resistance of male Populus 
yunnanensis was stronger than that of females (Zhang et  al., 
2019). However, researchers have found that in some dioecious 
plants, females are more resistant to stress than males. For 
example, He et  al. (2016) found that female Ginkgo biloba 
showed superior growth performance and self-protection 
mechanisms compared with male Ginkgo biloba and also had 
a higher photosynthetic capacity under drought stress.

Torreya grandis is in a genus of deciduous conifer trees 
and is valued for its production of nuts and timber in China, 
but its distribution is limited by its cultivated area and prevailing 
weather conditions (Hu et  al., 2022; Shen et  al., 2022). Many 
studies have investigated bioactive substance synthesis and 
efficacy (Hu et al., 2022; Song et al., 2022) and the interactions 
of functional trait × environment interactions, such as the 
effect of salt stress on the photosynthetic activity of T. grandis 
(Li et  al., 2014). However, comparatively little research has 
been done to elucidate sex differences in T. grandis under salt 
stress. Our previous study indicated that T. grandis seedlings 
showed significant gender differences under drought stress, and 
female plants had better performance in the process of 
photosynthesis (Wang et  al., 2021). In this study, it was 
hypothesized that there are sexually different responses to salt, 
and we  also hypothesized that: (1) this difference was related 
to endogenous NO levels and (2) exogenous NO would improve 
the salt tolerance of T. grandis through increased endogenous 
NO content and antioxidant enzyme activities. To test these 
hypotheses, an NO donor (SNP) and NaCl were added to 
both male and female T. grandis in this study. The aims of 
this study were: (1) to analyze the sexually different responses 
of T. grandis to salt and (2) to evaluate the role of NO in 
the salt stress tolerance of T. grandis. The photosynthetic pigment 
contents, chlorophyll fluorescence parameters, leaf relative water 
content, levels of endogenous NO and glutathione in the leaves, 
and antioxidant systems were evaluated.

MATERIALS AND METHODS

Plant Materials, Growth Conditions, and 
Treatments
Three-year-old T. grandis seedlings were obtained from the 
Zhuji Forestry Institute (29°43′N,120°16′E). A total of 72 
seedlings with a similar mean ground diameter (10.0 mm) and 
seedling height (60 cm), split between males (n = 36) and females 
(n = 36), were used in the salt stress experiment. The trees 
were grown individually in plastic pots (20-cm diameter × 
18-cm deep) in the greenhouse of Jiyang College of Zhejiang 
A&F University (Zhejiang Province, China; 29°45′N,120°15′E) 
in late May 2021. The greenhouse environment was controlled 
under a 16-h/8-h (day/night) photoperiod, with an average 
temperature of 30/18°С (day/night) and a relative humidity 
of 70 ± 5%. The plastic pots were placed in trays to prevent 
NaCl leaching.

Salt treatments were conducted in late June 2021. Both 
male and female plants were divided into four treatments: CK 
(control, distilled water), salt (100 mM NaCl), SNP (100 mM 
NaCl with 0.05 mM sodium nitroprusside [SNP]), and L-name 
(100 mM NaCl with 0.5 mM SNP and 0.2 mM Nω-nitro-L-
arginine methyl ester [L-name]). There were three replications 
per treatment and three plants per replication. The NO donor 
(SNP) was sprayed over the surfaces of the T. grandis leaves 
three days before salt treatment (20 ml SNP per seedling). 
Dosage of NO was fixed according to previous studies of NO 
in other plants (Ren et  al., 2020; Valderrama et  al., 2021; 
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Wani et  al., 2021). The NO scavenger used in our study was 
Nω-nitro-L-arginine methyl ester (L-name) (Suda et  al., 2002). 
To avoid osmotic shock, NaCl solution was gradually added 
in eight steps to achieve a concentration of 0.2%, which was 
related to soil weight, according to Li et  al. (2014). Irrigation 
was conducted every three days to maintain the field capacity 
at 70–75%, and all indexes were measured 60 days after treatment 
when obvious differences were observed.

Leaves from similar positions within the mid-portion of 
the main stem were collected from three replicates of each 
treatment after analyzing the chlorophyll fluorescence parameters. 
After that, the leaves of each sample were cleaned and immediately 
used for the analysis of photosynthetic pigments, NO content 
and enzymatic assays.

Determination of Photosynthetic Pigment 
Contents
First, finely cut leaves (collected from similar positions within 
the mid-portion of the main stem in each treatment) weighing 
0.1 g were mixed and extracted with 8 ml 95% ethanol, according 
to Arnon (1949). The extraction of chlorophyll was then 
conducted at 4°C in the dark for 24 h and shaken about three 
times until the leaf samples were blanched. The absorbance 
of the samples was measured at 649, 665, and 470 nm using 
a spectrophotometer (Shimadzu UV-2550, Kyoto, Japan). The 
chlorophyll concentrations of T. grandis leaves were calculated 
following Arnon (1949).

Chlorophyll Fluorescence Apparatus
The PSII photochemical activity of T. grandis leaves was evaluated 
after dark adaption for 60 min (based on the previous experiment) 
using a multifunctional plant efficiency analyzer (Hansatech 
Instruments, Pentney, UK). The fluorescent parameters, including 
Fv/Fm (the maximum quantum yield of the primary PSII 
photochemistry), ABS/RC (the absorbed light energy by the 
PSII antenna photon flux per active reaction center), DIo/RC 
(total energy dissipated by the reaction center of PSII), and 
TRo/RC (total energy used to restore QA by the unit reaction 
center of PSII), were calculated from the OJIP test curves.

Assessment of Malondialdehyde Content 
and the Relative Electrolyte Leakage Rate
Lipid peroxidation was measured as the amount of 
malondialdehyde (MDA) determined by the thiobarbituric acid 
(TBA) reaction, using 0.3 g of the frozen leaf samples per 
replicate (n = 3) according to Deng et  al. (2011). Meanwhile, 
10 leaf discs (about 10 mm in diameter) from fully expanded 
leaves of T. grandis were used in each replicate (n = 3) to 
determine the relative electrolyte leakage conductivity (REC), 
according to Li et  al. (2014).

Determination of Reactive Oxygen Species
The O2·− production rates of T. grandis leaves under salt and 
NO treatments were assessed by monitoring the nitrite formed 
from hydroxylamine in the presence of O2·− as described by 
Wang (1990). Frozen leaf material (1 g) was used for each 

replicate (n = 3). Similarly, a frozen leaf (1 g) was used in each 
replicate (n = 3) for the analysis of H2O2 content in T. grandis 
leaves, following Patterson et  al. (1984).

Estimation of Leaf Relative Water Content
The relative water content (RWC) was measured according to 
the method of our previous study (Wang et  al., 2021). The 
fresh leaves of each treatment were collected and weighed to 
obtain the fresh weight (FW). Leaves of T. grandis were then 
soaked in purified water at 25°С for 4 h to obtain the saturated 
fresh weight (SW). Subsequently, leaves were placed in a 70°С 
oven for 6 h to obtain the dry weight (DW). RWC was calculated 
as follows: RWC = (FW – DW)/(SW – DW) × 100%.

Determination of Proline Content
Proline (Pro) content was determined according to Bates et  al. 
(1973). A total of 0.3 g of T. grandis leaves were homogenized 
in sulfosalicylic acid, and then, 2 ml of acid ninhydrin and 
2 ml of glacial acetic acid were added. The samples were heated 
at 100°C and extracted with toluene, and the free toluene was 
then quantified at 528 nm using L-proline as a standard.

Evaluation of NO and Nitrate Reductase
Fresh leaves (0.3 g) were used in each replicate (n = 3) for the 
analysis of NO content, according to Cantrel et  al. (2011). 
NO content was calculated using a standard curve of NaNO2 
(0–4 μg mL−1) and expressed as μmol g−1 FW. The activity of 
nitrate reductase (NR; E.C. 1.6.6.1) was determined according 
to Jaworski (1971). Similarly, a fresh leaf (0.3 g) was used for 
each replicate (n = 3). The activity of NR was expressed as 
nmol NO2

−1  min−1  mg−1 protein.

Protein Extraction, GSH Content, and 
Antioxidant Enzymes
Antioxidant enzyme extracts from each treatment were obtained 
from 0.3 g frozen leaves, according to Yu et  al. (2017). The 
leaves were homogenized at 4°C in 10 ml of 50 mM phosphate 
buffer solution (pH 7.8) containing 1% polyethylenepyrrole. 
The homogenate was then centrifuged at 10,000 × g at 4°C for 
15 min. The supernatant was collected and used to measure 
GSH content and enzyme activity. Meanwhile, soluble proteins 
were determined according to Bradford (1976).

GSH content and glutathione reductase (GR) activity were 
assayed using kits from the Nanjing Jiancheng Bioengineering 
Institute (Nanjing, China), following the manufacturer’s 
specifications. GR activity was expressed as nmol min−1  mg−1 
protein. The GSH content was expressed as mg g−1 FW. SOD 
activity was analyzed following Beauchamp and Fridovich 
(1971) and was expressed as U g−1 protein. POD activity 
was estimated according to Ruan et  al. (2002) and was 
expressed as U mg−1 protein. CAT activity was measured 
following Watanabe et  al. (2003) and was expressed as μmol 
min−1  mg−1 protein. APX activity was measured using the 
method described by Nakano and Asada (1981) and was 
expressed as nmol min−1  mg−1 protein.
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Statistical Analyses
Two-way analysis of variance (ANOVA), with sex and salt as 
the main factors and a sex × salt interaction term, was performed 
using SPSS 19.0 (SPSS Inc., Chicago, IL, USA) to evaluate the 
effects of sex and salt treatments and was followed by Duncan’s 
test (p < 0.05). The data are presented as the mean ± standard 
deviation (SD).

RESULTS

Effects of Sex and Salt on Chlorophyll 
Contents and Chlorophyll Fluorescence
The chlorophyll contents and chlorophyll fluorescence parameters 
of T. grandis were found to be  significantly different under 
salt treatments (Table  1). Moreover, a significant interaction 
of sex and salt was observed in the total chlorophyll content, 
Chl a content, Chl b content, and ratio of Chl a to Chl b of 
T. grandis (Table 1). Compared with the control, salt treatment 
significantly inhibited the growth of both T. grandis genders, 
which was evident from lower pigment contents and Fv/Fm 
values but higher ABS/RC, DIo/RC, and TRo/RC values 
(Figures  1, 2). Meanwhile, compared with male plants, female 
plants grown under salt were characterized by significantly 
higher Fv/Fm and pigment contents and a smaller Chl a/b 
ratio (Figures  1, 2). In comparison with salt-treated seedlings, 
SNP treatment caused an increase in pigment contents and 
PSII activity in both female and male T. grandis (Figures 1, 2). 
However, inclusion of NO scavenger (L-name) decreased this 
effect and again caused a reduction in Fv/Fm and pigment 
contents and also increased the values of ABS/RC, DIo/RC, 
and TRo/RC (Figures  1, 2).

Effects of Sex and Salt on the Level of 
Lipid Peroxidation
The effects of salt and NO donors on membrane damage of 
cells were analyzed by determining the MDA content and the 
relative electrolyte leakage rate, while oxidative stress was 
investigated in terms of the O2·− production rate and H2O2 
content. Values of the MDA content, the relative electrolyte 
leakage rate, the O2·− production rate, and H2O2 content of 
T. grandis were all significantly affected by sex, salt, and their 
interaction (Table 2; p < 0.05). As shown in Figure 3, compared 

with the control, salt treatment significantly increased the MDA 
content, relative electrolyte leakage rate, O2·− production rate, 
and H2O2 content of T. grandis (p < 0.05). Meanwhile, compared 
with female plants, male plants grown under salt stress were 
characterized by significantly higher MDA content, relative 
electrolyte leakage rate, and O2·− production rate but reduced 
H2O2 content (Figure  3; p < 0.05). However, pretreatment with 
SNP resulted in significant decreases in these indexes compared 
with the salt-treated female and male plants (p < 0.05), but 
this was decreased by the NO scavenger under the 
L-name treatment.

Effects of Sex and Salt on RWC and 
Proline Content
The physiological water status and proline content of T. grandis 
plants are shown in Figure  3. Both the RWC and proline 
content of T. grandis were significantly affected by sex, salt, 
and their interaction (Table  2; p < 0.05). Compared with the 
control, the RWC in salt-treated T. grandis leaves decreased 
by 9.1% (p < 0.05) in female plants and 19.8% (p < 0.05) in 
male plants. The NO treatment reduced the effect of salt stress 
on the RWC decrease in the presence of 0.2% NaCl, and it 
was significant in the male plants (Figure  4A). In contrast, 
the inclusion of the NO scavenger (L-name) decreased the 
effect of SNP on the water status and caused a reduction in 
RWC; however, these changes were not significant (p > 0.05; 
Figure  4A). As shown in Figure  4B, the proline content of 
both female and male T. grandis significantly increased under 
both salt and SNP treatments compared with that of CK. However, 
this was significantly decreased by the NO scavenger under 
the L-name treatment.

Effects of Sex and Salt on NO Content and 
NR Activity
Two-way ANOVA showed that both the NR activity and NO 
content of T. grandis were significantly affected by sex, salt, 
and their interaction (Table 2; p < 0.05). Compared with male 
plants, female plants grown under salt were characterized by 
significantly higher NR activity and endogenous NO content 
(Figure  5; p < 0.05). As shown in Figure  5, compared with 
the control, salt treatment significantly increased the NR 
activity and endogenous NO content of T. grandis by 89.7 
and 109.2%, respectively, in female plants and by 45.8 and 

TABLE 1  |  Summary of significance levels (two-way ANOVA) for the effects of gender, salt, and their interaction on the contents of photosynthetic pigments and 
fluorescence parameters.

Source
Total chlorophyll 
content (mg g−1 

FW)

Chl a 
content 

(mg g−1 FW)

Chl b 
content 

(mg g−1 FW)

Chlorophyll 
a/b

Fv/Fm ABS/RC DIo/RC TRo/RC

Gender (A) MS 8,444.21 9,485.13 3,911.02 217.46 0.84 0.47 0.01 0.75
P 0.0001 0.0001 0.0001 0.0001 0.3730 0.4958 0.9130 0.4002

Salt (B) MS 17,773.85 23,560.85 5,420.36 199.65 10.53 4.63 8.62 3.43
P 0.0001 0.0001 0.0001 0.0001 0.0005 0.0163 0.0012 0.0426

Interaction 
(A × B)

MS 1,016.62 1,057.87 596.68 218.37 1.90 1.81 1.87 1.86
P 0.0001 0.0001 0.0001 0.0001 0.1699 0.1859 0.1743 0.1774
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40.3%, respectively, in male plants. However, pretreatment 
with SNP before salt treatment resulted in a further increase 
in the NR activity (43.2 and 133.6% in female and male 
plants, respectively) and NO content (45.6 and 99.7% in 
female and male plants, respectively) in T. grandis leaves 
compared with the salt-treated plants (p < 0.05; Figure  5). 
However, the inclusion of the NO scavenger decreased the 
effect of SNP on NO synthesis, as it was evident that the 
L-name treatment reduced NR activity by 29.7 and 53.1% 
and NO content by 25.9 and 50.3% in female and male 
plants, respectively, compared to salt-stressed plants treated 
with SNP (p < 0.05; Figure  5).

Effects of Sex and Salt on Endogenous 
GSH Content and GR Activity
Figure  6 illustrates the endogenous GSH content and the 
activity of the key enzyme involved in GSH biosynthesis 

under different treatments. Two-way ANOVA showed that 
both GR activity and GSH content of T. grandis were significantly 
affected by sex, salt, and their interaction (Table  2; p < 0.05). 
Compared with female plants, male plants grown under salt 
stress were characterized by significantly higher GR activity 
and GSH content (Figure  6; p < 0.05). As shown, compared 
with the control, salt treatment increased the GR activity 
and GSH content of T. grandis by 22.5% (p > 0.05) and 40.3% 
(p < 0.05), respectively, in female plants and by 87.6% (p < 0.05) 
and 52.1% (p < 0.05), respectively, in male plants. However, 
pretreatment with an NO donor before salt treatment resulted 
in a further increase in GR activity (47.1 and 24.6% in females 
and males, respectively) and GSH content (63.3 and 97.7% 
in females and males, respectively) in T. grandis leaves relative 
to the salt-stressed plants (p < 0.05; Figure  6). However, the 
inclusion of L-name decreased the effect of NO on 
GSH synthesis.

A B

C D

FIGURE 1  |  Photosynthetic pigment contents [total chlorophyll content (A), Chl a content (B), Chl b content (C), and ratio of Chl a to Chl b (D)] measured in  
T. grandis in response to different treatments. CK (control, distilled water), salt (100 mM NaCl), SNP (100 mM NaCl with 0.05 mM SNP), and L-name (100 mM NaCl 
with 0.5 mM SNP and L-name). Different uppercase letters indicate a significant difference between different genders at p < 0.05, and different lowercase letters 
indicate significant difference under salt treatment at p < 0.05, according to Duncan’s test.
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Effects of Sex and Salt on Antioxidant 
Enzyme Activity
Two-way ANOVA showed that the antioxidant enzyme activities 
of T. grandis were significantly affected by sex, salt, and their 
interaction (Table  2; p < 0.05). As shown in Figures  7A–D, 
the activities of the studied antioxidant enzymes significantly 
increased under salt treatment compared with the control 
plants. Compared with male plants, female plants grown under 
salt stress were characterized by significantly higher SOD and 
CAT activities but lower POD and APX activities (Figure  7; 
p < 0.05). Pretreatment with an NO donor before salt treatment 
further increased SOD (by 26.3% in males), POD (by 45.3 
and 53.0% in females and males, respectively), CAT (by 94.8 
and 312.8% in females and males, respectively), and APX (by 
34.8 and 74.1% in females and males, respectively) activities 
compared with the salt treatment. However, the inclusion of 
L-name decreased the effect of NO on antioxidant enzyme 

activities (Figure  7). Thus, these results suggest that the 
modulation of antioxidant enzyme activities by an exogenous 
NO donor might alleviate the ROS-triggered oxidative damage 
caused by salt stress.

DISCUSSION

In recent years, studies have shown that NO is involved in 
plant morphological development, root growth, photosynthesis, 
and the regulation of antioxidant enzyme systems, especially 
when plants are subjected to environmental stress (Valderrama 
et  al., 2021; Wani et  al., 2021), but few studies have focused 
on the effects of NO donors on dioecious plants. This study 
confirmed our hypothesis that NO is involved in the salt-
tolerant growth of both female and male T. grandis. Salt 
treatment inhibited the growth of female and male T. grandis 

A B

C D

FIGURE 2  |  Chlorophyll fluorescence parameters (Fv/Fm: A; ABS/RC: B, DIo/RC: C, TRo/RC: D) measured in T. grandis in response to different treatments. CK 
(control, distilled water), salt (100 mM NaCl), SNP (100 mM NaCl with 0.05 mM SNP), and L-name (100 mM NaCl with 0.5 mM SNP and L-name). Different uppercase 
letters indicate a significant difference between different genders at p < 0.05, and different lowercase letters indicate significant difference under salt treatment at 
p < 0.05, according to Duncan’s test.
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seedlings, which was indicated by a lower photosynthetic 
pigment content and decreased Fv/Fm but significantly higher 
ABS/RC, DIo/RC, and TRo/RC (Figures  1, 2). Additionally, 
compared with male plants, female plants showed better tolerance 
to salinity, as they were characterized by significantly higher 
Fv/Fm and pigment contents and fewer negative effects 
(Figures  1–3). Our results are similar to those of previous 
drought tests on T. grandis (Wang et  al., 2021), suggesting 
that female T. grandis are more tolerant of stress. However, 
a study by Li et  al. (2013) on Populus yunnanensis reported 
that females were more sensitive and suffered from greater 
negative effects than males under salt stress. Therefore, these 
studies suggest that sex-linked differences in the growth of 
dioecious plants are not consistent among species, which can 
be  interpreted as species-specific adaptation. Pretreatment with 
an NO donor (SNP) caused an increase in pigment contents 
and PSII activity of both female and male T. grandis; however, 
inclusion of the NO scavenger (L-name) decreased this effect 
(Figures  1, 2). Thus, these results suggest that pretreatment 
with NO donors is a simple and effective measure to reduce 
the effect of salt on the growth of T. grandis. These findings 
are consistent with previous reports on saffron (Babaei et  al., 
2021), Arabidopisis thaliana (Liu et al., 2015), and Glycine max 
(Vaishnav et  al., 2016).

Chlorophyll is an important factor in photosynthesis in 
plants. In this study, salt and NO treatments significantly 
affected chlorophyll pigments and their ratios (Figure  1). 
Decreases in total chlorophyll content of both female and male 
T. grandis were observed under salt treatment, suggesting that 
salt stress caused damage to photosynthetic pigments. Similar 
results were also reported in Mentha spicata and Oryza sativa 
(Amri et  al., 2011; Ounoki et  al., 2021). However, compared 
with salt treatment, NO treatment in both female and male 
T. grandis resulted insignificantly higher leaf chlorophyll contents, 
which was inconsistent with that reported in mustard and 

cotton (Khan et  al., 2012; Liu et  al., 2013). Changes in the 
Chl a/b ratio often indicate a change in the ratio between the 
light-harvesting complexes (LHC) and the reaction center 
complexes of the photosystem (Venema et  al., 2000). The 
significantly increased Chl a/b ratio in both female and male 
T. grandis under NO treatment showed that NO might participate 
in inducing these plants to change the ratio of chlorophyll 
pigments to maintain a good photoelectron transfer system. 
This was confirmed by the supply of the NO scavenger (L-name), 
which reversed the effect of SNP on pigment accumulation 
and caused a reduction in total chlorophyll, Chl a, and Chl 
b contents (Figure  2).

Chlorophyll fluorescence parameters are often used to reflect 
the photosystem changes of plants in the face of environmental 
stress, and the measurement is convenient, accurate, and sensitive 
(Pashkovskiy et al., 2018). Generally, plants grown under stress 
have lower Fv/Fm than non-stressed plants (Baker, 2008), which 
is consistent with the performance of T. grandis (Figure  2). 
The significantly higher values of Fv/Fm under treatment with 
an NO donor compared with those under salt treatment indicated 
that pretreatment with an NO donor can effectively maintain 
photochemical efficiency in T. grandis seedlings. The increase 
in ABS/RC in both female and male T. grandis under salt 
treatment can be  explained by a decrease in the number of 
active reactive centers (RC) of PSII, which might serve as a 
defense mechanism to reduce the burden of its systems when 
salt stress occurs (Strasser et  al., 2010). Another effective 
protective mechanism for plants under salt stress is the dissipation 
of the absorbed light energy into heat (Baena-Gonzalez and 
Aro, 2002), which was confirmed by the significantly higher 
values of non-photochemical quenching (NPQ) per reaction 
center of PSII (DIo/RC) in T. grandis seedlings under salt 
stress (Figure  2C). Furthermore, TRo/RC was significantly 
higher under salt, which indicated that T. grandis seedlings 
under salt stress had improved the efficiency of the remaining 

TABLE 2  |  Summary of significance levels (two-way ANOVA) for the effects of gender, salt, and their interaction on RWC, proline content, the level of lipid peroxidation, 
NO content and NR activity, GSH content and GR activity, and antioxidant enzyme activities.

Source RWC (%)
Proline content 

(μg g−1 FW)
MDA content 
(nmol g−1 FW)

REC (%)
O2·− production 

rate 
(nmol g−1 min−1)

H2O2 content 
(μmol g−1 FW)

NR activity 
(nmol min−1 mg−1 

protein)

Gender (A) MS 4.51 1719.60 2049.20 28.90 36716.53 285.55 18.31

P 0.0497 0.0001 0.0001 0.0001 0.0001 0.0001 0.0006

Salt (B) MS 37.82 58628.69 921.47 379.65 52280.93 21405.36 281.25
P 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

Interaction 
(A × B)

MS

P

11.67

0.0003

121.59

0.0001

831.53

0.0001

17.75

0.0001

2766.38

0.0001

530.26

0.0001

31.92

0.0001

Source NO content 
(μmol g−1 FW)

GR activity 
(nmol min−1 mg−1 

protein)

GSH content 
(mg g−1 FW)

SOD activity

(U g−1 protein)

POD activity

(U mg−1 protein)

CAT activity 
(μmol min−1 mg−1 

protein)

APX activity 
(nmol min−1 mg−1 

protein)
Gender (A) MS 35.62 112.59 1423.36 80.40 372.89 199.27 195.98

P 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
Salt (B) MS 2476.18 111.60 23448.59 353.36 281.31 644.22 141.27

P 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
Interaction 
(A × B)

MS

P

163.24

0.0001

19.83

0.0001

425.80

0.0001

93.39

0.0001

28.85

0.0001

81.52

0.0001

25.87

0.0001
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active reaction centers. However, compared with salt-treated 
seedlings, NO treatment caused an increase in PSII activity 
in both female and male T. grandis (Figure  2), which is 
indicated by higher Fv/Fm and lower ABS/RC, DIo/RC, and 
TRo/RC. However, the inclusion of an NO scavenger (L-name) 
decreased this effect, caused a reduction in Fv/Fm, and increased 
the values of ABS/RC, DIo/RC, and TRo/RC (Figure 2). Together, 
these results confirm that the supply of an NO donor can 
maintain the photosynthetic capacity of T. grandis plants under 
salt stress.

When plants are stressed, the photosynthetic electron 
transport system produces a large number of reactive oxygen 
species (ROS), including O2·− and H2O2 (You and Chan, 
2015). This is consistent with the significantly increased 
values of O2·− and H2O2 in the leaves of T. grandis under 
salt stress (Figure  3). Furthermore, the accumulation of 
ROS could lead to a break in the osmotic balance of plant 

cell membranes and eventually to membrane lipid peroxidation 
(Golldack et  al., 2014). The increase in MDA content often 
indicates the occurrence of membrane lipid peroxidation, 
while the change in membrane permeability leads to an 
increase in relative conductivity (Li et  al., 2014). Compared 
with female plants, male T. grandis seedlings grown under 
salt suffered from more negative effects, as they were 
characterized by a significantly higher MDA content, relative 
electrolyte leakage rate, and O2·− production rate but decreased 
H2O2 content (Figure  3; p < 0.05). These results indicated 
that female T. grandis were more tolerant to environmental 
stress than male T. grandis, which is consistent with previous 
results using a drought test (Wang et  al., 2021). Our results 
also showed that the addition of SNP could effectively 
maintain the balance of intracellular and intracellular 
permeable substances and the stability of the cell membrane 
in both male and female T. grandis (Figure  3). This was 

A B

C D

FIGURE 3  |  Lipid peroxidation [MDA content (A), REC (B), O2·- production rate (C), H2O2 content (D)] of T. grandis leaves in response to different treatments. CK 
(control, distilled water), salt (100 mM NaCl), SNP (100 mM NaCl with 0.05 mM SNP), and L-name (100 mM NaCl with 0.5 mM SNP and L-name). Different uppercase 
letters indicate a significant difference between different genders at p < 0.05, and different lowercase letters indicate significant difference under salt treatment at 
p < 0.05, according to Duncan’s test.
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also confirmed by the application of the NO scavenger 
(L-name), which again increased these parameters. These 
results were relatively consistent with the results in Brassica 
oleracea (Akram et  al., 2020), broccoli (Ahmad et  al., 2016), 
and cotton (Dong et  al., 2014).

RWC commonly exhibits a decreasing trend under salt 
treatment (Li et  al., 2014). In this study, we  found that values 
of RWC declined under NaCl treatment, and sexual differences 
were significant, indicating that the leaf water situation of male 

and female T. grandis are quite different under salt stress. 
Compared with males, female T. grandis seedlings maintained 
significantly higher RWC under salt stress (Figure 4A), indicating 
that female T. grandis seedlings are more tolerant to salt stress 
than male plants. When plants suffer from salt stress, the 
accumulation of osmotic substances and proline content in 
leaf cells is often used as an effective means of alleviating 
stress. Both male and female T. grandis seedlings showed a 
higher accumulation of proline under salt stress, while SNP 

A B

FIGURE 4  |  Leaf relative water (RWC) content (A) and proline content (B) of T. grandis in response to different treatments. CK (control, distilled water), salt (100 mM 
NaCl), SNP (100 mM NaCl with 0.05 mM SNP), and L-name (100 mM NaCl with 0.5 mM SNP and L-name). Different uppercase letters indicate a significant 
difference between different genders at p < 0.05, and different lowercase letters indicate significant difference under salt treatment at p < 0.05, according to Duncan’s 
test.

A B

FIGURE 5  |  Nitrate reductase (NR) activity (A) and NO content (B) of T. grandis in response to different treatments. CK (control, distilled water), salt 
(100 mM NaCl), SNP (100 mM NaCl with 0.05 mM SNP), and L-name (100 mM NaCl with 0.5 mM SNP and L-name). Different uppercase letters indicate a 
significant difference between different genders at p < 0.05, and different lowercase letters indicate significant difference under salt treatment at p < 0.05, 
according to Duncan’s test.
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treatment further increased proline content and RWC (Figure 4). 
In contrast, the inclusion of the NO scavenger (L-name) 
decreased the effect of SNP on proline accumulation and caused 
a reduction in RWC, which confirmed that NO might be involved 
in maintaining the water content in T. grandis. A similar result 
was reported by Chen et  al. (2021), who found that H2S-
induced NO alleviated the salt stress of Cyclocarya paliurus 
by improving proline accumulation.

The synthesis of NO increases when plants are subjected 
to stress, which has been reflected in this work and in previous 
research (Valderrama et al., 2021; Wani et al., 2021). Meanwhile, 
the results of this study showed that the activity of NR and 
NO content increased simultaneously, indicating that NR is 
an important enzyme in the synthesis of NO in T. grandis 
(Corpas and Barroso, 2017). NR-mediated NO production has 
been reported to be  involved in plant physiological responses 
under stress (Mur et  al., 2013). Studies on wheat seedlings 
have also indicated that the application of NO donors could 
significantly increase both NR activity and NO content (Khan 
et al., 2017). Compared with male T. grandis, female T. grandis 
induced significantly higher NR activity and NO content under 
salt stress, which to some extent explained the physiological 
and biochemical differences between male and female T. grandis 
under environmental stress. However, compared with females, 
male T. grandis treated with exogenous SNP synthesized more 
NO (Figure  5B), which may help male T. grandis alleviate 
the damage caused by salt stress, as they have a lower tolerance. 
The inclusion of the NO scavenger confirmed the effect of 
the external SNP supply on endogenous NO synthesis, which 
was consistent with the results of cotton (Dong et  al., 2014) 
and Zea mays (Kharbech et  al., 2020).

One of the mechanisms through which NO participates 
in plant stress resistance is the activation of the antioxidant 

system, including the non-enzymatic and enzymatic 
antioxidant systems (da-Silva, C. J., Modolo, L. V., 2017; 
Wani et  al., 2021). A large number of studies have shown 
that the content of non-enzymatic substances, such as 
phenolics and soluble proteins, in salt-treated plants can 
be significantly increased with the participation of NO donors 
(Ahmad et  al., 2016; da-Silva, C. J., Modolo, L. V., 2017; 
Chen et  al., 2021). The results of this study showed that 
the GSH content and GR activity of T. grandis seedlings 
under salt stress were significantly increased after treatment 
with an NO donor (Figure  6). This result is consistent with 
previous studies on wheat (Hasanuzzaman et  al., 2011), 
cotton (Liu et  al., 2013), and chickpea (Ahmad et  al., 2016). 
Our previous study also showed that NO induced by hydrogen 
sulfide was involved in the regulation of the salt tolerance 
of T. grandis, which was related to the massive synthesis 
of different phenolic antioxidants (Chen et  al., 2021). In 
general, the accumulation of non-enzymatic substances is 
beneficial for plant cells to cope with osmotic damage caused 
by stress.

The production of antioxidant enzymes, such as SOD, POD, 
CAT, and APX, in plants often keeps ROS in a stable state, 
and these antioxidant systems are activated when ROS are 
greatly increased under stress (Wakeel et  al., 2020). O2·− is 
dissimulated to H2O2 by SOD, which is then eliminated by 
CAT and APX, producing H2O and O2 (Lázaro et  al., 2013). 
Female T. grandis under salt stress showed significantly higher 
SOD and CAT enzyme activities, while male T. grandis showed 
significantly higher POD and APX enzyme activities (Figure 7). 
This also explains the different responses of male and female 
T. grandis to salt stress. Compared with female T. grandis, 
salt-stressed male T. grandis had significantly higher SOD, 
POD, CAT, and APX enzyme activities after SNP treatment. 

A B

FIGURE 6  |  Glutathione reductase (GR) activity (A) and GSH content (B) of T. grandis in response to different treatments. CK (control, distilled water), salt (100 mM 
NaCl), SNP (100 mM NaCl with 0.05 mM SNP), and L-name (100 mM NaCl with 0.5 mM SNP and L-name). Different uppercase letters indicate a significant 
difference between different genders at p < 0.05, and different lowercase letters indicate significant difference under salt treatment at p < 0.05, according to Duncan’s 
test.
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This suggests that NO might be  more effective in alleviating 
the salt stress of male T. grandis by improving the activities 
of antioxidant enzymes. These results also indicated that the 
increase in the activity of these antioxidant enzymes mediated 
by SNP might be  due to post-translational modifications 
(PTM), such as persulfidation or S-nitrosation (Singh et  al., 
2017; Alamri et  al., 2020).

Overall, our study showed that female T. grandis showed 
better tolerance to salinity, as they were characterized by 
significantly higher RWC, pigment contents, and Fv/Fm and 
fewer negative effects. This is associated with higher nitrate 
reductase (NR) activity and NO content. Pretreatment with 
an NO donor alleviated salt-induced oxidative damage of 
T. grandis, especially male T. grandis, as indicated by lowered 

lipid peroxidation through an enhanced antioxidant system, 
including proline and glutathione accumulation, and increased 
antioxidant enzyme activities. However, the ameliorating 
effect of the NO donor was not effective in the presence 
of an NO scavenger. The present study provides new evidence 
to contribute to the current understanding of NO-induced 
salt stress tolerance and the role of NO signaling in 
dioecious plants.
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Styrax tonkinensis has great potential as a biofuel feedstock source having industrial 
oilseeds with excellent fatty acids (FAs) composition and good fuel properties. 
Photosynthesis in the developing pericarp could affect the carbon distribution in kernel. 
During kernel development, more carbon sources are allocated to starch rather than lipid, 
when the pericarp photosynthesis is reduced by fruit shading treatment. After shading 
the fruits at 50 days after flowering (DAF), samples of shaded fruit (FSK) and controls (CK) 
were collected at 80 DAF and analyzed using the proteomic method. We identified 3,181 
proteins, of which 277 were differentially expressed proteins, all downregulated in the FSK 
group. There were 56 proteins found involved in carbohydrate metabolism and lipid 
biosynthesis leading to oil accumulation with their iTRAQ ratios of FSK/CK ranging from 
0.7123 to 1.1075. According to the qRT-PCR analyses, the key genes related to FA and 
triacylglycerol (TAG) biosynthesis were significantly downregulated between 60 and 90 
DAF especially at 80 DAF, while the key genes involved in starch biosynthesis and FA 
desaturase had no significant difference between the two groups at 80 DAF. Fruit shading 
is a negative treatment for lipid accumulation but not starch accumulation by restraining 
enzymic protein expression involved in FA and TAG biosynthesis during S. tonkinensis 
kernel development.

Keywords: fruit shading, kernel development, carbon partitioning, oil biosynthesis, differentially expressed 
proteins

INTRODUCTION

Autotrophic plants acquire carbon through photosynthesis, which provides organic compounds 
for conversion into different metabolites (Ashraf and Harris, 2013). Photosynthate produced 
in chloroplast-containing “source” tissues is transported to different “sink” tissues or organs 
to be  consumed in respiration or utilized in the synthesis of starch, oil, and proteins (Bennett 
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et  al., 2011). The transport of photosynthates from source to 
sink is one of the most important factors affecting seed 
development (Li et  al., 2011; Hua et  al., 2012). Different light 
intensity caused by shading treatment resulted in significant 
differences in metabolites in blueberry leaves (Wu et al., 2022). 
Photosynthesis in the pericarp contributes a certain proportion 
of the source carbon deposited in kernels and affects seed 
quality and kernel nutrient accumulation (Xu et  al., 2016). 
During fruit development, treatments used to manipulate the 
photosynthetic rate can affect the carbon distribution in kernels, 
especially between starch and lipid (Ma et  al., 2014; Zhang 
et  al., 2018).

Styrax tonkinensis (Pierre) Craib ex Hartwich, as a woody 
biodiesel species, has seed kernels with high oil content (more 
than 50%) during seed maturation (Wu et  al., 2019a). Oleic 
acid (C18:1) and linoleic acid (C18:2) are the two major fatty 
acids (FAs) and account for more than 80% of the total FA 
content (Zhang et  al., 2017). During kernel development, the 
biological metabolic processes of starch and FA biosynthesis 
are catalyzed by two series of enzymes; glucose-1-phosphate 
adenylyltransferase (AGP), starch synthase (glgA) and 1,4-alpha-
glucan branching enzyme (glgB) play important roles in starch 
synthesis (Lin et  al., 2006; Bourgis et  al., 2011), while the 
pyruvate dehydrogenase complex (PDC), acetyl-CoA carboxylase 
complex (ACC), 3-oxoacyl-ACP reductase (KAR), enoyl-ACP 
reductase (EAR), acyl-CoA:DAG acyltransferase (DGAT), and 
phospholipid:diacylglyceryl transferase (PDAT) take on major 
responsibilities in FA and triacylglycerol (TAG) biosynthesis 
(Bates et  al., 2013; Niu et  al., 2015).

Mechanisms of oil accumulation have been analyzed at the 
molecular level using transcriptomic and proteomic methods 
in many oilseed plants, including Elaeis guineensis (Bourgis 
et  al., 2011; Silva et  al., 2014), Vernicia fordii (Zhang et  al., 
2014; Zhan et  al., 2016), Jatropha curcas (Grover et  al., 2014; 
Liu et  al., 2015) and S. tonkinensis (Wu et  al., 2020, 2021). 
In our previous studies, ACC and PDC were placed in the 
center of the regulatory network for oil accumulation during 
S. tonkinensis kernel development (Wu et  al., 2020, 2021). 
However, at the protein level, the biological functioning of 
TAG-related enzymes, such as DGAT and PDAT, is unclear, 
as these endoplasmic reticulum-associated proteins appear at 
middle stages during kernel development (Wiese et  al., 2007; 
Liu et  al., 2018). According to the nutrient distribution in the 
continuum of the pericarp, seed coat, and kernel, the nutrient 
deposition center would be  transferred into kernels from the 
maternal units (the pericarp and seed coat) which may function 
as a nutrient buffer storage area between the mother tree and 
the kernel (Bennett et  al., 2011; Wu et  al., 2019b).

In another previous study, we  found that pericarp 
photosynthesis in S. tonkinensis was stimulated by treatment 
with the brassinosteroid hormone 24-epibrassinolide and 
attenuated by fruit shading (Zhang et al., 2018). Oil accumulation 
in developing S. tonkinensis kernels was markedly impaired at 
about 80 days after flowering (DAF) while the fruits grew in 
low light conditions under three layers of black, non-woven 
fabric bags (Shade#3 treatment). Meanwhile, a much larger 
proportion of carbon precursor was directed toward starch 

accumulation causing a high starch/oil ratio in the developing 
kernels under this treatment. A possible reason may be  that 
the oil-related enzymes, such as ACC, DGAT, and PDAT, are 
more susceptible to carbon source shortage.

To further understand the effect of fruit shading on developing 
kernels at protein levels, we  repeated the Shade#3 treatment 
on developing S. tonkinensis fruits to analyze changes in 
differentially expressed proteins (DEPs) involved in kernel 
development and nutrient distribution by the isobaric tags for 
relative and absolute quantification (iTRAQ) method. The aims 
of the present study were to: (i) assess proteomic profiles of 
samples of shaded fruit (FSK) and controls (CK) kernels; (ii) 
identify DEPs between the two groups; (iii) identify the proteins 
involved in starch and lipid biosynthesis; and (iv) illucidate 
the molecular mechanism of carbon partitioning under source 
shortage during S. tonkinensis kernel development.

MATERIALS AND METHODS

Plant Material
The study was performed on 20 eight-year-old S. tonkinensis 
trees (from Jishui, Jiangxi Province) at the Styracaceae Germplasm 
Repository (32°32′ N, 118°50′ E) situated in Nanjing, China, 
belonging to the north subtropical monsoon humid climate 
zone. The plants grew under natural conditions with moderate 
soil fertility. In accordance with our previous study (Zhang 
et  al., 2018), we  chose 20 infructescences from each tree for 
fruit shading using three layers of black, non-woven fabric 
bags (Shade#3) on 18 July 2018 (50 DAF). No leaves were 
included in the shading bags. Twenty untreated fruits from 
the same trees were labeled as a control group. For each group, 
fresh fruits were collected every 10 days from July 18 (50 DAF) 
to August 27 (90 DAF). At each sampling, shaded and unshaded 
fruits were randomly selected from each tree and pooled into 
four biological replicates (i.e., fruits from five trees per replicate). 
To adjust for their growth, the number of fruits collected per 
treatment per tree was reduced from five to three over the 
sampling period. Fruits were placed on dry ice for transport 
to the laboratory and, after removing the pericarps and seed 
coats, kernels were transferred to liquid nitrogen storage for 
iTRAQ and qRT-PCR analyses.

Protein Extraction and iTRAQ Analysis
Kernels collected from FSK and CK groups at 80 DAF were 
used for proteomic analysis, again with four biological replicates 
per treatment. Protein extraction and digestion were performed 
according to our previous study (Wu et  al., 2021). The peptide 
mixture resulting from trypsin digestion was labeled using an 
8-plex iTRAQ kit (AB Sciex, Framingham, United  States) 
following the manufacturer’s instructions and Ye et  al. (2010). 
Peptides were labeled as follows: FSK samples with iTRAQ-
113, 114, 115, and 116, CK samples with iTRAQ-117, 118, 
119, and 121. The labeled peptides were pooled before 
lyophilization in a vacuum concentrator.

Reverse-phase high-performance liquid chromatography 
(HPLC) was used to separate labeled peptides following 
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procedures as described by Liu et  al. (2017). The peptide 
mixture was re-dissolved in solvent A (20 mM ammonium 
formate adjusted to pH 10.0 with NH4OH), and then fractionated 
by high pH separation using an Ultimate 3,000 liquid 
chromatography system (Thermo Fisher Scientific, Waltham, 
United  States) connected to an XBridge C18 reverse-phase 
column (4.6 mm × 250 mm, 5 μm) equilibrated with solvent B 
(20:80 (v/v) ammonium formate buffer (pH 10.0):acetonitrile). 
After separation, 12 final fractions were collected and vacuum-
dried for the next step. Re-dissolved peptides were analyzed 
by Nano-HPLC-MS/MS using an EASY nLC 1,000 system 
(Waters Corporation, Milford, United  States) coupled to a 
Q-Exactive mass spectrometer (Thermo Fisher Scientific, 
Waltham, United States). The parameter settings were as described 
by our previous study (Wu et  al., 2021).

After analyzing the tandem mass spectra with PEAKS Studio 
version 8.5 (Bioinformatics Solutions, Waterloo, Canada), 
customized protein sequence databases derived from 
transcriptome sequence analysis (Wu et al., 2020) were searched 
with PEAKS DB assuming trypsin as the digestion enzyme 
and with fragment ion mass and parent ion tolerances set at 
0.05 Da and 7 ppm, respectively. The bioinformatics analyses 
were specified according to Lu et  al. (2019). After protein 
identification, the DEPs between FSK and CK groups were 
recognized if their abundance ratios were over 1.5 or <0.667 
with p < 0.01 (by ANOVA) and they contained at least two 
unique peptides. Identified proteins were classified using the 
public protein databases. Proteins involved in carbohydrate 
metabolism and lipid biosynthesis were subsequently tallied 
via the gene functional annotation.

Total RNA Extraction and qRT-PCR 
Analysis
Quantitative real-time PCR (qRT-PCR) of seven genes related 
to carbon flux from sucrose to fatty acids at five time points 
from 50 to 90 DAF was carried out. Total RNA extraction, 
first-strand cDNA synthesis, and amplification primer design 
(Supplementary Table  1) were performed as described in our 
previous study (Wu et  al., 2020). All reactions were done on 
a StepOne Real-Time PCR System using SYBR Green Dye 
(Applied Biosystems, Foster City, United States; Takara, Dalian, 
China). Relative gene expression was evaluated using the 2−ΔΔCt 
method with 18S ribosomal RNA as an internal control.

RESULTS

Mass Spectrometry Analysis and Protein 
Identification
Peptides and proteins of FSK and CK samples at 80 DAF 
were identified by the iTRAQ method. After searching the 
unique mass spectra and peptides against the S. tonkinensis 
transcription database, a total of 3,181 proteins were obtained 
(Supplementary Table 2). The proteomic data from all samples 
followed a normal distribution and showed high repeatability 
across biological replicates by principal component (PCA) and 
hierarchical cluster (HCA) analyses. For the PCA analysis 
(Figure 1A), all four replicates of the CK group were clustered 
together near the origin in the lower right quadrant, but well 
separated from the samples of the FSK group distributed across 

A B

FIGURE 1  |  Quality control of samples of different groups. (A) Principal component analysis of samples. (B) Hierarchical cluster analysis of samples.
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the other three quadrants. For the HCA analysis (Figure  1B), 
replicates were clustered together depending on whether the 
fruit was shaded or not.

The 3,181 identified proteins were annotated against the Gene 
Ontology (GO) database and then categorized into three functional 
categories: biological process (BP), cellular component (CC), and 
molecular function (MF). The top 20 sub-categories of annotated 
proteins in each term were listed (Supplementary Figure  1). 
Under the BP term, the major sub-categories were “metabolic 
process” (1,491), “cellular process” (1,439), and “organic substance 
metabolic process” (1,314). Nested within the CC term, “cell 
part” (1,368) and “intracellular part” (1,317) were the major 
sub-categories. “Catalytic activity” (1,490) and “binding” (1,348) 
were the major MF groups.

Identification of Differentially Expressed 
Proteins
According to the relative expression levels, a total of 227 DEPs 
between the FSK and CK groups at 80 DAF were identified 
(Supplementary Table 3). All of the DEPs were downregulated 
in the FSK group relative to the CK group. To analysis their 
functions, all DEPs were annotated against GO, Clusters of 
Orthologous Groups (COG), and the Kyoto Encyclopedia of 
Genes and Genomes (KEGG) databases.

In the GO annotation analysis, the 227 DEPs were categorized 
into the same three functional categories (i.e., BP, CC, and 

MF). The sub-categories of annotated proteins arranged by value 
of p in each term are listed in Figure  2. The DEPs in the BP 
term were mainly distributed in “protein refolding,” “‘de novo’ 
protein folding,” “carbon utilization,” and “gluconeogenesis.” Under 
the CC term, the major sub-categories were “proton-transporting 
ATP synthase complex, catalytic core F (1),” “mitochondrion,” 
“cytosol,” and “cytoplasm.” “NAD binding,” “unfolded protein 
binding,” “oxidoreductase activity,” and “coenzyme binding” were 
the major MF sub-categories.

The COG annotation analysis classified the 227 DEPs into 
20 categories (Figure 3) with the majority in “post-translational 
modification, protein turnover, chaperones” (79), followed by 
“energy production and conversion” (24), “carbohydrate transport 
and metabolism” (21), and “intracellular trafficking, secretion, 
and vesicular transport” (15). There were 10 proteins annotated 
into “lipid transport and metabolism.”

In the KEGG annotation analysis, the 227 DEPs were assigned 
into four KEGG categories (metabolism, genetic information 
processing, cellular processes, and organismal systems), 16 
sub-categories, and 79 KEGG pathways (Figure  4). Under the 
metabolism term, 51 DEPs were annotated into carbohydrate 
metabolism with the largest number within “glycolysis/
gluconeogenesis” (11), followed by “starch and sucrose 
metabolism” (7), “amino sugar and nucleotide sugar metabolism” 
(6), “pyruvate metabolism” (6), and “glyoxylate and dicarboxylate 
metabolism” (5). Twenty-five, twenty, and thirteen DEPs were 
annotated into amino acid metabolism, energy metabolism, 

FIGURE 2  |  GO annotation analysis of differentially expressed proteins (DEPs).
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and lipid metabolism, respectively. Under the genetic information 
processing category, 54 DEPs were annotated into folding, 
sorting, and degradation with the majority in “protein processing 
in endoplasmic reticulum” (35). Additionally, there were 12 
and 8 DEPs annotated into “transport and catabolism” (cellular 
processes) and “environmental adaptation” (organismal systems), 
respectively.

Identification of Protein Species Involved 
in Oil Accumulation
According to the annotation results, 56 of the 3,181 identified 
proteins are involved in carbohydrate metabolism and lipid 
biosynthesis leading to oil accumulation (Supplementary Table 4), 

including five proteins for starch and sucrose metabolism, 12 
for glycolysis/gluconeogenesis, three for the pentose phosphate 
pathway, six for the TCA cycle, 13 for FA biosynthesis, seven 
for TAG biosynthesis, and three for FA metabolism. The iTRAQ 
ratios of all 56 proteins between the FSK and CK groups ranged 
from 0.7123 to 1.1075, with the majority being downregulated. 
According to the protein annotation, the identified transcription 
factors (TFs) were mainly concentrated in the PKL, C3H, MYB, 
and SBP families (Supplementary Figure 2). Most of the identified 
TFs showed downregulation trends in the Shade#3 treatment.

The ratios of sucrose synthase (SS) and sucrose phosphate 
synthase (SPS) between the FSK and CK groups were 0.9249 
and 0.8741, respectively, with slight and non-significant 

FIGURE 3  |  COG annotation analysis of DEPs.

FIGURE 4  |  KEGG annotation analysis of DEPs.
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downregulation in FSK samples. The mean value of the ratios 
of enzymes involved in starch synthesis was 0.9813, including 
AGP (0.8381), glgA (0.9984), and glgB (1.1075). The mean values 
of the ratios of enzymes involved in glycolysis/gluconeogenesis, 
the pentose phosphate pathway, and TCA cycle were 0.8175, 
0.8108, and 0.8237, respectively, most of which showed significant 
downregulation. The mean value of enzymes related to FA 
biosynthesis in plastid was 0.7964, with a lower ratio of KAR 
(0.7369) and EAR (0.7538). The mean value of enzymes involved 
in TAG biosynthesis in endoplasmic reticulum was 0.8157 with 
a lower ratio of DGAT (0.7534). The ratio of oil body membrane 
protein (i.e., OLE) was 0.8922 with slight and non-significant 
downregulation in FSK samples. The mean value of enzymes 
involved in oil metabolism was 0.8051 between FSK and CK groups.

qRT-PCR Analysis of Related Key Genes
Based on the results of our proteomic analysis, seven genes 
(agp, mdh, accA, accC, fad2, dgat, and pdat) known to be involved 
in oil accumulation were chosen for confirmation of mRNA 
expression levels by qRT-PCR (Figure 5). The dynamic expression 
of agp showed similar trends in the FSK and CK groups except 
at 70 DAF. The dynamic expression of fatty acid desaturase 
2 (fad2) was very similar in both the FSK and CK during 
the whole observation period. The expression of the other key 
genes varied between 70 and 90 DAF, especially at 80 DAF 
where there was significantly lower expression in the FSK 
samples, relative to the CK group.

DISCUSSION

In higher plants, photosynthesis occurs in all green parts 
including leaves and other non-leaf organs, such as bracts, 

pedicels, and pericarps (Aschan and Pfanz, 2003; Kocurek 
et  al., 2015). The change of photosynthesis rate effects the 
metabolite distribution (Wu et  al., 2022). The supply of 
carbohydrate required by developing seed is affected significantly 
by treatments, such as fruit shading or pedicel ring cutting, 
which severely limits the delivery of photosynthate from the 
maternal plant (Hua et  al., 2012). During soybean seed 
development, pod removal or leaf blade shading increased the 
protein percentage and decreased the oil content (Proulx and 
Naeve, 2009). In some plants, the seeds themselves can carry 
out photosynthesis that positively affects their growth (Andriotis 
et  al., 2012; Galili et  al., 2014). The percent oil content in 
green plant tissues increases with the increase of photosynthesis 
(Ohlrogge and Jaworski, 1997). In contrast, reduced inputs of 
source carbon decreases seed biomass accumulation and changes 
the nutrient composition of kernels by increasing the competitive 
accumulation of alternative storage compounds (Baud and 
Lepiniec, 2010).

Zhang et  al. (2018) studied the effects of fruit spraying 
with 24-epibrassinolide and fruit shading treatments on kernel 
development in S. tonkinensis. They found significant changes 
in the allocation of carbon between starch and fatty acids at 
about 80 DAF when fruits were shaded by three layers of 
black, non-woven fabric bags (Shade#3). In our study, 
S. tonkinensis kernels were shaded with Shade#3 treatment 
from 50 DAF and then collected for iTRAQ-based proteomics 
analysis at 80 DAF and qRT-PCR analysis at 50, 60, 70, 80, 
and 90 DAF, respectively. There was high repeatability in the 
PCA and HCA analyses (Gerhardt et al., 2019). All the replicates 
from FSK and CK groups clustered together respectively, 
indicating that S. tonkinensis kernel biological processes at the 
protein level changed significantly with fruit shading. The 
number of proteins identified in this study (3,181) was more 

FIGURE 5  |  Temporal expression patterns of genes involved in oil accumulation in the FSK and CK groups during Styrax tonkinensis kernel development from 50 to 
90 DAF. Panels show relative expression levels determined by qRT-PCR of seven key genes (50 DAF as the control).
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than that (2,338) in the proteome analysis of S. tonkinensis 
kernel samples from different time points (Wu et  al., 2021), 
which may be due to the gradual formation of proteins during 
kernel development, such as the proteins related to TAG 
formation in ER. All the 227 DEPs were downregulated in 
the FSK group, indicating that fruit shading inhibited 
S. tonkinensis kernel development by reducing photosynthesis 
in the pericarp and decreasing carbon source flow into kernels 
(Zhang et al., 2018; Wu et al., 2019b). The significant difference 
of protein expressions was shown at 80 DAF consistent with 
that the 70–80 DAF stage was identified to be  an important 
time in the nutrient distribution in the continuum of the 
pericarp, seed coat, and kernel, while the deposition center 
for different nutrients moves to the kernel from either the 
pericarp or the seed coat (Wu et  al., 2019b).

In developing kernels, the biological processes of oil 
biosynthesis are complex and involve carbohydrate decomposition, 
pyruvate, and acetyl-CoA formation, FA carbon chain extension, 
and TAG formation (Rawsthorne, 2002; Alonso et  al., 2011; 
Lin et  al., 2017). Meanwhile, oil accumulation is affected by 
starch synthesis, energy metabolism, amino acid metabolism 
(Ekman et  al., 2008; Andriotis et  al., 2012; Chaitanya et  al., 
2015). In our study, we  identified 56 proteins related to 46 
enzymes leading to oil accumulation and 10 of the proteins 
showed significant downregulation in the FSK group. According 
to the expression of related proteins in the FSK and CK groups, 
the expression ratio (FSK/CK) of proteins involved in FA 
biosynthesis was the lowest (0.7977), while those in starch 
biosynthesis was the highest (0.9813). In particular, the expression 
ratios of glaA and glgB, involved in starch biosynthesis, were 
0.9984 and 1.1075 respectively, indicating that the fruit shading 
had no significant effect on the biological process of starch 
biosynthesis while simultaneously inhibiting oil accumulation 
in developing S. tonkinensis kernels (Wang et  al., 1993; Zhang 
et  al., 2018). For qRT-PCR analysis, agp involved in starch 
biosynthesis showed similar change trends in FSK and CK 
groups especially at 80 DAF, consistent with the change trend 
of related enzyme activities in the two groups (Zhang et  al., 
2018). Key genes involved in FA and TAG biosynthesis, such 
as accA, accC, dgat, and pdat, showed low expression in FSK 
groups, consistent with the change trends of related enzyme 
activity and oil content in the two groups. Moreover, the FA 
composition showed little change under fruit shading, consistent 
with little change in fad2 expression at the transcript, protein, 
and enzyme activity levels (Zhang et  al., 2018). The effect of 
fruit shading on kernel nutritional composition is to increase 
the relative starch content and decrease oil content by inhibiting 
the activity of related enzymes involved in oil accumulation.

CONCLUSION

In this study, 3,181 proteins and 227 DEPs were identified in 
samples of shaded fruit and controls kernels of S. tonkinensis 
at 80 DAF using the iTRAQ method. All the DEPs showed 
downregulated expression patterns in the FSK group. During 
S. tonkinensis kernel development, fruit shading treatment 

resulted in significant difference in oil content by constraining 
enzymic protein expression involved in FA and TAG biosynthesis 
and then leads to the decrease of seed oil content. Furthermore, 
the relative increase of starch content in shaded fruits is 
consistent with the observation that fruit shading had no effect 
on starch-related enzymic protein expression.
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Nitrogen enters the terrestrial ecosystem through deposition. High nitrogen levels can affect 
physical and chemical properties of soil and inhibit normal growth and reproduction of forest 
plants. Nitrogen modulates the composition of soil microorganisms. Strigolactones inhibits 
plant branching, promotes root growth, nutrient absorption, and promotes arbuscular fungal 
mycelia branching. Plants are subjected to increasing atmospheric nitrogen deposition. 
Therefore, it is imperative to explore the relationship between strigolactone and nitrogen 
deposition of plants and abundance of soil microorganisms. In the present study, the effects 
of strigolactone on genetic responses and soil microorganisms of Torreya grandis, under 
simulated nitrogen deposition were explored using high-throughput sequencing techniques. 
T. grandis is a subtropical economic tree species in China. A total of 4,008 differentially 
expressed genes were identified in additional N deposition and GR24 treatment. These genes 
were associated with multiple GO terms and metabolic pathways. GO enrichment analysis 
showed that several DEGs were associated with enrichment of the transporter activity term. 
Both additional nitrogen deposition and GR24 treatment modulated the content of nutrient 
elements. The content of K reduced in leaves after additional N deposition treatment. The 
content of P increased in leaves after GR24 treatment. A total of 20 families and 29 DEGs 
associated with transporters were identified. These transporters may be regulated by 
transcription factors. A total of 1,402,819 clean reads and 1,778 amplicon sequence variants 
(ASVs) were generated through Bacterial 16S rRNA sequencing. Random forest classification 
revealed that Legionella, Lacunisphaera, Klebsiella, Bryobacter, and Janthinobacterium were 
significantly enriched in the soil in the additional N deposition group and the GR24 treatment 
group. Co-occurrence network analysis showed significant differences in composition of soil 
microbial community under different treatments. These results indicate a relationship between 
N deposition and strigolactones effect. The results provide new insights on the role of 
strigolactones in plants and composition of soil microorganisms under nitrogen deposition.
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INTRODUCTION

Atmospheric nitrogen deposition has increased more than 10 
times in the past 150 years and is expected to double by 2050, 
due to combustion of fossil fuels and wide use of agricultural 
fertilizers (Galloway and Cowling, 2002). Nitrogen deposition 
significantly affects the balance of various ecosystems under 
global environmental changes (Lin et  al., 2020). In addition, 
nitrogen deposition plays an important role in global nitrogen 
cycle (Xu et  al., 2019). China is among the top three highest 
nitrogen deposition regions in the world owing to rapid economic 
development in the country (Holland et  al., 1999; Dentener 
et  al., 2006; Wang et  al., 2011; Lin et  al., 2020). Nitrogen 
deposition rates was 30–70 kg/ (ha*yr) in China (Liu et  al., 
2013; Ti et  al., 2021; Wu et  al., 2021; ha*yr) Studies predict 
that these regions will exhibit the highest atmospheric nitrogen 
deposition in the world in future (Wang et  al., 2011). A 
moderate amount of atmospheric nitrogen deposition promotes 
plant growth. However, when the ecosystem nitrogen reaches 
saturation, continuous increase in nitrogen deposition negatively 
affects plant growth (Lu et  al., 2014). Excessive nitrogen levels 
as a results of nitrogen deposition causes phosphorus deficiency 
in soils, which in turn changes the physical and chemical 
properties of soil and reduces plant productivity (Lü and Tian, 
2007). In addition, nitrogen deposition reduces soil pH, reduces 
plant diversity, and affects composition and activity of microbial 
communities (Clark and Tilman, 2008; Lu et al., 2014). Moreover, 
high levels of nitrogen affects decomposition of litter by 
microorganisms and mineralization of organic matter, ultimately 
changing the content of soil nutrient elements (Elser et  al., 
2007; Dima et  al., 2015).

Soil microorganisms play a key role nutrient cycling in 
forest ecosystems (Dom et  al., 2021). The research on soil 
microorganisms under the nitrogen deposition mainly focuses 
on the changes of microbial community structure in different 
forest types or different ecosystems (Wang et  al., 2018a,b). 
Previous findings show that long-term nitrogen deposition has 
adverse effects on soil microorganisms (Díaz-Álvarez et  al., 
2018). Atmospheric nitrogen deposition can directly or indirectly 
affect growth, reproduction, and activity of forest soil 
microorganisms (Berg et  al., 2011). Moreover, it can change 
the number, community structure, and function of soil 
microorganisms (Treseder, 2010). These changes ultimately affect 
material transformation and nutrient availability in soil (Treseder, 
2010; Cusack et al., 2011). Previous studies report that excessive 
nitrogen deposition leads to decrease in fungal biomass in 
soil, changes fungal bacterial biomass ratio, affect diversity of 
ectomycorrhizal fungi species. Furthermore, high nitrogen 
deposition level is associated with decrease in soil enzyme 
activity and respiration rate, and change in microbial substrate 
utilization mode (Waldrop et  al., 2004).

Strigolactones (SLs) are plant hormones produced in 
carotenoid biosynthesis pathway (Matusova et al., 2005). Studies 
report that SLs inhibit growth of plant lateral branches, induces 
seed germination, and stimulates hyphal branching of arbuscular 
mycorrhizal fungi (Kapulnik and Koltai, 2014; Al-Babili and 
Bouwmeester, 2015; Shindo et  al., 2020). Secretion of 

strigolactones by roots plays an important role in fungus and 
host before mycorrhizal colonization (Müller et  al., 2019). 
Arbuscular mycorrhizal fungi increase the absorption area of 
host plant roots, release organic acids and soil enzymes, activate 
soil phosphorus, and enhance the host phosphorus absorption 
capacity (Huang et  al., 2018; Higo et  al., 2020). Many studies 
have shown SLs has the potential ability to regulate plant roots 
and rhizosphere microorganisms interaction (van Zeijl et  al., 
2015; Carvalhais et  al., 2019). There are clear evidence present 
that SLs promote biotic stress resistance against specific bacterial 
and fungal phytopathogens (Marzec, 2016). SLs are implicated 
in plant nutrient absorption. Nutrient deficiency induces SLs 
synthesis resulting in plant developmental plasticity (Pandey 
et  al., 2016). Increase in level of SLs under a low-phosphorus 
environment is correlated with inhibition of aboveground 
branches and stimulation of lateral root growth (Brewer et  al., 
2013). Low nitrogen level promotes increase in the synthesis 
of SLs (Yoneyama et  al., 2012; Shindo et  al. 2020). Differences 
in biosynthesis or transport of SLs can affect development of 
shoots in response to supply of N elements (Cochetel et  al., 
2018). More than 25 natural strigolactones have been isolated 
from plant roots (Oancea et al., 2017). The synthetic strigolactone 
analog GR24 is widely used to explore the biological role of 
SLs (Umehara et  al., 2008).

Torreya grandis “Merrillii” is a gymnosperm, and a member 
of the Torreya genus and Taxaceae family (Gao et  al., 2021). 
It is a species of Torreya grandis Fort.ex Lind. that has 
undergone asexual reproduction (Li and Dai, 2007). T. grandis 
is a multi-purpose excellent economic tree used for production 
of fruit, oil, medicine, wood, greening, and ornamental purposes 
(Li and Dai, 2007; Chen et  al., 2020). T. grandis mainly 
grows in Zhejiang Province in China. The purpose of this 
study was to explore whether SLs can improve stress response 
in T. grandis under additional N supply. In the present study, 
the effects of SLs on gene responses and soil microorganisms 
of associated with T. grandis subjected to simulated nitrogen 
deposition were evaluated using high-throughput sequencing 
techniques. The findings of the present study provide new 
insights and basis for further studies on the response of 
subtropical forest plants and soil microorganisms to 
nitrogen deposition.

MATERIALS AND METHODS

Plant Materials and Treatments
One year old T. grandis plants were used in this study. The 
plants were treated with ammonium nitrate (NH4NO3) to 
simulate additional N deposition. The concentration of nitrogen 
used was 160 kg N ha −1 yr. −1. The amount of spraying per 
year was converted into the amount for each month. Strigolactone 
treatments comprising spraying of 10 μM of GR24 solution to 
the shoots of T. grandis seedlings. Spray with a small pot, 
1 ml for each seedling. A total of 20 seedlings were used for 
each treatment. Samples were obtained for transcriptome 
sequencing after 24 h and 72 h of treatment. We  treated them 
once every 1 month. Further, samples were collected for element 
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content determination after 2 months of treatment. Soil samples 
were obtained for bacterial 16S sequencing after 2 months.

Determination of Nutritional Element 
Content
The samples were subjected to concentrated nitric acid perchloric 
acid digestion and analysis of nutritional elements was performed 
using inductively coupled plasma mass spectrometry (ICP-MS; 
Xseries 2 ICP-MS, Thermo, United  States). A weight of 0.1 g 
of the sample was transferred to a 100 ml conical flask, and 
10 ml of concentrated nitric acid added. The conical flask was 
then placed on a heating plate at 80°C for 30 min, and then 
gradually heated until the brown-red gas at the bottle mouth 
disappeared. Further, 2.5 ml of perchloric acid was added; then, 
the mixture was heated to 180°C, heating was continued until 
the liquid became transparent. The mixture was cooled then 
diluted to a 50 ml volumetric flask with distilled water. 
Subsequently, the mixture was filtered into a 50 ml conical 
flask. The content of each element was then determined by 
atomic absorption spectrophotometer.

Total RNA Extraction and Transcriptome 
Sequencing
TRNzol Universal Total RNA Extraction Reagent (DP424, 
TIANGEN Biotech, Beijing, China) was used to extract total 
RNA from the leaves of T. grandis subjected to different 
treatments. Nanodrop (Thermo, United  States) was used to 
determine the purity (D260/D280) and concentration of RNA 
samples. Approximately 1 μg of RNA was obtained from each 
sample for library construction. mRNA with polyA tail was 
enriched by Oligo (dT) magnetic beads and randomly 
interrupted. One-stranded cDNA was synthesized with six-base 
random primers (random hexamers) by the M-MuLV reverse 
transcriptase system using mRNA as a template. Buffer, dNTPs, 
and DNA polymerase I  were used to synthesize two-stranded 
cDNA. AMPure XP beads were used to purify the double-
stranded cDNA. The purified double-stranded cDNA was then 
repaired, A-tailed, and connected to the sequencing adapter. 
Further, AMPure XP beads were used for fragment size 
selection. PCR amplification was conducted to obtain the 
final cDNA library. A total of 21 RNA-seq libraries were 
constructed. Sequencing was performed using the Illumina 
NovaSeq  6000 platform.

Transcriptome Data Quality Control and 
Analysis
Adapter sequence was removed from the obtained raw data 
then reads with low quality and high unknown base content 
were filtered out to obtain high-quality clean reads. The clean 
reads were compared with previously assembled transcript 
sequence using hisat2 software. Count data were acquired using 
feature Counts software (Han et  al., 2020). Transcripts per 
million (TPM) method was used to estimate gene expression 
using the Trinity software (Haas et al., 2013). DESeq2 R package 
was used to identify differentially expressed genes (DEGs) at 
a false discovery rate (FDR) < 0.05. GeneOntology (GO) and 

Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment 
analysis of DEGs was performed using clusterprofiler (3.4.4) 
tool, with correction of the gene length deviation. GO terms 
or KEGG pathways with corrected value of p less than 0.05 
were considered significantly enriched by the DEGs.

Weighted Gene Co-expressed Network 
Analysis
A total of 14,654 genes were obtained for further analysis 
based on the expression of more than 1  in 80% of the samples. 
Weighted gene co-expression network analysis (WGCNA) was 
conducted using WGCNA R package (Langfelder and Horvath, 
2008). Hierarchical clustering on samples was performed using 
ward. D2 algorithm in hclust function. The soft threshold was 
calculated by picksoftthreshold function after ensuring that 
there was no outlier sample. The weighted adjacency matrix 
was constructed, and the related gene modules were identified 
based on the hierarchical clustering of the dissimilarity measure 
of the topological overlap matrix (TOM). A local network 
containing ion transport transporters related DEGs was 
established using the results of module division. A transcriptional 
regulation network was generated using Cytoscape software.

Soil DNA Extraction and Sequencing
Total DNA of soil samples was extracted using TIANamp Soil 
DNA Kit (Code:DP336, TianGen Biotech, Beijing, China). 
Concentration and purity of the soil were determined using 
2000 spectrophotometer, and detection conducted using 1% 
agarose gel electrophoresis. Total microbial DNA of each soil 
sample was used as the template for PCR amplification with 
bacterial V3 ~ V4 region-specific primers 341F 
(5′-cctacggggcgwgcag-3′) and 806R (5′- ggactachvggtwtctaat-3′). 
The PCR product was recovered by agarose gel electrophoresis 
after detection of target fragments using AxyPrep PCR Clean-up 
Kit Recovery Kit. Truseq nano DNA LT library prep Kit 
(Illumina company) was used to construct a sequencing library 
based on the purified PCR product. DNA PCR-free sample 
preparation kit was used to quantify samples on qubit and 
qPCR fluorescence quantitative systems. Sequencing was 
performed using IlluminaMiSeq platform.

Cutadapt (V1.9.1) quality control software1 was used to 
evaluate the sequencing quality of all 16S sequences, which 
were further grouped according to the different primers used 
for the samples. Usearch V10 software overlap was used to 
splice Clean Reads of each sample. Further, length filtering of 
the spliced data was performed according to the length range 
of different regions. Final valid data (non-Chimeric Reads) 
were obtained by denoising and removing chimeric sequences 
using dadA2 method in QIIME2 software (Bolyen et al., 2019). 
ASV sequences were compared with corresponding database 
sequences in QIIME2 software. NCBI database annotations 
were used to obtain the corresponding taxonomic information 
of each ASV. Specific species composition of each sample at 
each taxonomic level was obtained according to classification 

1�https://cutadapt.readthedocs.io/en/stable/
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of ASVs and taxonomic status identification results. QIIME2 
software was used to calculate Alpha diversity index and Beta 
diversity index for each sample.

Co-occurrence Network Analysis
A co-occurrence network was constructed with each treated 
sample. The main ecological clusters of strongly correlated 
ASVs were then determined. Paired Spearman correlations 
between ASVs were evaluated, and correlations with Spearman 
coefficient less than 0.60 and value of p greater than 0.01 
were removed. The main modules in the network were visualized 
using Gephi tool.2

RESULTS

Transcriptome Sequencing Quality 
Analysis
Raw data was processed before analysis to ensure high quality 
during data analysis. The clean data were obtained by removing 
the adapter, and reads containing indeterminate base 
information and low-quality reads (Supplementary Table S1). 
A total of 20 million clean reads were obtained for each 
sample, with Q20 greater than 98% and Q30 greater than 
94%. The sequencing error rate was 0.02–0.03%. These results 
indicate that the sequencing quality was good and the sequences 
can be  used for subsequent bioinformatics analysis. Overall 
sample principal component analysis (PCA) was performed 
to explore the expression levels of genes in all samples. The 
results showed that the samples had good repeatability 
(Supplementary Figure S1). Details on identified unigenes 
are presented in Supplementary Table S2.

Analysis of DEGs Related to N Deposition 
and SLs Response
DESeq2 software was used to compare the expression levels 
of genes of T. grandis leaves under different treatments p < 0.05 
was used as the screening criteria. DEGs for each comparison 
are shown in Supplementary Figure S2. Global DEGs profiles 
under additional N deposition or GR24 treatments were 
presented as a heatmap (Figure  1A). A total of 1,048 DEGs, 
including 556 upregulated and 492 downregulated genes, were 
identified under the additional N deposition treatment for 
24 h. Further, 829 DEGs including 426 upregulated and 403 
downregulated genes were identified for the 72 h treatment. 
A total of 468 DEGs, including 218 upregulated and 250 
downregulated genes were identified after 24 h under GR24 
treatment. A total of 527 DEGs, including 288 upregulated 
and 239 downregulated genes were identified after 72 h of 
GR24 treatment. A total of 931 and 335 DEGs were identified 
after 24 h and 72 h under additional N deposition+GR24 
treatment (Supplementary Figure S2). A total of 4,008 
non-redundant DEGs were obtained in all comparison groups 
(Supplementary Table S3). We  also analyzed the expression 

2�https://gephi.org/

trend of differentially expressed genes (Figure 1B). The results 
showed that there was significant difference in DEGs of cluster 
0, 5, 8, 10, 18, and 19 (p < 0.05). Among them, the DEGs 
of cluster 19 increased in all treatments, while the expression 
of DEGs in cluster 0 decreased in all treatments. Notably, 
281 and 240 DEGs were ascribed to treatment with additional 
N deposition for 24 h and 72 h, respectively (Figure  1C). In 
addition, 93 and 127 DEGs were attributed to GR24 treatment 
for 24 h and 72 h, respectively.

Go and KEGG Enrichment Analysis of 
Differentially Expressed Genes
GO analysis of the DEGs was conducted to determine the 
main biological functions of these genes (Figure  2A). A total 
of 25 GO terms were significantly enriched in the biological 
process (BP) category. The top three significantly enriched 
terms in the BP category were single-organism process, cellular 
process, and metabolic process. The findings showed that 19 
GO terms were significantly enriched in the cellular component 
with cell, cell part, and membrane part as the top three terms. 
A total of 14 terms were identified for molecular function 
category, with binding, catalytic activity, and signal transducer 
activity being the most enriched terms.

The DEGs were associated with enrichment of different 
KEGG metabolic pathways (Figure  2B). The results showed 
that 32 pathways were significantly enriched (p < 0.05). 
Arachidonic acid metabolism and Brassinosteroid biosynthesis 
were significantly enriched in the additional N deposition 
treatment group after 24 h and GR24 treatment group after 
72 h treatment. Vitamin B6 metabolism was significantly enriched 
in the additional N deposition treatment group after 24 h and 
the additional N deposition+GR24 treatment group after 24-h 
and 72-h treatment. Phenylalanine, tyrosine, and tryptophan 
biosynthesis were significantly enriched in the additional N 
deposition treatment group after 72 h, GR24 treatment group 
after 72-h treatment, and additional N deposition+GR24 
treatment group after 72-h treatment. Starch and sucrose 
metabolism and Circadian rhythm—plant were significantly 
enriched after 72-h treatment in the additional N deposition 
group and the GR24 group after treatment for 24 h. These 
results indicate that there was a crosstalk between N deposition 
and strigolactone.

Nutritional Elements Analysis
Increase in nitrogen deposition leads to decrease in soil 
inorganic phosphorus content and significant increase in soil 
N/P ratio (Blanes et  al., 2013). Nitrogen deposition affects 
absorption of nutrients by plants. GO enrichment analysis 
showed that several DEGs were associated with enrichment 
of the transporter activity terms. Therefore, further analysis 
of common nutritional elements was performed (Figure  3). 
The results showed that additional N deposition treatment 
reduced the content of Ca in leaves and stems and increased 
the level of Ca in roots. The content of K reduced in leaves 
after additional N deposition treatment. The content of P 
increased in leaves after GR24 treatment. GR24 treatment 
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reduced the content of Mg in stems. The three treatments 
reduced the content of S reduced in leaves. The content of 
Fe increased in leaves and reduced in roots after additional 
N or GR24 treatment. The content of Zn reduced in leaves 
after additional N treatment and increased in roots after 
GR24 treatment.

Analysis of DEGs Related to Element 
Transporter Genes and Transcription 
Factors
Further analysis was conducted to explore DEGs related 
transporters. A total of 20 families of transporters were 
identified (Figure  4A). The findings showed that 29 DEGs 
were transporters of nutritional elements (Figure  4B). The 
change of expression of these element transporters may be the 
main reason for the difference of nutrient absorption of 
T. grandis under different treatments. Transcription factors 
are the regulatory factors that mainly regulate transcription 
of some genes after cells respond to external stress. Further 
analysis was conducted on the transcription factors of different 
genes. The findings showed that the transcription factors may 

be  involved in the signal transduction of N deposition and 
strigolactone and regulation of the nutrient transport vectors. 
A total of 26 families of transcription factors were identified 
(Figure  4C). SLs may regulate the expression of transporters 
by mediating the expression of these transcription factors. 
Further, WGCNA analysis shows that all unigenes were divided 
into 35 modules, which were defined by different color codes 
(Figure  5). Three unigene associated with the elements 
transporters were in the “blue” module including a Phosphate 
transporter 1; 4 (evm.TU.PTG005231L.4), a High affinity 
sulfate transporter 2(evm.TU.PTG000970L.10), and a zinc 
ABC transporter ATPase (evm.TU.PTG000400L.77). According 
to the weight value, we made the network interaction diagram 
of three genes.

Effects of Additional N Deposition and 
GR24 Treatment on Soil Microbial 
Community Structure
Previous studies report that nitrogen deposition affects growth, 
reproduction, and activity of soil microorganisms (Díaz-
Álvarez et al., 2018). In addition, nitrogen deposition changes 

A B

C

FIGURE 1  |  Identification of the DEGs between additional N deposition and GR24 treatments in Torreya grandis. (A) Expression profiles of the DEGs under 
additional N deposition or GR24 treatments were shown by a heatmap. The original expression values were normalized by Z-score normalization. (B) DEGs module 
expression trends by the line chart. The expression trend line graph of each sub-module, the horizontal axis is the sample, and the vertical axis is the average 
expression level of all the genes in the sample. The trend of value of p < 0.05 is significant. (C) Upset plot of the DEGs in different comparisons.
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the structure and function of soil microbial community. 
Therefore, 16S sequencing was conducted to explore the effect 
of nitrogen deposition on soil microorganisms associated 
with T. grandis. A total of 2,819,899 pairs of PE reads were 
obtained from 20 samples (n = 5; Supplementary Table S4). 
A total of 1,402,819 clean reads were generated after PE 
reads quality control and splicing. Each sample resulted in 
at least 35,711 clean reads, with an average of 70,141 clean 
reads. A total of 1778 amplicon sequence variants (ASVs) 
were obtained using the dada2 method in qiime2 software 
(Figure  6A and Supplementary Table S5). The findings 
showed that 868 ASVs were common to the four groups of 

samples (Figure  6B). Additional N deposition and GR24 
treatment modulated the structure of soil bacteria at different 
classification levels (Figure  6C). Alpha diversity analysis of 
soil bacterial community structure under different treatments 
showed that the Chao1 and Shannon index were significantly 
higher in the additional N deposition+GR24 treatment group 
compared with the control group (Figure 6D). Shannon index 
and rank abundance curve in the tested soil samples gradually 
flattened, revealing a reasonable number of sequences 
(Supplementary Figures S1C,D). PERMANOVA (Adonis) 
analysis showed significant differences in microbial structure 
among the different treatments (Supplementary Figure S3).

A

B

FIGURE 2  |  Enrichment analysis of the DEGs in different comparisons. (A) GO enrichment analysis of all the DEGs based on three GO terms: biological process, 
cellular component, and molecular function. (B) KEGG enrichment analysis of the DEGs in the six comparisons. The significant values of p of each KEGG term 
under different treatments were shown by a heatmap.
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Effect of Additional N Deposition and 
GR24 Treatment on Relative Abundance of 
Soil Bacteria
Random forest classification model was used to evaluate 
discriminatory taxa in soils under different treatments (Figure 7). 
The results revealed that Legionella, Lacunisphaera, Klebsiella, 
Bryobacter, and Janthinobacterium were significantly enriched 
in the additional N deposition or GR24 treatment soil 
microbiomes. A ternary diagram was generated which showed 
that some Proteobacteria were enriched in the additional N 
deposition-treated soil, whereas some acidobacteria were enriched 
in the control group soil. Co-occurrence network analysis showed 
that composition of soil microbial community at the classes 
level changed significantly under different treatments (Figure 8). 
The top five most abundant classes in the control group were 
Alphaproteobacteria, Acidobacteria, Gemmatimonadetes, 
Betaproteobacteria, and uncultured_bacterium_k_Bacteria. The 
top five abundant classes in GR24 treatment group were 
Alphaproteobacteria, Acidobacteria, Gemmatimonadetes, 

Nitrososphaeria, and Chitinophagia. The top five abundant 
classes in additional N deposition treatment group were 
Alphaproteobacteria, Acidobacteria, Gemmatimonadetes, 
Gammaproteobacteria and Chitinophagia. The top five most 
abundant classes in additional N deposition +GR24 treatment 
group were Alphaproteobacteria, Acidobacteria, uncultured_
bacterium_k_Bacteria, Chitinophagia, and Gammaproteobacteria.

DISCUSSION

Nitrogen deposition affect the supply of soil nutrients in the 
ecosystem (Lü and Han, 2010). Change in soil nutrient content 
directly affects absorption and utilization of soil nutrients by 
plants and modulates the stoichiometric characteristics of plants 
(Tessier and Raynal, 2003). Plants respond to changes in the 
external environment by activating the signal cascade that 
modulates the expression pattern of downstream genes. In 
addition, they change their morphological structure and 

FIGURE 3  |  The characteristics of nutrient elements contents in Torreya grandis after additional N deposition or GR24 treatments for two mouths. “*” represent 
p ≤ 0.05, using unpaired student t-test; “**” represent p ≤ 0.01, using unpaired student t-test.
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physiological characteristics to adapt to the new environment 
(Jiang et  al., 2021). Strigolactones, auxin, and cytokinin work 
synergistically to modulate lateral branch growth of plants and 
maintain the aboveground phenotypes of plants (Umehara et al., 
2008). SLs affect root growth and root hair development, 
respond to external conditions of plant nitrogen and phosphorus 
deficiency, and regulate key hormone networks (Villaecija-Aguilar 
et  al., 2019). Studies on different plant species report that 
nutrient levels, such as N/P in soil, are key regulators of SLs 
biosynthesis and secretion (Yoneyama et al., 2007; Kohlen et al., 
2011). Notably, SLs also play important roles in the process 
of plant response to stress. SLs deficient mutants are more 
sensitive to drought and salt stress compared with the wild 
type (Torres-Vera et  al., 2014; Li et  al., 2020). The mutant 
phenotype can be  restored by addition of exogenous GR24 

(Ha et al., 2014). Wild-type plants treated with GR24 are more 
resistant to drought and salt stress compared with untreated 
plants (Ha et  al., 2014). In the present study, transcriptome 
data from T. grandis shoots and Bacterial 16S rDNA sequencing 
data from the soil subjected to various treatments were used 
to evaluate the relationship between additional N deposition 
and SLs.

Differential gene analysis is an effective tool to explore gene 
expression changes over time (Zhan et al., 2018). In the current 
study, the number of DEGs after 72 h in the three treatment 
groups varied greatly. The findings showed that 205 and 130 
DEGs were upregulated and downregulated, respectively, under 
the additional N deposition+GR24 treatment for 72 h. This 
finding shows a relationship between additional N deposition 
and SLs in T. grandis leaves. Nitrogen element and SL are 
implicated in regulation of plant metabolic pathways. 
Brassinosteroid biosynthesis pathway was significantly enriched 
under additional N deposition treatment for 24 h, GR24 treatment 
for 72 h and additional N deposition+ GR24 treatment for 
24 h and 72 h. Brassinosteroids play an important role in plant 
growth and development and adaptation to the external 
environment (Ji et  al., 2011; Gou et  al., 2012). Additional N 
deposition or GR24 treatment affected synthesis of 
brassinosteroids. Amino sugar and nucleotide sugar metabolism 
and Cyanoamino acid metabolism were significantly enriched 
under additional N deposition treatment and GR24 treatment. 
These results show that SLs plays an important role in regulating 
the genes involved in these pathways.

Nitrogen plays a key role in modulating plant growth (Kiba 
et  al., 2018). The content of nitrogen in plants or its effective 
utilization in soil directly modulates changes in various nutrient 
elements in plants and regulates the nutrient balance in plants 
(Li et  al., 2012; Ravazzolo et  al., 2020). Excessive nitrogen 
deposition reduces the growth of plants. This is because the 
excess nitrogen affects nutrient balance in plants (Bobbink and 
Roelofs, 1998). Nitrogen deposition changes the content of other 
elements including carbon, nitrogen, and phosphorus, which 
play important roles in plant physiological processes and may 
also affect some key processes in the ecosystem (Ruiqiang et al., 
2016; Chen et  al., 2017). Our results showed that short-term 
nitrogen deposition treatment induces a decrease in phosphorus 
content in the roots of T. grandis. GR24 treatment promotes 
increase in P content in leaves of T. grandis. The findings 
showed that the content of S, Fe, Mn, and Zn changed under 
additional N deposition treatment as well as GR24 treatment. 
Changes in the content of these elements may be  attributed 
to dysregulation of the expression of the relevant transporters 
under N deposition or GR24 treatment. Environmental factors, 
such as soil nutrients, may directly or indirectly regulate the 
biosynthesis of SLs. Urea and nitrate may contribute to the 
synthesis and secretion of SLs in red clover root, while phosphorus 
and ammonium salts might hinder the synthesis (Yoneyama 
et  al., 2001). SLs and its key signaling genes can affect the 
expression of transcription factors and thus affect plant root 
growth (Sun et  al., 2021; Sylwia et  al., 2021). celements are 
regulated by many transcription factors (Gong et  al., 2020). 
Therefore, the effect of SLs on element content under the 

A

B

C

FIGURE 4  |  Screening of differentially expressed genes related to 
transcription factors and substance transporters. (A) Identification of 
differential genes associated with transporters. (B) The heat map shows the 
expression levels of nutrient-related transporters in each treatment. 
(C) Identification of differentially expressed genes that are transcription 
factors. A total of 26 families of transcription factors were obtained.
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background of nitrogen deposition may be realized by regulating 
the expression of transporter by transcription factors.

High levels of nitrogen deposition leads to soil acidification, 
imbalance in storage of soil nutrient elements, changes soil 
microbial community structure, and decreases microbial biomass 
(Waldrop et  al., 2004; Lu et  al., 2014). The specific functional 
microorganisms driving the nitrogen cycle have inconsistent 
responses to environmental changes, which can easily lead to 
the weakening of the coupling between nitrogen cycle links 
under the condition of increased nitrogen deposition, thus 
breaking the balance of nitrogen cycle (Levy-Booth et al., 2014). 
When growth is limited by phosphorus, plants will absorb excess 
N to synthesize phosphatase or induce microorganisms to secrete 
phosphatase, and the increase of phosphatase activity will release 
phosphorus absorbed in minerals and organic matter in large 
quantities, thus increasing the availability of soil P (Treseder 
and Vitousek, 2001). Phosphatase synthesis requires enough 

nitrogen (Treseder and Vitousek, 2001). The increase of soil P 
availability can promote the absorption and utilization of P by 
N-fixing bacteria and alleviate the restriction of P on nitrogen-
fixing microorganisms in tropical and subtropical areas, which 
is an important factor to ensure the nitrogen fixation function 
of soil microorganisms under the background of high N deposition 
(Benjamin et  al., 2008). The findings of the present study 
indicated that short-term nitrogen deposition and SLs treatment 
changed the composition and structure of soil bacteria, with 
significant changes observed in the group subjected to additional 
N deposition + GR24. The α diversity in additional N disposition 
+ GR24 group was significantly different compared with that 
of the other treatment groups. Previous results indicated that 
nitrogen application had no significant effect on bacterial diversity, 
however, it significantly changed composition of microbial 
community (Fierer et al., 2012). The change in microbial diversity 
can be  attributed to increase in nitrogen availability. In the 

A C

B D

FIGURE 5  |  Identification of WGCNA modules associated with nutrient-related transporters under additional N deposition and GR24 treatments. (A) Heat map of 
the correlation between modules. A total of 35 modules were identified. Cytoscape representation of three nutrient-related transporters including Phosphate 
transporter 1;4 (evm.TU.PTG005231L.4) (B), High affinity sulfate transporter 2(evm.TU.PTG000970L.10) (C) zinc ABC transporter ATPase(evm.TU.PTG000400L.77) 
(D). The yellow box represents the upstream of the target gene, and the blue circle represents the downstream.
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current study, nitrogen deposition treatment increased the relative 
abundance of gammaproteobacteria and chitinophagia, whereas 
GR24 treatment increased the relative abundance of 
nitrososphaeria and chitinophagia. Previous studies report that 
Proteobacteria comprises a variety of metabolic species and is 
widely involved in the biochemical cycle of carbon, nitrogen, 
and other elements in soil (Kersters et  al., 2006; Fenliang et  al., 
2014). Conversion of ammonia to nitrite is a key step in the 
nitrogen cycle. Microorganisms involved in this process mainly 
include ammonia-oxidizing bacteria, which are members of 
betaproteobacteria and gamma Proteobacteria, and ammonia-
oxidizing organisms which are members of archaea group 
(Hatzenpichler et al., 2008; Prosser and Nicol, 2008). Abundance 
of Gammaproteobacteria significantly increases with increase 
in contents of nitrogen and phosphorus (Simek et  al., 2006). 
Nitrososphaeria is the most widely distributed Archaea on earth 
and is involved in ammonia oxidation (Sheridan et  al., 2020). 
Chitinophagia class comprises endosporogenic microorganisms 
that degrade plant-derived carbohydrates in terrestrial ecosystems 
(Kishi et  al., 2017). The results of this study showed that 
microorganisms implicated in nitrogen cycle were significantly 

enriched after GR24 treatment. Random forest classification 
analysis showed that Legionella was an important differentially 
expressed flora. The abundance of Legionella increased under 
nitrogen treatment and decreased under GR24 treatment. 
Legionella is a pathogenic bacteria (Atlas, 1999) widely distributed 
in various natural and artificial environments (van Heijnsbergen 
et  al., 2016). The relative abundance of Bryobacter increased 
under GR24 treatment. Abundance of Bryobacter was positively 
correlated with soil health and directly correlated with available 
P concentration (Huang et  al., 2020; Liang et  al., 2020). These 
results indicate suggest that SLs promote increase in abundance 
of beneficial bacteria and reduction of harmful bacteria in soil.

CONCLUSION

In the present study, the effects of strigolactones on genetic 
responses and soil microorganisms associated with T. grandis 
were explored under simulated nitrogen deposition using high-
throughput sequencing techniques. A total of 4,008 differentially 
expressed genes were identified in the study. These genes were 

A

C

D

B

FIGURE 6  |  Effects of additional N deposition and GR24 treatments on soil bacteria composition. (A) The number of ASVs obtained from each samples. ASVs 
were obtained by denoising the sequence using the dada2 method included in the QIIME2 software. (B) Venn diagram between treatments. (C) The histogram 
shows the species composition of soil bacteria in each sample (relative abundance at phylum and family levels). (D) Histogram of group differences in alpha diversity 
index. The significance of factors and the interaction between factors is marked at the top of the figure, where “*” represents p < 0.05 and “**” represents p < 0.01.
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associated with enrichment of multiple GO terms and metabolic 
pathways. Nitrogen deposition and GR24 treatment modulated 
the content of nutrient elements. A total of 1,778 ASVs were 
generated by 16S sequencing. Random forest classification model 
revealed that Legionella, Lacunisphaera, Klebsiella, Bryobacter, 
and Janthinobacterium were significantly enriched in the 
additional N deposition group or GR24 treatment group. 
Co-occurrence network analysis showed that species composition 
of soil microbial community was significantly different under 
the different treatments. These results indicate an association 
between N deposition and strigolactone activity.
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Shannon index rarefaction curve(C) and Rank Abundance Curve (D) were used to 
assess the depth of coverage for each sample.

Supplementary Figure S2  |  Analysis of the differentially expressed unigenes 
(DEGs) under N deposition or GR24.

Supplementary Figure S3  |  Permanova analysis box diagram. Y-axis 
represents Beta distance; The box above ‘All between ‘represents the Beta 
distance data of samples between all groups, while the box above ‘All within 
‘represents the Beta distance data of samples within all groups. The box below 
represents the Beta distance data of samples within different groups.

Supplementary Table S1  |  Sequencing output statistics of 21 
RNAseq samples.

Supplementary Table S2  |  The expression profile of all identified genes.

Supplementary Table S3  |  Detailed information of identified differentially 
expressed genes.

Supplementary Table S4  |  Summary of 16S raw data processing.

Supplementary Table S5  |  ASV abundance of all the 16S sequencing samples.
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Landscape Research WSL, Birmensdorf, Switzerland, 3 Key Laboratory of Geographical Processes and Ecological Security in 
Changbai Mountains, Ministry of Education, School of Geographical Sciences, Northeast Normal University, Changchun, 
China, 4 Institute for Forest Resources and Environment Research Center of Guizhou Province, Guizhou University, Guiyang, 
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Current increases in not only the intensity and frequency but also the duration of drought 
events could affect the growth, physiology, and mortality of trees. We experimentally 
studied the effects of drought duration in combination with fertilization on leaf water 
potential, gas exchange, growth, tissue levels of non-structural carbohydrates (NSCs), 
tissue NSC consumption over-winter, and recovery after drought release in oak (Quercus 
petraea) and beech (Fagus sylvatica) saplings. Long drought duration (>1 month) decreased 
leaf water potential, photosynthesis, and NSC concentrations in both oak and beech 
saplings. Nitrogen fertilization did not mitigate the negative drought effects on both species. 
The photosynthesis and relative height increment recovered in the following rewetting 
year. Height growth in the rewetting year was significantly positively correlated with both 
pre- and post-winter root NSC levels. Root carbon reserve is critical for tree growth and 
survival under long-lasting drought. Our results indicate that beech is more sensitive to 
drought and fertilization than oak. The present study, in a physiological perspective, 
experimentally confirmed the view that the European beech, compared to oak, may 
be more strongly affected by future environmental changes.

Keywords: non-structural carbohydrates, NSC, over-winter carbon consumption, photosynthesis, recovery,  
water deficit

INTRODUCTION

Global climate change has led to and is continuously resulting in increases not only in drought 
intensity but also in the frequency and duration of drought events globally (IPCC, 2013). Two 
main hypotheses have been proposed and are currently debated to explain the mechanisms 
for the widespread forest dieback caused by increased drought events (Hartmann et  al., 2018; 
Spinoni et  al., 2018): trees would die (1) due to hydraulic failure or (2) as a result of carbon 
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starvation (McDowell and Allen, 2015; Gessler et  al., 2018). 
The hydraulic failure hypothesis proposes that the tree mortality 
results from the embolism of the xylem vessels under high 
evaporative demand and restricted soil water availability (Nardini 
et al., 2013), whereas the carbon starvation hypothesis suggests 
that tree mortality would be caused by a carbon supply limitation 
due to stomatal closure and thus reduced photosynthesis that 
cannot cover the carbon and energy demand for maintenance 
processes (McDowell et  al., 2008; Rowland et  al., 2015). 
Concerning carbon starvation, several studies have shown that 
the contents of starch, a compound that serves as carbon 
storage and is build up when assimilation exceeds plant’s 
demand for carbon, were strongly reduced by severe soil water 
deficit (McDowell, 2011), implying carbon limitation (Reinhardt 
et  al., 2015). Previous studies also suggested that hydraulic 
perturbation could prevent phloem transport (Sevanto, 2014) 
and consequently constrains carbon accessibility (Sala et  al., 
2012; Hartmann and Trumbore, 2016), even though the carbon 
availability in the tree crown area might not be  restricted. 
Thus, hydraulic failure and carbon starvation are often seen 
to be  associated with each other in the cascade of drought 
events leading to tree mortality (Adams et  al., 2017).

Droughts, however, are very tougher to be  defined, and 
thus a universally accepted drought definition considering both 
water-deficit intensity and duration is still lack (Buitink et  al., 
2021). Previous drought-related forest and agricultural studies, 
especially manipulation experiments, mainly focused on the 
effects of drought intensity (e.g., various levels of watering, 
such as very limited, limited, and optimum watering) on trees 
or plants (Allen et  al., 2010; Yu et  al., 2021), while less is 
known about the effects of drought duration on trees’ physiology, 
growth, and mortality. Actually, seasonal drought with longer 
duration occurs often in subtropical regions around the world. 
In terms of seasonal drought, drought duration is somewhat 
comparable to drought intensity. A long-lasting drought event 
may cause irreversible changes in plant physiology which are 
different from those found in relatively short-term severe 
droughts. For example, recurrent or short-term lasting drought 
events may allow trees to recover and even acclimate to water 
restriction (Gessler et  al., 2020), and thus, permit them to 
survive in the long-term. However, longer term lasting drought 
events may strongly affect the recovery ability of trees. Currently, 
unexpected whole-season drought occurs more frequently in 
many regions around the world. For instance, since the beginning 
of the 21st century Europe already experienced severe drought 
summer of 2003, 2010, 2013, 2015, and 2018 (Hanel et  al., 
2018; Brunner et al., 2019). Therefore, mechanistic understanding 
of tree and forest responses to various drought duration is 
particularly critical for sustainably forest management under 
future climate change.

Theoretically, trees’ resilience and resistance to drought stress 
and the recovery and thus survival ability should be associated 
with the resource storage and availability. Non-structural 
carbohydrates (NSC = soluble sugars + starch) among other 
resources (e.g., nutrients, see Gessler et  al., 2017) are known 
to contribute to tree resilience after stress (Li et  al., 2002, 
2008b). For many years, reserve storage was considered as a 

passive process resulting from an accumulation of resources 
when uptake and assimilation exceeded growth demand (Sala 
et al., 2012; Wiley and Helliker, 2012). An alternative hypothesis 
was proposed in which reserves storage would be  rather an 
active process during the growing season and would act as a 
sink competing with other sinks (e.g., growth and reproduction) 
for available resources (Wiley and Helliker, 2012; Li et  al., 
2018a). Several studies investigated the NSC levels of trees 
during and at the end of the growing season following a 
growing season-long drought (Li et  al., 2013; Schönbeck et  al., 
2018, 2020a,b). They found a drought-induced growth reduction 
but did not observe a drought-induced NSC decrease of trees, 
suggesting an active NSC storage under drought at the expense 
of growth (Wiley and Helliker, 2012; Li et  al., 2018a). Recent 
evidence indicates that stress actively induces NSC transfer 
from aboveground tissues to roots stored (Kannenberg et  al., 
2018; Li et  al., 2018a). In contrast, Li et  al. (2018b) analyzed 
27 case studies and found that drought decreased NSC 
concentration by 17.3% in roots, while it did not change NSC 
in aboveground tissues in the current season. To our knowledge, 
even less is known about the changes of NSC over-winter 
(post- vs. pre-winter) in trees previously stressed by drought.

Recently, it was proposed that nutrient addition (i.e., 
fertilization) will affect the fitness of trees under dry conditions, 
showing intensifying or mitigating effects on trees’ tolerance 
to drought (Kreuzwieser and Gessler, 2010; Gessler et  al., 
2017; Schönbeck et  al., 2020b). Nitrogen (N) deficiency can 
increase the sensitivity of stomata to low leaf water potential 
(Radin and Ackerson, 1981; Ghashghaie and Saugier, 1989), 
which further increases the risk of drought-induced carbon 
starvation (McDowell, 2011). N itself is a main growth-
limiting nutrient in temperate terrestrial ecosystems and is 
also a major component of Rubisco and other photosynthetic 
enzymes and structures which regulate the photosynthetic 
activity and thus carbon gain and the NSC level of trees 
in response to environmental factors, such as drought (Bond 
et  al., 1999; Meng et  al., 2016). Schönbeck et  al. (2020a) 
found that negative effects of moderate drought intensity 
(but not of severe drought) could be compensated by increased 
nutrient availability in Scot pine saplings. In contrast, Jacobs 
et al. (2004) reported that fertilization with blended fertilizer 
impaired the root system development and drought avoidance 
ability of drought-stressed Douglas-fir seedlings. Similarly, 
Dziedek et  al. (2016) found that nitrogen addition increased 
the drought sensitivity of saplings of several deciduous tree 
species (Dziedek et  al., 2016). Despite these studies, there 
is a strong knowledge gap about drought and nutrient 
interaction and especially about whether and to what extent 
nutrient addition affects winter NSC consumption and thus 
growth recovery in the season following drought.

The species, Quercus petraea (Matt.) Liebl. (oak) and Fagus 
sylvatica L. (beech), are two coexisting species in European 
forests. According to Ellenberg (2009), oak will become more 
competitive than beech at sites where as July temperatures 
increase to >18°C and precipitation decreases to <600 mm/
year as a result of climate change. We  proposed a conceptual 
model to describe the physiological, growth, survival, and 
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recovery responses of these two species to increasing drought 
duration and after drought release (Figure  1), and therefore 
carried out a greenhouse experiment with saplings of these 
two species treated with various drought duration in combination 
with light fertilization (defined as <2 g N kg−1 dry soil), followed 
by rewetting (Figure  1). We  measured leaf water potential, 
gas exchange rate, tissue NSC under various drought durations 
in combination with fertilization, and the recovery potential 
(incl. gas exchange, growth rate, and mortality) after rewetting, 
to test following hypotheses: (1) the availability of tissue NSC 
decreases with increasing drought duration due to decreased 
leaf water potential and photosynthesis; (2) this decreased 
pre-winter and post-winter (at the early beginning of next 
growing season) NSC availability leads to lower recovery ability 
of trees after rewetting; (3) fertilization mitigates the negative 
drought effects on trees as proposed by Gessler et  al. (2017); 
and (4) beech is more sensitive than oak to the treatments 
as proposed by Ellenberg (2009).

MATERIALS AND METHODS

Experimental Design and Treatments
The experiment was carried out in the greenhouse of the Swiss 
Federal Institute for Forest, Snow, and Landscape Research 
WSL (47°21′48″N, 8°27′23″E, 545 m a.s.l.), Birmensdorf, 
Switzerland. On February 27, 2018, 3-year-old sessile oak and 

European beech saplings (~30–40 cm in height) were planted 
into 10-liter plastic pots (26 cm in diameter). After transplanting 
into the pots, the plants were grown for 4 weeks under well-
watered conditions (irrigation every 2–3 days) in the greenhouse 
to recover from the transplant shock. The cultivation soil 
consisted of semi-decomposed humus and commercial potting 
soil. The initial soil nitrogen and carbon contents were: 
39 mg N kg−1 soil for NH4

+-N, 573 mg N kg−1 soil for NO3
−-N, 

22.42% for soil C, and 0.82% for total soil N. The greenhouse 
temperature and humidity during the period of drought duration 
treatment are shown in Supplementary Figure A1.

A split-plot experimental design with three blocks was employed 
in this study. Each block was divided into two main plots, one 
of which was randomly assigned for oak (48 individuals) and 
the other one for beech (48 individuals; Supplementary Figure A2). 
Each plot was then divided into two sub-plots, one of which 
was randomly assigned for fertilization (24 individuals) and the 
other one for the non-fertilization treatment (ambient, 24 
individuals; Supplementary Figure A2). Each sub-plot was further 
divided in to four sub-sub-plots (rows) randomly assigned for 
one of the four drought duration treatments (six individuals 
each). Therefore, a total of 288 plant individuals (144 individuals 
for each species) was included (Supplementary Figure A2).

Fertilization treatment may be ineffective when the application 
occurs during drought. Therefore, the fertilization treatment 
was conducted on 10 June 2018 (just prior to the drought 
duration treatment) when the soils were still moisture 

FIGURE 1  |  A conceptual model proposed to describe the physiological, growth, mortality, and recovery responses of Quercus petraea (oak) and Fagus sylvatica 
(beech) to increasing drought duration in combination with fertilization and after drought release.
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(Supplementary Figure A2). The fertilizer (Osmocote Exact 
3-4M Standard, 7.0% NO3

−-N, 9.0% NH4
+-N, 9% P2O5, ICL, 

Suffolk, United  Kingdom), equal to 1.68 g N kg−1 dry soil 
(0.945 g N kg−1 dry soil NH4

+-N, 0.735 g N kg−1 dry soil NO3
−-N) 

was added to each pot assigned for fertilization.
After the N-fertilization, plants were exposed to four drought 

duration treatments for 4 months in 2018 (Supplementary Figure A3). 
Plants in the well-watered treatment (D0) were watered thoroughly 
once a week. There were two moderate drought duration treatments, 
one of which was watered thoroughly biweekly (D1), and the 
other one was watered thoroughly once a month (D2; 
Supplementary Figure A3). The treatment of the longest drought 
duration in the present study was watered thoroughly once 2 months 
(D3; Supplementary Figure A3). We  focused on the duration 
between two watering events and thus did not measure the soil 
water condition. After the harvest occurred on 1 October 2018, 
all remaining plants were treated (e.g., well-watering) in the same 
way until the end of the experiment (Supplementary Figure A3).

Leaf Water Potential, Gas Exchange, 
Height Measurement, and Mortality 
Record
To detect the effects of drought duration, all measurements 
and sampling were always carried out directly before the next 
watering (Supplementary Figure A3).

Three plants from both nutrient and all drought treatments 
were randomly selected from each sub-sub-plot and three 
mature leaves from each selected plant were used for water 
potential and gas exchange measurements during the drought 
treatment in 2018. The midday leaf water potential (ψleaf) was 
measured between 12:00 and 14:00 h on 5 August 2018 
(Supplementary Figure A3), with a Scholander bomb (Model 
600 pressure bomb; PMS Instrument Company, Albany, NY, 
United  States). Net photosynthesis (Aleaf) was measured on 6 
August and 28 September 2018 (Supplementary Figure A3), 
and after rewetting in the following year on 24 June 2019, 
with a LiCor 6400 system (LI-COR, Lincoln, United  States). 
Aleaf was measured at 400 μmol mol−1 CO2, 1,200 μmol m2  s−1 
photosynthetically active radiation, ca. 65% relative humidity, 
and 25°C air temperature.

Plant height of each individual was measured on 30 May 
2018 (initial height), on 1 October 2018 (end of the treatment), 
and on 8 October 2019 (after one recovery season; 
Supplementary Figure A3), and height increments were calculated.

Harvest and Sampling
Destructive sampling (harvest) was conducted twice, one on 
1 October 2018 as pre-winter samples, and the other one on 
2 April 2019 as post-winter samples. One plant was randomly 
selected from each sub-sub-plot for each harvest time, and 
48 individuals (24 individuals for each species; three for each 
nutrient and drought treatment) were harvested for each time 
(Supplementary Figure A2). The whole plant was harvested, 
the roots were carefully washed, and the plants were separated 
into leaves (Oct. 2018 only), shoots, and belowground tissue 
and separately sampled [leaves, shoots, mixed roots (i.e., fine 

and coarse roots)]. The samples were immediately put in an 
oven at 105°C for half an hour to stop the metabolic activity 
and then were dried at 65°C until stable weight. The dried 
samples were ground to fine powder, using a ball mill (MM 
400; Retsch, Haan, Germany), for NSC analysis.

Mortality Record
At the beginning of the experiment on 31 May 2018, there 
were six individuals for each treatment in each sub-sub-plot 
(Supplementary Figure A2). During the experiment period, 
one plant out of the six individuals in each sub-sub-plot was 
destructively harvested on each sampling date of 1 October 
2018 and 2 April 2019 (Supplementary Figure A2). Thus, 
each species had, theoretically, four individuals (=6–2) left in 
each sub-sub-plot (Supplementary Figure A2), and each species 
had 12 individuals (4 × 3 blocks = 12) for each treatment across 
the three blocks available at the end of the recovery season 
2019. However, in some sub-sub-plots all the four plants died 
by the end of 2019. Therefore, it was not possible to statistically 
analyze the treatment effects on the mortality. Instead, 
we  recorded the total dead individuals (A) that did not sprout 
new leaves or shoots from any part of a plant during the 
recovery season across the three blocks and calculated the 
total mortality rate with (A/12) × 100%.

Non-structural Carbohydrate Analysis
The NSC concentrations were measured according to the method 
by Wong (1990) modified by Hoch et  al. (2002). NSC refers 
to the sum of mobile sugars (mainly glucose, fructose, and 
sucrose) and starch. First, 10–12 mg sample powder was boiled 
in 2 ml distilled water for half an hour. Then, 200 μl aliquot 
mixed with Invertase (Sigma-Aldrich, Buchs, Switzerland) were 
extracted to degrade sucrose to glucose and fructose. After 
centrifugation, glucose hexokinase and phosphogluconate 
isomerase (Sigma-Aldrich, Buchs, Switzerland) were added. The 
concentration of sugars was obtained as the total amount of 
glucose that was determined by 340 nm photometry (HR 7000, 
Hamilton, Rone, NE, United  States) in a 96-well microplate 
photometer (Sigma-Aldrich, Buchs, Switzerland). 500 μl extract 
was taken from the sample aliquot and reacted with 
amyloglucosidase (Sigma-Aldrich, Buchs, Switzerland) for 15 h 
at 49°C, to break down starch to glucose, and to measure the 
total NSC concentration. The starch concentration was calculated 
as total NSC minus soluble sugars. NSC concentrations are 
expressed on a dry mass (d.m.) basis.

Calculation and Statistical Analysis
The relative height increment rate (RHI) was calculated based 
on height measured on 30 May 2018 (A), on 10 October 2018 
(B), and on 8 October 2019 (C), using [(B − A)/A] × 100% for 
the 2018 growth, and [(C − B)/B] × 100% for the 2019 recovery 
growth. The NSC concentration was calculated as the sum of 
the concentration of soluble sugars plus that of starch for 
each sample.

All data were checked for normality with the Kolmogorov–
Smirnov test and for homogeneity of variance with Levene’s 
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test. The effects of species, drought duration, N-fertilization, 
and their interactions on the parameters measured on each 
date were analyzed using linear mixed effect models, with 
block and main plot as random effects. Within each species, 
the effects of drought duration, N-fertilization, and their 
interactions on the parameters measured on each date were 
also analyzed using linear mixed effect models, with block 
and main plot as random effects, followed, if significant, by 
Tukey’s post-hoc test. Regression analysis was used to test the 
relationship between 2019 relative height increment rate and 
tissue NSC levels (both pre- and post-winter). All analyses 
are carried out by the package “LME” in R v.3.2.5 (R Core Team).

RESULTS

Leaf Water Potential and Photosynthesis 
During Drought Duration Treatment
Drought duration significantly decreased leaf water potential 
(Table  1; Figures  2A,B) in both species. A significant S × D 
interaction (p < 0.001; Table 1) indicated that the leaf water potential 
of the two species responded to drought duration significantly 
differently, showing a ψleaf order of D0 = D1 > D2 = D3 for oak 
(Figure  2A), and of D0 > D1 > D2 = D3 for beech (Figure  2B). 
Neither N-fertilization nor any interaction of N with other factors 
affected leaf water potential (Table  1). In beech, N-fertilization 
significantly decreased ψleaf in D0 plants (Figure  2B).

Species, drought duration, N-fertilization, as well as their 
two-way and three-way interactions significantly affected the Aleaf 
of plants 2 months after the onset of the drought treatment on 
6 August 2018 (except for non-effects of N and S × N interaction) 
and after 4 months on 28 September 2018 (Table  1). Oak’s Aleaf 
significantly decreased with drought duration for the two 
measurement dates (Figures 2C,E), while in beech Aleaf significantly 
increased from D0 to D1, and then decreased in D2 and D3 
(Figures 2D,F) on both dates. N-fertilization seemed to decrease 
Aleaf of oak under D1 and D2 (Figures  2C,E), whereas it 
significantly increased Aleaf of beech under D1 (Figures  2D,F). 
Photosynthesis almost ceased in D3 plants after 4 months of 
treatment (Figures  2E,F), especially in beech (Figure  2F).

During the drought duration treatment, the relative height 
increment (RHI) differed significantly only between species 
(Table  1), showing higher RHI in oak than in beech 
(Figures 2G,H). Neither N and D nor their interactions affected 
RHI (Table  1; Figures  2G,H).

Pre-winter NSC After Drought Duration 
Treatment
The pre-winter NSC levels in leaves differed significantly with species 
(Table 2). The shoot NSC levels, however, did not vary with species 
but were significantly affected by both drought treatment and 
N-fertilization (Table 2). The root NSC was significantly influenced 
by species and drought duration (Table 2). In addition, N-fertilization 
significantly interacted with species to affect the NSC levels in both 
shoots and roots (Table  2). Compared to the D0, D1, and D2 
treatments, oaks in D3 had significantly higher leaf NSC levels TA
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FIGURE 2  |  Midday water potential (ψleaf) after 2 months of drought treatment on 5 August 2018 (A,B), leaf net photosynthesis (Aleaf) after two (6 August 2018; C,D) 
and four (28 September 2018; E,F) months of drought duration treatment in 2018, and the relative height increment (RHI; G,H) between 30 May (initial) and 1 
October 2018 (after 4 months of drought treatment) for oak (Quercus petraea) and beech (Fagus sylvatica) saplings. D0 (watering weekly), D1 (watering biweekly), 
D2 (watering monthly), and D3 (watering bimonthly) represent the drought duration. Different letter indicates significant difference in parameters among D0, D1, D2, 
and D3.

(Figure  3A), mainly caused by higher sugar concentration 
(Supplementary Figure A4a), but significantly lower shoot NSC 
(Figure  3B) mainly resulting from significantly lower starch levels 
(Supplementary Figure A4e). The root NSC of oak tended to 

decrease with increasing drought duration (Figure 3C), due to both 
decreasing sugar and starch levels (Supplementary Figures A4c,f). 
For beech, both leaf and root NSC levels did not change with 
drought (Figures  3F,H) but shoot NSC decreased with increasing 
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TABLE 2  |  Results of linear mixed models with species (S), drought duration (D), nitrogen fertilization (N) as factors, for tissue NSC concentrations after the drought 
duration treatment in the growing season 2018 (pre-winter) and before the growing season 2019 (post-winter).

df
Leaves Shoots Roots

F p F p F p

October 2018 (Pre-winter)

Species (S) 1 11.339 <0.05 0.003 0.958 6.207 <0.05
D-duration (D) 3 0.954 0.428 6.836 <0.05 2.768 =0.05
Nitrogen (N) 1 0.540 0.469 9.596 <0.05 0.276 0.603
S × D 3 1.864 0.158 0.228 0.876 1.100 0.365
S × N 1 1.932 0.175 16.091 <0.001 14.406 <0.001
D × N 3 0.156 0.925 0.303 0.823 2.002 0.136
S × D × N 3 0.869 0.468 0.076 0.973 0.495 0.689
April 2019 (Post-winter)
Species (S) 1 (No leaves) 0.801 0.378 15.649 <0.05
D-duration (D) 3 12.511 <0.001 3.890 <0.05
Nitrogen (N) 1 0.627 0.435 0.227 0.637
S × D 3 1.122 0.356 2.451 0.083
S × N 1 5.977 <0.05 2.730 0.109
D × N 3 1.231 0.316 1.321 0.287
S × D × N 3 2.043 0.130 1.288 0.297

Numbers of degrees of freedom (df), F- and p-values are given.
Bold text indicates a statistically significant difference with a p-value < 0.05.

A F

B D G I

C E H J

FIGURE 3  |  Non-structural carbohydrate (NSC) concentrations in leaves (A,F), shoots (B,D,G,I), and roots (C,E,H,J) of oak (Quercus petraea) (A–E) and beech (Fagus 
sylvatica) (F–J) saplings after 4 months of drought duration treatment in 2018 (pre-winter) (A–E,F–H) and before the growing season 2019 (post-winter) (D–E,I–J). D0 
(watering weekly), D1 (watering biweekly), D2 (watering monthly), and D3 (watering bimonthly) represent the drought duration. Different letters indicate significant 
differences in parameters among D0, D1, D2, and D3.
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FIGURE 4  |  Over-winter changes in non-structural carbohydrate (NSC) concentrations (A–D) (post-winter values minus pre-winter values) and the sugar/starch 
ratio (E–H) in stem (A,B,E,F) and root (C,D,G,H) of oak (Quercus petraea) and beech (Fagus sylvatica) saplings treated with four drought durations during the 
previous growing season. D0 (watering weekly), D1 (watering biweekly), D2 (watering monthly), and D3 (watering bimonthly) represent the drought duration.

drought duration (Figure  3G) caused by both decreased sugar 
(Supplementary Figure A5b) and starch (Supplementary Figure A5l). 
N-fertilization significantly increased the shoot NSC in oak 
(Figure 3B), whereas it significantly decreased NSC levels in shoots 
(Figure  3G) and roots (Figure  3H) of beech.

Post-winter NSC After Drought Duration 
Treatment Last Growing Season
The post-winter NSC levels in both shoots and roots were 
significantly affected by drought duration treatment in the previous 
growing season (Table 2). The post-winter root NSC was species-
dependent (p < 0.05; Table  2), and species interacted with 
N-fertilization to influence the post-winter shoot NSC (p < 0.05; 
Table  2). There was no direct effect of N on NSC for both 
species (Table 2). Both shoots and roots of D3 oak had significantly 
lower post-winter NSC levels compared to the other drought 

treatments (Figures  3D,E), mainly caused by both lower sugar 
and starch levels for shoots (Supplementary Figures A6a,c) and 
by lower sugar levels for roots (Supplementary Figure A6b). 
In beech only shoots of D2 and D3, due to both lower sugar 
and starch levels (Supplementary Figures A7a,c), showed 
significantly lower post-winter NSC levels compared to the other 
drought treatments (Figures  3I,J). N-fertilization significantly 
increased shoot NSC in oak (Figure  3D) but it had no effects 
on shoot (Figure  3I) and root NSC (Figure  3J) in beech.

Changes in NSC Level Over-Winter
Only N-fertilization significantly affected the over-winter NSC 
consumption (post-winter level minus pre-winter level) in shoots 
but not in roots (Supplementary Table A1). Neither D nor 
N and their interactions changed the tissue NSC consumption 
in oak over-winter (Figures  4A,C), while N-fertilized beech 
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significantly decreased the over-winter NSC consumption in 
both shoots and roots (Figures  4B,D). The changes in sugar/
starch ratio were significantly influenced by both, species and 
N-fertilization (Supplementary Table A1). N-fertilization tended 
to decrease the sugar/starch ratio in beech, especially in shoots 
of D3 plants (Figures 4F,H), while the unfertilized oak saplings 
seemed to increase the tissue sugar/starch ratio over-winter, 
especially the D3 plants (Figures  4E,G).

Recovery Responses to Past Drought and 
Rewetting
After rewetting for one growing season, both the recovery 
photosynthesis measured on 10 June 2019 and recovery height 
growth measured on 8 October 2019 significantly responded 
to species only (Table  1), showing that both photosynthesis 
(Figures  5A vs. 4B) and height growth (Figures  5C vs. 4D) 
were greater in oak than in beech. Otherwise, previous season 

drought duration and N-fertilization treatment did not affect 
recovery responses of the two species (Figure  5).

After a recovery growing season that followed the drought 
duration treatment in combination with N-fertilization, the 
mortality of beech was higher than oak, and the mortality 
rate seemed to show a tendency to increase with drought 
duration for the two species (Figure 6). Especially, the N-fertilized 
beech saplings had much higher mortality rate within each 
drought duration treatment category (Figure  6B).

DISCUSSION

With increasing drought duration, tree mortality increased 
(Figure  6), leaf water potential and photosynthesis decreased 
for the two species (Figure 2), which is similar to those results 
found in drought intensity experiments with trees (Schönbeck 
et  al., 2018; Lauder et  al., 2019; Archambeau et  al., 2020; 

A B

C D

FIGURE 5  |  Leaf net photosynthesis (Aleaf) (A,B) and relative height increment (C,D) of oak (Quercus petraea) (A,C) and beech (Fagus sylvatica) (B,D) saplings 
treated with four drought durations in 2018 and well-watered in 2019. D0 (watering weekly), D1 (watering biweekly), D2 (watering monthly), and D3 (watering 
bimonthly) represent the drought duration. Different letters indicate significant difference in parameters among D0, D1, D2, and D3.
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A B

FIGURE 6  |  Mortality rate of oak (Quercus petraea) (A) and beech (Fagus sylvatica) (B) saplings at the end of a recovery growing season following a growing 
season with four drought duration treatment (D0 = watering weekly, D1 = watering biweekly, D2 = watering monthly, and D3 = watering bimonthly) combined with 
N-fertilization (1.68 g N kg−1 dry soil fertilized vs. unfertilized).

Schönbeck et  al., 2020a; Ouyang et  al., 2021). For instance, 
extreme drought was found to significantly decrease predawn 
water potential and net photosynthetic rates and to increase 
the mortality for both Pinus sylvestris (Schönbeck et al., 2020a) 
and Quercus pubescens saplings (Ouyang et al., 2021). Drought, 
both severe drought intensity and long drought duration, 
decreases soil water availability and plant leaf water potential, 
and thus results in stomatal closure to prevent transpiration 
exceeding root water uptake capacity, which caused declined 
photosynthesis and CO2 uptake (Li et  al., 2020). Duan et  al. 
(2019) found that severe drought intensity with short duration 
led to a stronger decrease in leaf water potential and 
photosynthesis of three tree species (Syzygium rehderianum, 
Castanopsis chinensis, and Schima superba) than moderate 
drought with longer duration. The water potential of Robinia 
pseudoacacia exhibited a linear decline with increasing drought 
duration, while Quercus acutissima’s water potential remained 
relatively stable during the first month of mild drought (Li 
et  al., 2020), and thus, Li et  al. (2020) concluded that the 
two tree species differ in their sensitivity to drought (Bhusal 
et al., 2021), which confirmed that Quercus species are anisohydric 
plants (Sade et  al., 2012).

However, in spite of decreased photosynthesis (Figures 2C–F) 
and NSC levels (Figures  3B,C,G,H) with increasing drought 
duration, the relative tree height increment of the two species 

did not differ among the drought treatments in our study 
(Figures 2G,H). Li et al. (2013), Schönbeck et al. (2018, 2020a), 
and Ouyang et  al. (2021) found that drought-stressed trees 
maintained relatively stable NSC levels at the expense of growth, 
implying an active process of NSC storage (Li et  al., 2018a). 
For example, drought declined the growth but did not decrease 
tissue NSC level in Quercus faginea and Pinus halepensis (Sanz-
Perez et  al., 2009). The present study, however, seemed to 
support the view of Martinez-Vilalta et  al. (2016) that NSC 
storage is mainly a passive process following the growth priority, 
because the growth did not vary with drought duration 
(Figures 2G,H) while the NSC levels in storage tissues, especially 
in shoots, decreased with increasing drought duration 
(Figures  3B–E,G). In this case, for example, the mortality 
(Figure 6B) of fertilized beech under D2 and D3 is thus mainly 
a result of carbon limitation that was confirmed by very low 
leaf photosynthetic rate (Figures  2D,F) and near-zero NSC 
level at the end season (Figures  3G,H). McDowell (2011) 
proposed that NSC concentrations can increase initially under 
drought due to the faster decline of growth than photosynthesis, 
but NSC concentrations may decline later on due to the prolonged 
suppression of photosynthesis and the utilization of stored C 
for meeting C demands especially under extreme drought.

Similar to results gained from most drought intensity 
experiments with trees (Li et  al., 2013; Schönbeck et  al., 2018, 
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2020a; Zhang et  al., 2020; Ouyang et  al., 2021), the present 
study found that the longer drought duration treatments (D2, 
D3) did not decrease the end-season leaf NSC (pre-winter) 
levels (Figures  3A,F), although the D2 and D3 treatment 
significantly decreased leaf photosynthesis of the two species 
(Figures 2C–F). This might be explained by the osmoregulation 
strategy of plants suffering from drought stress on the one 
hand (O’Brien et  al., 2014; Dickman et  al., 2015), and on the 
other hand, it may be a result of basipetal carbon translocation 
failure (Rowland et  al., 2015), if the phloem function becomes 
impaired and carbon translocation gets limited or stopped by 
hydraulic failure caused by severe or long drought stress (Griffin-
Nolan et  al., 2021). In this case, lower NSC levels in the sink 
tissues of shoots, and especially roots, and thus carbon limitation 
may be expected. Recently, this expectation has been repeatedly 
confirmed in severe drought-stressed trees in controlled drought 
intensity experiment (e.g., Schönbeck et  al., 2020a; Ouyang 
et  al., 2021), and also in trees under longer drought duration 
(D2, D3) treatment in the present study (Figures  3B,C,G,H). 
Therefore, it may be speculated that a hydraulic failure induced 
carbon limitation seems to be  the physiological mechanism 
underlying the high mortality of beech saplings, particularly 
the N-fertilized D2 and D3 beech (Figure  6B) which had 
very low end-season shoot and root NSC levels close to zero 
(Figures 3G,H). These results also seem to exclude that limited 
sink activity, for example, in root tissues as a result of drought 
is responsible for reduced sugar transport from the leaves to 
the sink tissues as in that case increased NSC concentrations 
are to be  expected in both, roots and shoots (Hagedorn et  al., 
2016; Gessler and Grossiord, 2019).

We found that the responses of end-season NSC level to 
drought duration seemed to be  both species- and tissue type-
dependent (Figures 3A,B,F–H). For instance, leaf NSC increased 
(Figure  3A) but shoot NSC decreased (Figure  3B) in oak 
with increased drought duration, while they did not change 
in beech (Figures  3F,G). Similar to beech, root NSC reserve 
of aspen (Populus tremuloides) seedlings did not change over 
a 3-month period of severe drought (Galvez et  al., 2011). 
However, moderate drought was found to increase NSC in 
stems and roots of Q. pubescens saplings (Ouyang et al., 2021). 
Experiments with more vs. less precipitation found that extreme 
drought (no irrigation for two consecutive years) reduced shoot 
and root NSC, whereas intermediate drought levels did not 
affect shoot and root NSC for P. sylvestris saplings (Schönbeck 
et  al., 2020a).

Less is known about winter NSC consumption of trees 
previously exposed to drought of various intensities or duration. 
Trees, as exemplified by the deciduous species in the present 
study, consume NSC storage for maintenance respiration over-
winter (Sperling et  al., 2015). Therefore, we  found that the 
post-winter NSC levels were lower than the pre-winter level 
in each tissue for both species (Figures 3B vs. 3D; Figures 3C 
vs. 3E; Figures  3G vs. 3I; Figures  3H vs. 3J). The winter 
temperature was beyond 5°C in the greenhouse of the present 
study (Supplementary Figure A1), but even near-freezing winter 
temperatures were found to significantly increase stem respiration 
by 10–170% in 13 out of 15 species studied in the western 

US, according to Sperling et  al. (2015). Sperling et  al. (2015) 
further calculated that “frost-induced respiration accelerated 
stem NSC consumption by 8.4 mg (glucose eq.) cm−3  year−1 
on average (cm−3 stem wood basis) in the western US, a level 
of depletion that may continue to significantly affect spring 
NSC availability.” This is agreement with findings that in 
temperate deciduous trees, tissue NSC concentrations decline 
during winter dormancy. This decrease is more pronounced 
in stem than in roots as observed for aspen (Populus 
grandidentata) and oak (Quercus rubra; Gough et  al., 2010). 
The present study, for the first time, indicated that the over-
winter NSC consumption was not affected by drought duration 
for the two species but it was significantly decreased by 
N-fertilization for beech across the four drought treatments 
(Supplementary Table A1; Figures  4A–D). This result may 
indicate on the one hand a common response of winter NSC 
consumption of tree species that is independent on the previously 
imposed drought duration. On the other hand, our results 
suggest a species-specific sensitivity of winter NSC consumption 
to other environmental change, such as nutrient availability. 
We  can only speculate why the NSC consumption was lower 
in fertilized beech but it is known that free amino acids and 
soluble proteins can increase stress resistance of beech (Stajner 
et  al., 2013). Thus, an increased N availability might reduce 
stress-induced respiration in this species under winter 
temperature conditions (Supplementary Figure A1).

The over-winter changes (post-winter vs. pre-winter) in the 
sugar/starch ratio (Figures  4E–H) indicated that starch to 
sugar conversion occurred in oak saplings (Figures  4E,G; 
Supplementary Figures A4, A6), whereas a strong sugar 
consumption and depletion were the main reasons for decreased 
tissue sugar/starch ratio in beech saplings (Figures  4F–H; 
Supplementary Figures A5, A7). Similarly, starch concentrations 
were reduced and soluble sugars increased in Prunus dulcis 
during winter, and the NSC concentration were only slight 
reduced (Sperling et  al., 2019). In winter, increased sugar 
concentrations in the xylem are important to avoid or reduce 
the number of freeze–thaw embolization cycles, because sugars 
increase the osmotic potential of xylem and thus lowering 
its freezing point (Sauter et  al., 1973; Thierry et  al., 2004; Li 
et  al., 2018b).

Previous season drought duration treatment did not affect 
photosynthesis of the two species after rewetting in the next 
year (Table  1). The decreased photosynthesis determined in 
the longer duration drought treatments in 2018 (Figures 2C–F) 
recovered and all treatments showed the same level of 
photosynthesis in June 2019 (Figures  5A,B). This recovery 
indicates that there is no legacy of previous drought duration 
on photosynthetic carbon assimilation. Previous studies found 
that drought stress can result in incomplete and lagged growth 
recovery (Anderegg et  al., 2013; Pederson et  al., 2014; Huang 
et al., 2018). Extreme drought caused drought legacy response 
with reduced growth for deep−rooted forests for up to 4 years 
(Wu et  al., 2018), and negative drought legacy was found 
to last about 1 year for different plant functional types in 
Tibetan Plateau (Li et  al., 2020). However, fast recovery of 
carbon acquisition and allocation to different plant organs 
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after drought release was also observed in different tree species 
(Hagedorn et  al., 2016; Joseph et  al., 2020). In the present 
study, small saplings with large plasticity may be  one reason 
for the quick recovery after rewetting, leading to a lack of 
legacy of past drought. Similar results have been observed 
in poplar (Populus tremula) saplings under water-deficit 
conditions (Lemaire et  al., 2021). In addition, the longest 
drought duration (2 months) applied here may be  still not 
long (or severe) enough to impair the physiological processes 
in the longer term. For example, an open top chamber 
experiment with 40 cm soil depth but without any watering 
for 2 years resulted only in a mortality rate of 60% for 
P. sylvestris (Schönbeck et al., 2020a) and 50% for Q. pubescens 
saplings (Ouyang et  al., 2021). In line with the findings of 
Schönbeck et  al. (2020a) for pine, we  found a fertilization-
induced higher mortality rate for beech but not for oak 
saplings (Figure  6). Ouyang et  al. (2021) showed a lower 
mortality rate (32%) in fertilized compared to non-fertilized 
(50%) Q. pubescens saplings under extreme drought. In oak 
species, fertilization might thus not enhance drought effects 
but genus and species-specific mechanism still need to 
be  elucidated.

The height growth of the two species was not correlated 
with shoot NSC storage but significantly positively correlated 
with both pre-winter (p = 0.07) and post-winter (p = 0.01) root 
storage (Supplementary Figure A8). The small values of R2 
(Supplementary Figure A8) suggest that root NSC is not the 
only or the most important factor determining the recovery 
growth. However, this result (Supplementary Figure A8) in 
conjunction with low photosynthetic rate (Figures  2C–F), low 
pre- and post-winter NSC levels in both shoots and roots of 
D2 and D3 saplings suggests a sink carbon limitation that 
determines the high mortality rate of D2 and D3 saplings for 
the two species, particularly for beech (Figure  6). This result 
supports a recent hypothesis that the climatic alpine treeline 
is determined by a winter root carbon limitation proposed by 
Li et  al. (2018a). Our result is also supported by data for 
P. sylvestris (Schönbeck et al., 2020a) and Q. pubescens saplings 
(Ouyang et  al., 2021) under extreme drought that also showed 
low root NSC. Indeed, root carbon shortage has been widely 
found in various tree and shrub species in stressed conditions 
recently (Shi et  al., 2006; Li et  al., 2008a,b; Genet et  al., 2011; 
Zhu et  al., 2012a,b; Ouyang et  al., 2021; Wang et  al., 2021).

Interactions between drought duration and N-fertilization 
were found only for gas exchange rate during the treatment 
period (Table  1), indicating that the effects of N-fertilization 
vary in direction (or magnitude) with drought duration only 
for photosynthesis but not on other parameters studied (Table 2 
and Supplementary Table A1). Schönbeck et  al. (2020a) found 
that a mitigating effect of N-fertilization on the negative drought 
effects on P. sylvestris saplings occurred only when the drought 
stress was relatively mild. On the other hand, the effects of 
fertilization on drought may also be dependent upon the initial 
soil fertility, and a mitigating effect of fertilization on drought 
may not be  expected in nutrient-rich soils (Kleczewski et  al., 
2010). For example, the soil used in the present study had a 
total soil N content of 0.82% with 39 mg N kg−1 soil for NH4

+-N 

and 573 mg N kg−1soil for NO3
−-N, which, probably, led to a 

non-significant effect of fertilization. In a summer drought 
experiment (no rainfall for two summer months during two 
consecutive years) it was found that the negative effects of 
drought on beech growth were amplified by N-fertilization 
(Dziedek et  al., 2016), which is similar to our results that 
drought-induced mortality of beech was amplified by 
N-fertilization (Figure  6B). Theoretically, increases in N 
availability may promote the formation of xylem structures 
that transport water more efficiently in humid conditions 
(Borghetti et  al., 2017) but may also easily lead to xylem 
embolism—due to larger cross section and bigger tracheids or 
vessels—in dry conditions, and therefore, further studies are 
needed to clarify the N-fertilization effects (e.g., addition rate 
and amount and frequency) in relation to drought intensity 
or duration not only on seedlings and saplings but also adult trees.

CONCLUSION

In line with our hypothesis 1, we  found that longer drought 
duration decreased the physiological performance (e.g., leaf 
water potential, photosynthetic capacity, and NSC levels) but 
not the growth rate. This result suggest that growth is a higher 
priority than resource storage for the saplings of the two species 
stressed by long-lasting drought below a certain threshold, as 
recently proposed by Song et  al. (2022). Previous growing 
season drought seems to not affect the tissue NSC consumption 
over-winter, and the post-winter root NSC level plays a more 
important role in determining the growth and survival for 
both species (see our hypothesis 2  in introduction), suggesting 
a root carbon limitation in severe drought-stressed saplings, 
particularly for beech. In line with recent findings (Schönbeck 
et  al., 2018, 2020a; Ouyang et  al., 2021), N-fertilization did 
not play a role to mitigating the negative drought effects on 
saplings of the two species (hypothesis 3). Compared to oak, 
beech had lower levels of physiological parameters and growth 
but showed higher winter NSC consumption and especially 
higher mortality rate with increasing drought duration in 
combination with fertilization, indicating that beech is more 
sensitive to drought and N deposition (hypothesis 4). The 
present study, in a physiological perspective, experimentally 
confirmed the view of Ellenberg (2009) that the European 
beech, compared to oak, may be  more strongly affected by 
future environmental changes.
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As a developed economic region in China, the problem of heavy metals (HMs) pollution
in the Yangtze River Delta has become increasingly prominent. As an important
evergreen broad-leaved tree species in southern China, the camphor tree cannot only be
used as a street tree but also its various tissues and organs can be used as raw materials
for Chinese herbal medicine. In order to explore whether heavy metal contamination in
the region threatens the safety of camphor trees as pharmaceutical raw materials, we
collected the bark and leaves of the tree most commonly used for pharmaceuticals in
Yixing City. Based on the determination of HMs content, the health risks after human
intake are evaluated, the sources and contributions of HMs are analyzed, and then
the health risks of pollution sources are spatially visualized. The results showed that
under the influence of human activities, the camphor trees in the study area had obvious
enrichment of HMs, and the over-standard rate of Pb in the bark was as high as 90%.
The non-carcinogenic risks of bark and leaves are acceptable, but the carcinogenic risks
are not acceptable. The bark had the highest average carcinogenic risk, approaching
six times the threshold. The results of Pb isotope ratio analysis showed that the average
contribution rate of industrial activities to HMs in camphor trees in the study area was the
highest, reaching 49.70%, followed by fossil fuel burning (37.14%) and the contribution
of natural sources was the smallest, only 13.16%. The locations of the high-risk areas
caused by the three pollution sources in the study area are basically similar, mainly
concentrated in the northwest, northeast, and southeast, which are consistent with
the distribution of industries and resources in the study area. This study can provide a
reference for the precise prevention of HMs pollution of camphor and the safe selection
of its pharmaceutical materials.

Keywords: camphor tree, heavy metals, health risk, Pb isotope, source apportionment
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INTRODUCTION

In recent years, with the rapid development of industrialization
and urbanization, the accumulation of heavy metals (HMs) in
the environment has been increasing, especially in developed
economic regions (Yang S. H. et al., 2020). HMs are highly toxic,
refractory, and persistent pollutants. They will enter the soil
through various means such as atmospheric deposition, surface
runoff, and sewage irrigation, then get absorbed by plants, and
finally enter the human body through the food chain, thus
threatening human health (Cui et al., 2022). At present, a large
number of studies have paid attention to this problem, but
most of these research objects are polluted soil, sediment, and
atmospheric deposition (Men et al., 2020; Chen et al., 2021; Li
et al., 2022). In addition, some researchers have conducted source
analyses and health risk assessments of HMs in typical crops
(Xiang et al., 2021; Zulkafflee et al., 2022). However, studies on
HMs pollution of medicinal plants, especially medicinal higher
woody plants, are relatively few.

The camphor tree is a subtropical evergreen species that has
been cultivated in southern China for more than 1,500 years
(Chen et al., 2020). The canopy of this tree stretches and its
branches and leaves are luxuriant, making it an excellent tree
for the streets and soundproof forest belts. Camphor trees also
have important medicinal values. Its bark, roots, stems, leaves,
and fruits are all rich in terpenoids, which have important
pharmaceutical and industrial applications (Guo et al., 2016;
Jiang et al., 2016). For example, D-borneol, a key ingredient
in many traditional Chinese herbal formulas, is documented in
multiple editions of the Chinese Pharmacopeia (Huang et al.,
2016; Chai et al., 2019; Chen et al., 2019), can be used to treat
cardiovascular diseases, including stroke, coronary heart disease,
and angina pectoris (Yang Z. et al., 2020), and the market demand
is very large. However, as HMs pollution in cities becomes more
and more serious, are camphor trees also affected? A study
compared the HMs accumulation capacity of six plants frequently
seen on both the sides of the road and found that the camphor
tree had the highest HMs accumulation index (Zhai et al., 2016),
which intensified people’s concerns about the safety of camphor
tree bark or leaves as medicinal raw materials. Therefore, it is
necessary to carry out a health risk assessment and pollution
source apportionment of HMs in camphor trees.

Yixing City is located in the southwest of Jiangsu Province,
west of Taihu Lake, and in the center of the Shanghai–
Nanjing–Hangzhou triangle. There are many factories,
convenient transportation, and a dense population in this
area. Therefore, economic development is good, but the problem
of environmental pollution is becoming more and more
prominent. Dingshu Town on the west bank of Taihu Lake is
the concentrated distribution area of pottery factories in Yixing
City. These factories produce a lot of HMs pollution during
the production process (Li et al., 2018). The cadmium content
of “Cadmium Red” and “Cadmium Yellow,” the raw materials
for producing ceramics, is as high as 40 g/kg (Lin et al., 2015).
Dingshu Town and Hufu Town are the concentrated distribution
areas of camphor trees. HMs pollution in these areas may pose a
threat to camphor trees and human health. Therefore, Dingshu

Town and Hufu Town in Yixing City were selected as the study
areas of this study.

The objectives of this study are: (1) to evaluate the health
risks of HMs exposure in camphor tree bark and leaves to
humans, (2) to analyze the source and contribution rate of HMs
pollution, (3) to quantify source health risks by combining source
apportionment with health risk assessment, and (4) to conduct a
spatial analysis of source health risks. Our research results will
help to effectively identify the high-risk areas caused by different
HMs pollution sources to camphor trees and provide a reference
for the priority treatment of different HMs pollution sources.

MATERIALS AND METHODS

Sample Collection and Determination
The study area is located in Dingshu Town and Hufu Town,
Yixing City, in the Yangtze River Delta, China. We set up 10
sampling sites to cover all the land use types in the study area
(Figure 1). A mixture of bark and leaf samples from three
camphor trees and the corresponding six soil samples from
the surrounding areas were collected at each sampling site.
The samples were brought back to the laboratory in time for
drying and grinding, and 100 mg was weighed for digestion.
Guaranteed reagents such as HNO3 and HClO4 were used to
digest HMs by graphene electric hot plate heating method. HMs
content was determined using an inductively coupled plasma
mass spectrometry (ICP-MS) (PerkinElmer SCIEX, Elan 9000).
Blank samples and parallel samples were used for quality control.

The Pb concentration of the sample was diluted to
approximately 30 ng/ml and the ratios of 208Pb/206Pb and
206Pb/207Pb were determined using ICP-MS. The equipment was
calibrated using standard reference material SRM981 [National
Institute of Standards and Technology (NIST), Gaithersburg,
MD, United States]. To ensure the precision and accuracy
of the measurements, the NIST SRM981 was used for
every two samples.

Human Health Risk Assessment
When humans ingest Chinese herbal medicines made from
camphor bark or leaves, the HMs in them may pose health risks to
humans. This study uses the human health risk assessment model
recommended by the United States Environmental Protection
Agency (USEPA) to characterize the non-carcinogenic and
carcinogenic risks (USEPA, 2011). The model calculation formula
is as follows:

ADI =
Ci × IR × EF × ED

BW × AT

where, ADI is the average daily exposure dose (mg/kg/day) of
directly ingested HMs; Ci is the concentration of HMs i in
Chinese herbal medicines with bark or leaves as raw materials
(mg/kg); IR is the maximum daily intake of the Chinese herbal
medicines rate (kg/d), is 0.015 kg/d (Shandong Province Standard
(SPS), 2012); EF is exposure frequency (d/a); ED is exposure
duration (a); BW is average body weight (kg); and AT is the
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FIGURE 1 | Study area and sampling sites.

average exposure time (d); the values of the above parameters are
shown in Supplementary Table 1.

THI =
∑

HIi =
∑ ADIi

RfDi

TCR =
∑

CRi =
∑

(ADIi × SFi)

where, HIi is the non-carcinogenic hazard index of heavy metal i,
THI is the non-carcinogenic hazard index of all the HMs; RfDi
is the non-carcinogenic daily reference dose of heavy metal i;
HI/THI < 1 indicates that the non-carcinogenic risk of HMs is
acceptable, otherwise there is a non-carcinogenic risk, CRi is the
carcinogenic risk for heavy metal i, TCR is the total carcinogenic
risk (TCR) for all the HMs, and SF is the carcinogenic slope
factor. The RfD and SF values of different heavy metal elements
are shown in Supplementary Table 2. The acceptable risk level of
CR/TCR recommended by the USEPA is 10−6 to 10−4 and higher
than 10−4 indicates a significant carcinogenic risk (USEPA,
2001).

Source Apportionment Based on the Pb
Isotopes Ratio Analysis
Isosource is a stable isotope analysis software that is often used to
calculate source contributions. Compared with binary or ternary
mixed models, the advantage is that even when there is only
one isotopic system and more than three types of pollution
sources, the model can still obtain the most likely range of ratios
contributed by different pollution sources (Chen et al., 2018b).

Input the Pb isotope ratio of potential pollution sources in the
study area and the Pb isotope ratio of each sample into Isosource
and the calculation formula is as follows:

Rm =
n∑

i = 1

PiRi

I =
n∑
i

Ri

where, Rm is the isotopic ratio, Pi is the percentage contribution
of source i, and Ri is the isotopic ratio of source i. There
are two isotopic ratios and six possible sources in this study
(Supplementary Table 3).

RESULTS

Characteristics of Heavy Metal Contents
in Bark and Leaves of the Camphor Tree
The contents of different heavy metal elements in the bark
and leaves of the camphor tree are shown in Table 1. The
concentration of HMs in the bark is higher than that in leaves,
which confirmed the findings of a study by Sawidis et al. (2011).
The coefficient of variation (CV) of HMs in bark, except Cd, is
higher than those of leaves; the CV of all the heavy metal elements
in the bark is greater than 36%, which belongs to high variation;
the CV of As, Cr, Ni, and Zn in leaves is between 16 and 36%,
it belongs to moderate variation, while Cu, Cd, and Pb belong
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TABLE 1 | Heavy metal content in bark and leaves of the camphor tree.

As Cr Ni Cu Zn Cd Pb

Barks Min (mg/kg) 0.68 1.38 1.38 5.66 28.60 0.18 2.62

Max (mg/kg) 1.92 11.02 11.16 26.33 250.79 1.07 60.95

Mean (mg/kg) 1.19 5.84 4.58 15.51 125.30 0.75 28.95

SD 0.45 2.86 2.88 6.05 68.62 0.35 20.08

CV (%) 37.80 49.00 62.97 39.00 54.76 47.44 69.37

OSR (%) 0 / / / / 0 90.00

Leaves Min (mg/kg) 0.44 0.83 1.47 3.87 24.2 0.04 1.12

Max (mg/kg) 1.02 2.12 3.18 12.82 48.39 0.24 4.7

Mean (mg/kg) 0.78 1.59 2.09 6.72 33.34 0.10 2.33

SD 0.19 0.37 0.52 2.56 8.13 0.06 1.03

CV (%) 24.22 23.34 25.07 38.14 24.39 55.40 44.10

OSR (%) 0 / / / / 0 0

ISO (mg/kg) 4.00 / / / / 2.00 10.00

to high variation. A larger CV indicates a greater influence from
human activities (coal burning, traffic burning, sewage irrigation,
industrial activities, etc.) (Shi and Lu, 2018). According to the
“Chinese Medicine—Limits of HMs in Chinese Herbal Medicine”
published on the website of the International Organization for
Standardization (ISO), the maximum reference values of Pb,
As, and Cd in Chinese herbal medicine are 10.00, 4.00, and
2.00 mg/kg (International organization for standardization (ISO),
2015). It was determined that in all the samples, only the
concentration of Pb in bark exceeded the limit value and the
over-standard rate (OSR) was as high as 90.00%. Studies have
shown that Populus canescens has a strong ability to accumulate
Pb, which is an important reason for the high content of Pb in
plants. However, high concentrations of Pb lead to a decrease
in plant photosynthetic rate and biomass (Shi et al., 2021). As
a potential carcinogen, Pb has been implicated in the etiology
of many diseases, especially those related to the cardiovascular,
renal, nervous system, and skeletal diseases (Järup, 2003). Some
studies found that the average accumulation capacity of Black
Locust, Poplar, and Ginkgo for HMs was Cd > Zn > Cu > Pb
(Zhan et al., 2014) and the accumulation capacity of tea tree for
Pb was also less than other HMs (She et al., 2020). Although
the enrichment capacity of Pb is relatively small, in this study
area, only the Pb in the bark has the largest variation coefficient
(69.37%) and the highest OSR, which indicates that the camphor
trees in the study area have been obviously polluted by Pb.

Human Health Risk Assessment of
Heavy Metals in the Camphor Tree
The total non-carcinogenic risk (THI) of HMs in the bark and
leaves of the camphor tree in the study area was acceptable
(THI < 1.0), but the TCR was unacceptable (TCR > 1 × 10−4)
(Figure 2). For THI, Pb in bark contributed the most, reaching
56.00%, followed by As (26.86%); on the contrary, As in leaves
contributed the most to THI, reaching 67.61%, followed by Pb
(17.25%). Nonetheless, the THI of bark and leaves was still within
the acceptable range, and it is worth noting that the THI of
bark was already close to the threshold. For TCR, As in leaves
still dominates, and the order of the contribution rate of HMs

is As (44.82%) > Cr (30.35%) > Cd (24.07%) > Pb (0.76%);
the contribution rate of HMs in bark was Cd (48.74%) > Cr
(30.23%) > As (18.49%) > Pb (2.55%). Pb and Cd in the bark
were the most likely to cause harm to humans, and similarly, As
in leaves. Overall, the bark is more likely to be enriched with HMs
than leaves, which poses a higher risk to human health and should
be a major concern.

Source Apportionment of Heavy Metals
The results of Pearson correlation analysis showed that Pb in
bark showed a very strong correlation with Cu, Zn, and Cd,
respectively (r > 0.8), Pb-Cr was strongly correlated, Pb-As
was moderately correlated, and only Pb-Ni was very weak or
had no correlation (Supplementary Figure 1). The stronger the
correlation, the more likely these HMs are from the same pathway
(Wang et al., 2020). Therefore, the source of Pb in the bark can
reflect the source of most HMs. The correlation between Pb in
leaves and other HMs is not as strong as that in the bark; however,
Pb-Cr also shows a strong correlation (0.6 ≤ r < 0.8), Pb-As
is moderately correlated (0.4 ≤ r < 0.6), and Pb-Ni and Pb-Zn
are weakly correlated (0.2 ≤ r < 0.4). According to the analysis
results in Figure 2, the HMs in the bark that has a larger impact
on health risks are Pb, Cd, Cr, and As; similarly, As, Cr, Cd, and
Pb in leaves have a larger impact on health risks.

A comparison of Pb isotopic composition in barks and leaves
with potential sources is shown in Figure 3. A total of 18 of
the 20 samples as well as the corresponding soils had Pb isotope
ratios close to five anthropogenic sources (traffic emissions, coal
burning, sewage, battery factories, and tanneries). A total of 5 of
the 6 corresponding soil samples were close to the anthropogenic
sources mentioned above. However, the Pb isotope ratio of the
uncontaminated soil was far from the Pb isotope ratio of the
samples. This suggests that uncontaminated soil has less impact
on HMs in barks and leaves. Conversely, anthropogenic sources
may be an important contributor to HMs pollution.

The calculation results showed that the influence patterns of
different pollution sources on barks and leaves were different
(Figure 4). Coal burning, battery factories, and traffic emissions
contributed relatively high HMs in barks, all exceeding 20%
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FIGURE 2 | Contribution of heavy metals (HMs) to human total non-carcinogenic risk (THI) and total carcinogenic risk (TCR).

FIGURE 3 | Comparison of Pb isotope composition between samples and
potential pollution sources.

(Figure 4A). However, the contribution rate of the three to leaves
is not a lot different from that of other pollution sources, and
they all remain between 15 and 18% (Figure 4B). In order to
further improve the efficiency of the initial control of pollution
sources, we classified the six pollution sources in the study area
into three categories. Classify coal burning and traffic emission
as fossil fuel burning; classify sewage, battery factories, and
tanneries as industrial activities; and classify uncontaminated
soil as a natural source. In general, the order of contribution
of pollution sources in barks is industrial activities (48.20%),
fossil fuel burning (42.08%), and natural sources (9.72%); the
order of contribution of pollution sources in leaves is industrial
activities (51.20%), fossil fuel burning (32.20%), and natural
sources (16.60%) (Figure 4C).

Spatial Distribution of Health Risks From
Heavy Metal Pollution Sources
The carcinogenic risk of camphor tree barks and leaves in the
study area caused by different pollution sources is different, but
except for Figure 5F (HMs from nature in leaves), the high-
risk distribution areas corresponding to each source are basically
the same (Figure 5). Among them, the high-risk areas of barks
caused by industrial activities are distributed in the northwest,
northeast, and southeast of the study area (Figure 5A); the high-
risk areas of fossil fuel burning sources are basically the same
as the former (Figure 5C); the difference is that it affects the
northeast more than the former. This may be due to the fact that
there is the G25 “Changchun–Shenzhen” expressway running
from the northwest to southeast of the study area. Studies have
shown that the combustion of gasoline and diesel can increase
the concentrations of Zn, Cu, and Pb in the environment (Fan
et al., 2022). Natural sources posed much less risk than the other
two sources, with high-risk areas only reaching a threshold for
carcinogenic risk (Figure 5E). The high-risk areas for leaves from
industrial activities (Figure 5B) and natural sources (Figure 5F)
also just exceeded the threshold, and it is worth noting that the
high-risk areas for natural sources are distributed in the due
north of the study area, which is an urban residential area. In
terms of non-carcinogenic risk, the impact of the three heavy
metal pollution sources on the entire study area was within
an acceptable range, and their relatively high-risk distribution
areas were consistent with those with high carcinogenic risk
(Supplementary Figure 2).

DISCUSSION

The concentrations of Zn, Pb, Cd, and Cu in normal plants
ranged from 10 to 150, 0.1 to 41.7, 0.2 to 0.8, and 3 to
30 mg/kg, respectively (Padmavathiamma and Li, 2007). The
concentrations of Zn, Pb, Cd, and Cu in this study ranged
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FIGURE 4 | Contribution of different pollution sources to heavy metals (HMs) in barks (A) and leaves (B).

from 24.20 to 250.79, 1.12 to 60.95, 0.04 to 1.07, and 3.87 to
26.33 mg/kg, respectively. Except for Cu, the other three HMs
all exceeded the normal range. Some researchers investigated
the HMs content in the bark and leaves of camphor trees in
Hefei, China. Through comparison, we found that the mean
values of Pb and Cd in the bark and leaves of camphor
trees in this study were generally consistent with the former
(Fang et al., 2021). Typical concentrations of Cd in plants
are less than 10 mg/kg (Tomašević et al., 2004) and the
concentrations of Cd in this study ranged from 0.04 to
1.07 mg/kg. Overall, some camphor trees in the study area have
been contaminated with HMs.

As a tall tree that easily accumulates HMs, the camphor tree
can be used to remediate HMs-contaminated soils (Zhou et al.,

2019). Therefore, when HMs-contaminated bark or leaves are
brought into the market as medicinal raw materials, they may
pose a risk to human health. The HMs in the camphor tree
enter the human body through human ingestion, which will
cause different degrees of non-carcinogenic and carcinogenic
risks (Nag and Cummins, 2022). The results of the human health
risk assessment showed that the average non-carcinogenic risk
of camphor bark and leaves in the study area was within an
acceptable range, but its carcinogenic risk was unacceptable,
especially for the bark. The average carcinogenic risk of the bark
is already close to six times the threshold and some high-risk
areas may be higher.

The Pb isotope ratio analysis, as an efficient and accurate
method for heavy metal tracer, has been applied to the
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FIGURE 5 | Effects of pollution sources on the carcinogenic risk of camphor barks and leaves.

fields of ecology and environmental science in recent years
(Beaumais et al., 2022; Dong et al., 2022). This study innovatively
applied Pb isotopes to the source apportionment of HMs in the
bark and leaves of the camphor tree and combined the source
contribution with the human health risk assessment model to
calculate the non-carcinogenic and carcinogenic risks of each
pollution source to the camphor tree. The results showed that
for bark, industrial activities mainly caused high risk to the
northeast and southeast of the study area, while fossil fuel
burning mainly caused high risk to the northwest of the study
area. High-risk areas from natural sources are distributed around
the edge of the study area, but their risk values are much lower
than the former. Some studies have found that among different
functional areas of the city, the HMs content of the camphor

tree bark is the highest in industrial areas and the lowest in
commercial areas, which was consistent with the results of this
study. However, the average value of HMs in the bark in the
commercial area is still much higher than that in this study
(Zhang, 2019). The distribution of high risk areas caused by
pollution sources to leaves is similar to that of bark, with the
difference that the former has a lower risk value. The coastal
areas of the West Taihu Lake and the northwestern part of the
study area have high health risks, possibly due to the dense
distribution of refractories, catalysts, and ceramic manufacturing
plants in the area, which produce wastewater and exhaust gases
containing large amounts of HMs (Chen et al., 2018a). The G25
Changchun–Shenzhen expressway in the study area is another
important factor contributing to the high-risk area mentioned
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above. Hu et al. (2014) observed that the average concentration
of HMs on the main road increased with the increase in traffic
flow; Cd and Cu would be generated from automobile engine
and brake pad wear, Pb would be generated from automobile
exhaust, and Zn would be generated from lubricating oil and
tire wear (Yin et al., 2011). In general, the distribution area of
camphor bark with high carcinogenic risk in the study area is
consistent with the distribution of industry and resources in the
area. Therefore, the prevention and control of HMs pollution
should be focused on this region.

CONCLUSION

This study found that camphor trees in the study area have been
contaminated by HMs, and high-risk areas should be avoided
when using the barks or leaves of camphor trees in the study
area to make Chinese herbal medicine. Pb and Cd are the major
HMs that pose increased health risks. Although the THI of
barks and leaves was within the acceptable range, the THI of
barks was close to 1.0 and the contribution rate of Pb was as
high as 56.00%. TCR should be given more attention. The TCR
of the bark has been as high as 5.95 × 10−4 (>1.0 × 10−4),
of which the contribution rate of Cd was 48.74%; the TCR of
leaves was 1.62 × 10−4 (>1.0 × 10−4). The HMs pollution in
the study area mainly came from industrial activities and fossil
fuel burning and the average carcinogenic risk of the two barks
reached an unacceptable level: 2.85 × 10−4 and 2.54 × 10−4,
respectively. The areas most affected by various pollution sources
in the study area were basically the northwest, northeast, and
southeast. This distribution pattern was related to the industry,
population, and transportation resources in the study area. The
conclusion of this study can provide a reference method for
the source apportionment of HMs pollution in higher plants in

developed economic areas and also provide a new perspective for
environmental management departments to control and prevent
HMs pollution of camphor trees.
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Comparative physiological 
analyses and the genetic basis 
reveal heat stress responses 
mechanism among different 
Betula luminifera populations
Xian-Ge Hu †, Yilei Xu †, Ning Shen †, Mingtong Liu , 
Hebi Zhuang , Priyanka Borah , Zaikang Tong , Erpei Lin * and 
Huahong Huang *

The State Key Laboratory of Subtropical Silviculture, Institute of Biotechnology, College of Forestry 
and Biotechnology, Zhejiang A&F University, Hangzhou, China

Betula luminifera is a subtropical fast-growing timber species with high economic 

value. However, along with global warming, heat stress become one of the 

main environmental variables that limit the productivity of B. luminifera, and the 

response of diverse geographic populations to high temperatures is still unclear. 

In order to offer a comprehensive understanding of the behavior of B. luminifera 

under heat stress, the physiological responses of six B. luminifera populations 

(across the core distribution area) were described in this work in an integrated 

viewpoint. The results showed that a multi-level physiological regulatory 

network may exist in B. luminifera, the first response was the activity of resistant 

enzymes [e.g., peroxidase (POD)] at a preliminary stage of 2 h heat stress, and 

then the proline (osmoregulation substance) content began to increase after 

24 h of continuous high-temperature treatment. In addition, photosynthesis was 

stronlgly affected by heat stress, and the net photosynthetic rate (Pn) showed 

a downward trend under heat treatment in all six B. luminifera populations. 

Interestingly, although the physiological change patterns of the six B. luminifera 

populations were relatively consistent for the same parameter, there were obvious 

differences among different populations. Comprehensive analysis revealed that 

the physiological response of Rongshui (RS) was the most stable, and this was the 

representative B. luminifera population. Illumina RNA-seq analysis was applied to 

reveal the specific biological process of B. luminifera under heat stress using the 

RS population, and a total of 116,484 unigenes were obtained. The differentially 

expressed genes (DEGs) between different time periods under heat stress were 

enriched in 34 KEGG pathways, and the limonene and pinene degradation 

pathway was commonly enriched in all pairwise comparisons. Moreover, 

transcription factors including bHLH (basic helix–loop–helix), MYB, WRKY, and 

NAC (NAM, ATAF1/2, and CUC2) were identified. In this study, the physiological 

response and tolerance mechanisms of B. luminifera under high temperature 

stress were revealed, which can conducive to the basis of B. luminifera selection 

and resistance assessment for cultivation and breeding.
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Introduction

Betula luminifera (H.) Winkl, belonging to the Betulaceae 
family, is a representative fast-growing timber plantation tree 
species (Chen, 2006; Zhang et al., 2010). B. luminifera is widely 
distributed in the subtropical regions and covers 14 provinces of 
China; the core distribution areas are mainly concentrated in 
Guizhou, Yunnan, Hunan, Guangxi, and Jiangxi provinces (Pan 
et al., 2017). This species is monoecious, mainly seed-propagated, 
and flowering is initiated after an average of 2 years (Cao and Fang, 
2006). B. luminifera has an extremely high economic value among 
subtropical tree species because of its high-quality timber, short 
juvenile phase and fast growth (Li et al., 2018). In the subtropics, 
B. luminifera has become a recognizable landscape plant due to its 
high ornamental value in both garden and street landscaping. It’s 
essential for the development of B. luminifera plantations to 
multiply elite germplasm on a large scale, with high yield and 
resilience to biotic and abiotic challenges. However, there are 
disappointingly few publications on the physiological responses 
and resistance evaluation of B. luminifera under biotic and abiotic 
challenges, particularly the variations in response to stress among 
different populations.

As an important economic plant in subtropical regions, the 
wood quality of B. luminifera will be influenced through various 
environmental variables. Statistical evidence already implied that 
as a result of climate change, extremely high temperatures will 
occur more frequently (Skendžić et al., 2021; Iyakaremye et al., 
2022), so heat stress become a growing threat to plant. Heat stress 
can trigger alters on morphological and physiological in plants, 
significantly influencing plant production and development 
(Allakhverdiev et al., 2008). Plants are sessile organisms, making 
them more susceptible to temperature changes. To counteract 
abiotic stress, plants may be forced to change their cellular state. 
In fact, plants have a series of capabilities to adapt to irregular 
increases in temperature, including basal thermotolerance, to 
make sure plants survive when exposed directly to extremely high 
temperatures and acquire thermotolerance, in which plants 
enhance their resistance to fatal heat stress following a period of 
preexposure to a nonlethal high temperatures (Li et al., 2021).

Nevertheless, a number of harmful occurrences, such as 
excessive reactive oxygen species (ROS) generation and the 
deterioration of cellular structural elements (Li et al., 2018), still 
occur when plants encounter extremely high-temperature 
environments. After exposure to high temperatures, plant 
photosynthesis is typically hindered, and heat stress makes the 
photosynthetic machinery vulnerable to damage (Wang et al., 
2018). Additionally, it has been found that heat stress can alter the 
integrity of thylakoid membranes and the ultrastructure of 
chloroplasts (Allakhverdiev et al., 2008; Yamamoto et al., 2008), 
which greatly reduced plant thermotolerance. Based on the 
determination of physiological parameters under stress treatment, 
the response mechanisms of transcriptomics and metabolomics 
were analyzed for Populus tomentosa under heat stress (Ren et al., 
2019); 20 coconut populations’ physiology response and resistance 

evaluation were obtained under low-temperature stress (Sun et al., 
2021); and the physiological and transcriptomic response 
mechanism of Santalum album were revealed (Zhang et al., 2017).
Therefore, the determination of physiological indexes is an 
effective means to assess plant responses to heat stress.

Populations with different adaptability are the foundation for 
breeding new varieties and creating new germplasm, and 
population selection and evaluation would advance the 
comprehension utilized of trees (Zhang et al., 2021). In this study, 
the physiological responses of six B. luminifera germplasm 
resources to heat stress were analyzed and assessed. The results 
showed that a multi-level physiological regulatory network may 
exist in B. luminifera, and the first response was the activity of 
resistant enzymes, and then the osmoregulation substance content 
began to increase after continuous high-temperature treatment. 
Furthermore, B. luminifera sequence transcriptomes under heat 
stress were obtained using second generation sequencing, and the 
differentially expressed genes (DEGs) and transcription factors 
(TFs) were identified and annotated. The analysis of heat resistance 
of B. luminifera populations will provide the basis for B. luminifera 
breeding, allowing for a greater diversity of resistant B. luminifera 
germplasms to fulfill current and future needs.

Materials and methods

Plant materials, growth conditions and 
treatments

This study was performed at Zhejiang Agriculture and 
Forestry University (30.23°N, 119.72°E) in China. The germplasm 
resources (seeds) of B. luminifera provenances were collected from 
six typical suitable habitats in different provinces: Guangxi 
[Rongshui (RS) population (109.26°E, 25.08°N), Yongfu (YF) 
population (110.01°E, 25.01°N)], Hunan [Shaoyang (SY) 
population (111.28°E, 26.99°N)], Guizhou (Yinjiang (YJ) 
population (108.41°E, 27.99°N), Xingren (XR) population 
(105.19°E, 25.44°N)] and Yunnan (Daguan (DG) population 
(103.89°E, 27.75°N)], and were grown in the State Key Laboratory 
of Subtropical Silviculture in Zhejiang Province, China 
(Figure  1A). The seeds were germinated in transparent petri 
dishes with two layers of filter paper and then transplanted to 
seedling clods (Jiffy-7® –Peat Pellets and Coco Pellets) with a 
diameter of 30 mm. After growing for 2 weeks, they were 
transplanted to the soil with regularly watering in normal 
environment for 3 months. For adaptation, healthy seedlings 
(height, ~25 cm) were cultured in growth chambers for 7 days (at 
25°C on a 12 h day/night cycle; light intensity, 250 μmol m−2 s−1) 
(Figures 1B,C). The relative value of humidity was kept at 65%.

Heat stress therapy consisted of raising the temperatures in 
growth chambers during the light/dark regime. We selected 12 
individuals from each population for heat treatment. The 
treatment timeline was as follows: 25°C (room temperature); 25°C 
to 35°C, 0.5 h (warming); 35°C to 45°C, 0.5 h; and at 45°C during 
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the day (Figure 1D). The sampling time for physiological index 
determination and RNA-seq analysis under heat treatment was 2, 
10, 24, and 34 h, and recovery after 10 h (Figure  1D). The 
temperature setting in this study was inspired primarily by the 
previous heat treatment of B. luminifera (Pan et al., 2017) and 
seedling stage of other woody plants in response to heat stress 
(Chen et al., 2014; Ren et al., 2019). The third to fifth leaves from 
top to bottom were collected to measure photosynthesis-related 
parameters and physiological indexes (Figure 1C). Liquid nitrogen 
was used to freeze samples and stored at −80°C. To ensure 
repeatability of the results, the experiment was set up with three 
replicates, each consisting of four plants.

Estimation of the proline (pro) content

Proline (Pro) is a typical osmotic adjustment substance, which 
is commonly used to estimate plant resistance to diverse abiotic 
stimuli (Zhang et al., 2017; Ren et al., 2019; Sun et al., 2021). Pro 
helps to adjust and maintain the cell osmotic balance, participates 
in decreasing cell redox potential reactions and is an important 
indicator of the heat response in plants. In this study, the Pro 
contents were measured with the commercially available assay kits 
(Nanjing Jiancheng Bioengineering Institute, Nanjing, CHN). To 
determine the Pro content, 0.1 g of leaf tissues were pounded to a 
powder combined with a homogenization medium, and 
centrifuged at 3,500 rpm and 4°C for 10 min. In accordance with 
the manufacturer’s instructions, the supernatant was then used for 

analysis. Pro content was calculated as g/g FW based on the 
mixture of 520 nm absorbance.

Estimation of the antioxidant enzymes 
activities

The microplate reader was used to determine the activities of 
enzymes [peroxidase (POD), catalase (CAT), and superoxide 
dismutase (SOD)] by using commercially available assay kits 
(Nanjing Jiancheng Bioengineering Institute, Nanjing, CHN). To 
determine the activities of antioxidant enzymes, 0.15 g of fresh 
leaves frozen in liquid nitrogen were homogenized in 1.35 ml of 
physiological saline solution. After centrifuging the homogenized 
samples for 10 min at 4°C and 3,500 rpm, the supernatants were 
used to analyze enzymes activity. The specific steps were 
implemented as per the manufacturer’s instruction.

Utilizing xanthine and xanthine oxidase frameworks, the SOD 
activity was determined at 450 nm (Marklund and Marklund, 
1974). One unit of SOD action was defined as the amount of 
enzyme needed to provide a 50% inhibition of the xanthine and 
xanthine oxidase system reaction during the extraction of 1 mg of 
protein per ml. The unit per milligram of protein used to describe 
SOD activity. The CAT activity was directed by detecting the 
decrease in absorbance at 405 nm caused by H2O2 breakdown 
(Luck, 1971). The assay principle was based on catalase’s reaction 
to breakdown H2O2, which absorbs maximum at 405 nm. 
Spectrophotometrically, the POD activity was determined at 

A B C

D

FIGURE 1

Plant material and experimental design. (A) The provenance locations of B. luminifera populations. (B) The growth chambers for the light/dark 
regime in heat stress treatment. (C) Sampling locations. Red arrows indicate sampling location. (D) Schematic diagram of the heat stress 
experimental design. The red line indicates the timeline of heat treatment, the green solid line indicates room temperature, and the black arrows 
(a, b, c, d, and e) indicate the time of sampling.
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420 nm by activating oxidation in the presence of H2O2 (Reddy 
et al., 1985). Purpurogallin, which has a wavelength of 420 nm, is 
produced in the assay by the reaction of peroxidase and pyrogallol. 
The quantity of enzyme required to catalyze the reaction of 1 g of 
substrate by 1 mg of tissue protein once every minute at 37°C was 
referred to as one unit of POD activity.

Determination of photosynthetic 
parameters

Indexes of photosynthesis including the net photosynthetic 
rate (Pn), stomatal conductance (Gs), transpiration rate (Tr), and 
intercellular CO2 concentration (Ci) of the third and fourth fully 
expanded leaves of 3-month-old B. luminifera seedlings exposed 
to heat stress were measured. The photosynthetic parameters of 
the B. luminifera populations were determined by using LI-6800 
photosynthetic system with standardized parameters. The 
instrument settings were: 800 μ mol m−2 s−1 photosynthetic photon 
flux density (PPFD), 55% relative air humidity, and 400 μmol mol−1 
ambient CO2 concentration.

RNA isolation, library construction, and 
sequencing

Based on comprehensive analysis of above physiological 
indexes, one population was defined as a representative for 
B. luminifera heat resistance evaluation and was used for second 
generation sequencing analysis to reveal the genetic basis of 
B. luminifera under heat stress. TRIzol Reagent (pre-chilled) 
(Invitrogen, Carlsbad, CA, United States) was used to extract total 
RNA from heat-stressed B. luminifera (three biological replicates 
each). The RNA concentration, quality and integrity were 
determined using a NanDrop 2000 (Thermo Fisher Scientific Inc., 
Waltham, MA, United  States) and Agilent 2,100 Bioanalyzer 
(Agilent Technologies, Inc., Santa Clara, CA, United  States), 
respectively (Liu and Zhu, 2020). A total of 15 libraries were 
separately produced from heat-treated samples at 2, 10, 24, and 
34 h, and recovery after 10 h (three biological replicates for each 
sampling time point) using the TruSeq RNA Sample Preparation 
Kit (Illumina, San Diego, CA, United  States) following the 
manufacturer’s instructions. Using poly-T oligo-attached 
magnetic beads, mRNA was extracted from total RNA. cDNA 
synthesis was implemented following our previous research (Hu 
et al., 2022). RNA sequencing was implemented by using Illumina 
NovaSeq  6,000 platform and 150 bp paired-end raw reads 
were generated.

RNA-seq data processing and analysis

Raw reads in FASTQ format from second generation 
sequencing data of heat-stress samples were first treated to 

eliminate reads containing adapter sequences, reads with more 
than 10% unknown bases, and low-quality reads (i.e., where 
more than 50% of the bases in a read had a quality value 
Q ≤ 20). Using Trinity, a transcriptome de novo assembly was 
carried out (Grabherr et  al., 2011) to obtain unigenes. 
Following assembly, BLASTx alignment between unigenes and 
the protein databases was carried out with a cut-off E-value of 
10−5, in the following priority order: NCBI non-redundant 
protein sequences (NR); Gene Ontology (GO); Kyoto 
Encyclopedia of Genes and Genome (KEGG); evolutionary 
genealogy of genes: Non-supervised Orthologous Groups 
(eggNOG); Protein family (Pfam); Swiss-Prot (a manually 
annotated and reviewed protein sequence database). The best 
alignment results were utilized to establish the unigenes’ 
sequence direction.

Clean reads were mapped to the reference unigenes with 
Bowtie (Langmead et al., 2009), and RNA-Seq by Expectation 
Maximization (RSEM) was used to measure the levels of gene 
expression and obtain the number of read counts for each 
unigenes in each sample (Li and Dewey, 2011). The gene 
expression level was calculated using the fragments per 
kilobase million (FPKM) method (Mortazavi et al., 2008), and 
a bar graph was used to examine the number of transcripts 
among all heat stress samples after filtering. Based on the 
FPKM results, a correlation between samples was implemented 
by computing Pearson’s correlation for pairs of samples. Using 
the R package (DESeq 1.10.1) (Love et al., 2014), differential 
expression analysis was carried out. Genes detected by DESeq 
that displayed an adjusted p-value ≤0.01 were designated as 
DEGs (Zhang et al., 2019). In addition, the heat-induced TFs 
were screened to identify highly expressed TF genes during 
heat stress.

Quantitative RT-PCR analysis

RNA was extracted from heat-treatment B. luminifera after 
2, 10, 24, and 34 h of heat stress and 10 h of recovery. RNAs 
were processed with DNase I  to eliminate genomic DNA 
contamination using the TurboDNA-free Kit (Ambion, Austin, 
TX, United  States). Then total RNA from each sample was 
reverse transcribed by PrimeScript™ RT Reagent Kit (Perfect 
Real Time; Takara) and used as a templet. A large ribosomal 
subunit 39 gene (RPL39) was selected as an internal reference 
gene. The gene-specific primers were presented in 
Supplementary Table S1. Melting curve analysis was 
implemented for each primer pair prior to the next analyses. 
qRT-PCR was implemented with the TB Green Premix  
Ex Taq II (Tli RNaseH Plus; Takara) on CFX96 real-time PCR 
detection system (CFX96; Bio-Rad, United  States). The 
expression pattern was assessed by our previous protocol  
(Hu et  al., 2022). For each gene and sample, the qRT-PCR  
data were acquired from three biological and three 
technical repeats.

84

https://doi.org/10.3389/fpls.2022.997818
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Hu et al.� 10.3389/fpls.2022.997818

Frontiers in Plant Science 05 frontiersin.org

Results

The difference of pro content among 
different populations under heat stress

The Pro accumulation in the six B. luminifera populations 
fluctuated slightly during the preliminary stage of heat stress (2 h), 
and increased sharply after 24 h of heat treatment (Figure  2). 
Interestingly, the maximum value of the Pro content for the six 
populations all appeared at 34 h of heat treatment. However, the 
fold change had a significant difference among the B. luminifera 
populations, e.g., the Pro content in the DG population was more 
than 1.9-fold higher than that in the other populations at 34 h of 
heat treatment. According to the change pattern of the Pro content 
in each population under heat treatment, the DG population was 
the fastest to respond to the heat treatment, followed by the XR, 
RS, SY, YJ, and YF populations, of which YF was the slowest and 
had a relatively mild response to the heat treatment. As the 
temperature returned to normal, the Pro content gradually 
decreased and returned to normal levels (Figure 2). Therefore, the 
increased Pro level at high temperature was beneficial for 
enhancing plants’ endurance during the processing period, and 
the Pro content is an important indicator to evaluate B. luminifera 
heat resistance.

The difference in defense enzyme 
activities among different populations 
under heat stress

It was determined that the defense enzyme (SOD, CAT and 
POD) activity in the leaves of various populations of B. luminifera 
initially rose with temperature and time (Figure 3). In the first 
photoperiod under heat stress, the activities of almost all defense 

enzymes increased, and significant differences were found among 
the different B. luminifera populations. With the arrival of the dark 
cycle (temperature decreased to 35°C), the activities of these 
enzymes showed decreases (Figure  3). However, the enzyme 
activity continued to increase when the second stage of 
photoperiod began. In addition, irrespective of the light or dark 
regime, the activities of the defense enzymes (SOD, CAT, and 
POD) in the B. luminifera populations in response to heat 
treatment differed significantly. For example, although the SOD 
activity showed an increasing trend in the six populations in 
response to the heat treatment, the increase in the SY population 
was almost three-fold higher than that in the YJ population after 
10 h of heat treatment. Overall, under heat treatment, except that 
the SOD activity of the SY population decreased continuously 
after reaching the maximum at 10 h of heat treatment, the change 
pattern of most of the B. luminifera populations increased with the 
extension of the heat treatment time but decreased appropriately 
during the dark cycle.

In our study, the change pattern of POD was almost consistent 
with that of SOD in the six B. luminifera populations, but the CAT 
activity of these populations decreased continuously after reaching 
the maximum at 10 h of heat treatment. In addition, even though 
the response of these defense enzyme activities in the B. luminifera 
populations to heat treatment were differed significantly, the 
change patterns of same enzyme activity among the six 
provenances were relatively consistent. The YJ and SY populations 
had the smallest and largest change ranges in SOD activity. The 
smallest and largest changes in POD activity occurred in the SY 
and DG populations respectively, and the YF and DG populations 
had the smallest and largest changes in CAT activity. In general, 
the changes in these three defense enzyme activities in the RS 
population were relatively stable.

Effects of heat stress on the 
photosynthetic parameters of the Betula 
luminifera populations

The net photosynthetic rate (Pn) of leaves can directly reflect 
the strength of photosynthesis. The Pn values of the six 
B. luminifera populations decreased under heat stress (Figure 4). 
The main differences in Pn among the B. luminifera populations 
were that the RS, SY and YF populations decreased significantly 
after 10 h of heat treatment (decreased by 65, 55, and 30% 
compared with the preliminary stage of 2 h of heat stress); the 
YJ and DG populations began to decrease after 24 h of heat 
treatment (decreased by 160 and 170%); and the XR population 
did not decrease until 34 h of heat treatment (decreased by 
167%). Although the Pn of the RS and SY populations decreased 
significantly at the preliminary stage of heat stress, Pn increased 
again after the dark cycle (35°C). Therefore, based on the 
change trend of the net photosynthetic rate under heat stress, 
the photosynthetic parameters of the YF population were the 
most sensitive to temperature treatment, and Pn changed 

FIGURE 2

Effects of heat stress on B. luminifera populations’ pro contents 
under different temperature treatments times.
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regularly with temperature increases and time. However, the Pn 
of the XR population was relatively stable and recovered rapidly 
when heat stress was suspended, indicating its strong 
heat resistance.

Leaf stomatal conductance (Gs) is the reciprocal of leaf 
stomatal resistance, which reflects the ability of plants to 
exchange CO2 and water vapor, and is one of the important 
physiological indicators affecting Pn. Except for the XR 
population, the leaf Gs of the B. luminifera populations 
decreased at the preliminary stage of heat stress. In addition, 
except for the SY population, although the B. luminifera 

populations decreased during the heat stress, Gs was restored 
during the dark cycle (35°C). The transpiration rate (Tr) of 
leaves is also one of the important factors affecting Pn. In this 
study, the total dynamics of Tr in the B. luminifera populations 
under heat stress had a similar pattern as Gs (Figures 4B,C); one 
possible reason is that the opening or closing of stomata is the 
main factor affecting the transpiration rate. The intercellular 
CO2 concentration (Ci) of the B. luminifera populations had a 
clear upward pattern with the increase of temperature and time, 
and decreased with the cessation of the heat stress. After 34 h of 
heat treatment, the greatest increases in the YF population were 
33%, and the RS population had the smallest change, an 
increase of 26%.

Transcriptomic changes of Betula 
luminifera in response to heat stress

Significant distinctions existed between the physiological 
responses of the various B. luminifera populations to heat stress, 
while RS was the most stable and representative population 
based on comprehensive analysis of the above physiological 
parameters. Therefore, this representative population was 
selected to reveal the genetic basis of B. luminifera under heat 
stress. A total of 705,350,026 reads (Supplementary Table S2) 
were generated from the heat-stressed RS population by using 
the Illumina sequencing platform. After quality checks and data 
cleaning, 653,379,564 clean reads (Supplementary Table S2) 
were obtained. Based on the remaining high-quality clean 
reads, Trinity produced 364,563 transcripts with an average 
length of 1,198 bp, and 116,484 unigenes with an average length 
of 1,021 bp were obtained from these transcripts. The N50 and 
N90 sizes of the transcripts and unigenes were 1844 and 497 bp, 
1,598 and 420 bp, respectively (Table 1). The total length of all 
unigenes was 118,960,472 bp (Table  1; see Supplementary  
Figure S1 for the length distribution of all unigenes). 
Additionally, comparisons with our previous transcriptome 
assemblies of B. luminifera (Cai et al., 2018) demonstrated that 
the properties of the B. luminifera de novo transcriptome 
assembly were of high quality.

Functional annotation of the Betula 
luminifera unigenes

We performed functional annotation using BLAST by 
comparing sequences against six databases (NR, GO, eggNOG, 
KEGG, Swiss-Prot, and Pfam) and received annotation results 
for 116,484 unigenes. In total, 58,650 unigenes were annotated 
in at least one database, with 7,370 annotated in all databases 
(Figure 5). The eggNOG database assigned a total of 50,872 
unigenes to 26 functional clusters, with “signal transduction 
mechanisms” being the largest category (Figure 6A). According 
to three main categories (molecular function, cellular 

A

B

C

FIGURE 3

Effects of heat stress on POD, CAT, and SOD activities of B. 
luminifera populations under different temperature treatments 
times. (A) The change pattern of SOD activities. (B) The change 
pattern of POD activities. (C) The change pattern of CAT 
activities. Error bars indicating standard error (SE).

86

https://doi.org/10.3389/fpls.2022.997818
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Hu et al.� 10.3389/fpls.2022.997818

Frontiers in Plant Science 07 frontiersin.org

component, and biological process), GO annotation 
classification was carried out to further categorize the 
B. luminifera transcripts (Figure 6B). For biological process 
classification, “reproduction” (26,703 unigenes), “cellular 
process” (23,959) and “sulfur utilization” (20,489) were the 
three major categories. The major cellular component 
categories were “protein-containing complex” (208), 

“cytoskeletal motor activity” (198) and “cellular anatomical 
entity” (190). Unigenes involved in “cytoskeletal motor 
activity” (156), “catalytic activity” (125) and “structural 
molecule activity” (69) were highly represented in molecular 
function subgroups (Figure 6B).

Based on blasting to other species in NR database, we also 
discovered that the sequences of B. luminifera and allied species 
shared similar functional information. Carpinus fangiana had 
the highest quantity of hits to B. luminifera (17,367), followed 
by Carya illinoinensis (4782) and Juglans regia (4761) 
(Figure 6C), indicating a high degree of homology between 
birch and walnut. The unigenes were discriminated through 
the KEGG database to explore the function of these genes 
involved in biological pathways. A number of 18,387 unigenes 
were sorted into five major KEGG functional catgaries 
(Figure  6D). A substantial majority of isoforms, including 
“Carbohydrate metabolism” (1517), “Energy metabolism” 
(919), and “Lipid metabolism,”(903) were dispersed in 
“Metabolism” category (6881) (Figure 6D).

A B

C D

FIGURE 4

Photosynthetic parameters of B. luminifera populations under heat treatments. (A) Net photosynthetic rate (Pn). (B) Transpiration rate (Tr). 
(C) Stomatal conductance (Gs). (D) Intercellular CO2 concentration (Ci). Error bars indicating standard error (SE).

TABLE 1  Summary data of the assembled transcripts and unigenes in 
B. luminifera.

Transcripts Unigene

N50 (bp) 1844 1,598

N90 (bp) 497 420

GC (%) 39.54 38.24

Sequence number 364,563 116,484

Maximum length (bp) 17,354 17,354

Mean length (bp) 1197.78 1021.26

Total length (bp) 436,667,824 118,960,472
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Differential gene expression and 
functional enrichment analysis among 
different time periods

To explore the specific biological process of heat resistance 
in B. luminifera, the transcriptional level of all genes modulated 
by the temperature stress was measured based on Illumina 
platform. The expression patten of these DEGs between all 10 
sample pairs was shown in Supplementary Figure S2. In total, 
38,925 DEGs were identified in the heat treatment 
(Supplementary Table S3); gene clustering was utilized to 
classify DEGs with similar expression patterns for the 
subsequent analyses, and the FPKM values of various genes 
were utilized for hierarchical clustering analysis (Figure 7A); 
and the detailed information of up- and down-regulated genes 
among different time periods is shown in Figure  7B. For 
example, between 2 h and 10 h of heat treatment, a total of 
11,647 DEGs, i.e., 5,539 up- and 6,108 down-regulated DEGs, 
were identified. In addition, compared to the preliminary stage 
of heat stress (2 h), the number of DEGs (both up- and down-
regulated genes) increased with the extension of the treatment 
time (heat stress of 10, 24, and 34 h, and recovery 10 h). 
Furthermore, we compared five datasets using Venn diagrams 
(Figure 7C), and there were 24,547 DEGs common to the 10 
comparative sampling time periods.

By analyzing the enriched KEGG terms, we had elucidated 
the biological functions of these DEGs. It was identified that 34 
enriched KEGG pathways were identified for at least one 
duration of treatment (Figure 8A). When compared with the 

preliminary stage of 2 h heat stress, pathways (a), “Limonene 
and pinene degradation,” “Photosynthesis-antenna proteins” 
and “Protein processing in endoplasmic reticulum” showed the 
highest enrichment. Compared to 10 h of heat stress (b), 12 
enriched KEGG pathways were identified, the top 3 pathways 
were “Limonene and pinene degradation,” “Pyruvate 
metabolism” and “Photosynthesis-antenna proteins.” 
Compared to 24 h of heat stress (c), “Limonene and pinene 
degradation,” “Phenylalanine metabolism” and “Glycine, serine 
and threonine metabolism” were the top 3 pathways. Compared 
to 34 h of heat stress (d), the top three enriched pathways were 
“Limonene and pinene degradation,” “beta-Alanine 
metabolism” and “Pyruvate metabolism.” Compared to the 
recovery samples (e), “Limonene and pinene degradation,” 
“Phenylalanine metabolism” and “Protein processing in 
endoplasmic reticulum” showed the highest enrichment. 
Furthermore, “Limonene and pinene degradation” was 
markedky enriched in all time periods during the heat 
treatments. Figures 8B,C displayed the DEG expression profiles 
for the “Arginine and Proline Metabolism” and “Limonene and 
Pinene Degradation” pathways, respectively.

TFs have important functions in many facets for plant 
growing, as well as in the face of heat treatment. In this study, 
iTAK software (Zheng et al., 2016) was employed to forecast 
the TFs of B. luminifera under heat stress. A column diagram 
depicts the numbers of the top  20 largest TFs families 
annotated between 10 comparative sampling durations 
(Supplementary Figure S3). The top three transcription factor 
families among the 10 comparative sampling groups belong to 

FIGURE 5

The unigenes homology searches against the protein databases.
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the bHLH, ERF, MYB and NAC families. The expression 
profiles of these four TF families at different heat treatment 
times are presented in a heatmap (Figure  9A). Most of the 
genes in these families belong to three types of expression 
patterns. To further evaluate the second-generation sequencing 

data, eight transcription factor genes were chosen at random 
to perform qRT-PCR (Figure 9B). The gene expression profiles 
were comparable with the FPKM values based on second 
generation sequencing, confirming the reliability of the 
sequencing data.

A

B

C

D

FIGURE 6

Functional annotation of B. luminifera unigenes generated by illumine sequencing. (A) Functional classification of unigenes by eggNOG analysis. 
(B) Functional classification of unigenes by GO analysis. (C) Functional annotation of unigenes by NR analysis. (D) A total of 21,184 unigenes were 
assigned to different KEGG terms. Different color blocks represent different terms, from top to down, “Environmental Information Processing” (a), 
“Cellular Processes” (b), “Genetic Information Processing” (c), “Organismal Systems” (d), and “Metabolism” (e).
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Discussion

Content of osmotic adjustment 
substances in response to heat stress

In this study, the change in Pro differed significantly among 
the six B. luminifera populations; the DG and XR populations 
had higher contents under heat treatment, which may indicate 
those populations are more sensitive to heat stress. Pro is 
generally implemented in estimating plant tolerance to a 
variety abiotic stimulus since it contributes to control and 
preserve cell osmotic equilibrium and serves a key role in 
lessening cell redox potential responses (Misra and Saxena, 
2009; Yan et al., 2015). Pro performs as a remarkably powerful 
non-enzymatic antioxidant implicated at plant cells’ antioxidant 
defense (Gill and Tuteja, 2010). Additionally, heat-tolerant 
woody species like P. tomentosa and Jatropha curcas have also 
shown an increase in the Pro content of their tissues (Silva 

et al., 2010; Ren et al., 2019). In keeping with earlier reports, it 
was found that all six populations of B. luminifera had an 
increase in Pro content over the course of the heat stress’s 24 h, 
indicating that B. luminifera can withstand short-term 
heat stress.

Pro production is a general physiological response to high-
temperature treatment, representing heat stress play a negative 
function on plant growth, and the increased osmotic substances 
under high stress was advantageous to enhancing the resistance 
of plants with the processing time (Lv et al., 2011). The likely 
mechanism of Pro accumulation in B. luminifera leaves in the 
stimulus of heat stress treatment was that the generation rate 
of ROS gone up, membrane lipid peroxidation raised, and cell 
membrane lipids degraded, leading to leaves amassing 
considerable levels of Pro (Wang et al., 2017). In addition, the 
important Pro synthesis genes were identified in the arginine 
and Pro metabolism pathways (Figure  8B). Therefore, 
B. luminifera responds to heat stress most likely by regulating 

A B

C

FIGURE 7

Transcriptional variations in B. luminifera under different treatments time period. (A) Hierarchical clustering analysis of the DEGs under different 
treatments time period. (B) The number of up- and down-regulated genes in different treatments time period. (C) Venn diagrams showed the 
proportions of the DEGs in different treatments time period.
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proline synthesis genes (e.g., P5CS) to increase Pro levels 
(Supplementary Table S3). The raised Pro content at high 
temperatures aided in enhancing B. luminifera resistance. 
Based on the change pattern of the Pro content in the six 
B. luminifera populations under heat stress, Pro can be viewed 
as a key indicator for assessing B. luminifera tolerance, and this 
result agrees well with previous heat treatment studies on 
woody plants (Chen et al., 2014; Ren et al., 2019).

Effects of heat stress on antioxidant 
activity

In this research, the increased antioxidant enzyme activities 
(SOD, POD, and CAT) suggested that cellular damage occurred 
when the B. luminifera populations were exposed to heat stress 
(45°C). Normally, oxidant–antioxidant balance exists in plants, 
which is critical for survival. However, heat stress causes ROS 
to be produced in greater abundance than normal (threshold 
value), which causes oxidative damage (Baxter et al., 2014). In 
response, plants can produce more antioxidant enzymes (e.g., 

POD and CAT) to deactivate or eliminate ROS (Ciou et al., 
2011; Jin et al., 2011). Similar studies have been reported in 
other woody plants, e.g., P. tomentosa and Jatropha curcas 
(Silva et  al., 2010; Ren et  al., 2019). The same temperature 
treatment setting (45°C) were set to identify the heat-stress 
responsive miRNAs to disclose the miRNA-mediated 
regulatory network of B. luminifera under high temperatures 
(Pan et al., 2017).

Nevertheless, there were obvious differences in the 
responses of the different B. luminifera populations to heat 
treatment. Similar research results have also been reported for 
Betula alnoides, a related species of B. luminifera: the 
physiological indexes such as the leaf conductivity, net 
photosynthetic rate, transpiration and stomatal conductance 
were significantly different among populations under high-
temperature treatment (45–50°C) (Chen et al., 2003). Overall, 
based on the change pattern of antioxidant enzyme (SOD, POD 
and CAT) activities under heat stress, the response of the RS 
population was in an intermediate fluctuating state among the 
six B. luminifera populations. Therefore, for the response of 
B. luminifera under heat treatment, the RS population was the 

A B

C

FIGURE 8

Enriched KEGG pathways analysis of the DEGs in different treatments time period. (A) The significant p values of each KEGG term in different 
treatments were shown by a heatmap. Red indicated significantly enriched KEGG terms. (B) Expression analysis of the unigenes related to the 
“arginine and proline metabolism” pathway. (C) Expression analysis of the unigenes related to the “Limonene and pinene degradation” pathway.
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representative of the six populations. In addition, physiological 
responses of different geographical populations to stress 
treatments that were significantly different have also been 
reported for other woody plants such as Cocos nucifera (Sun 
et  al., 2021), Azadirachta indica (Zheng et  al., 2008), and 
Quercus variabilis (Zhang et al., 2017). Therefore, analyzing the 
tolerance of B. luminifera seedlings from different populations 
under heat stress is of great help to select provenances with 
excellent resistance and to find artificial measures to improve 
the survival of seedlings.

Effects of heat stress on photosynthesis

In this study, heat stress had a significant impact on 
photosynthesis in all six B. luminifera populations. Particularly, 
the Pn was less than zero along with the extension of the heat 
treatment time. It is widely known that Pn value is equal to total 
photosynthetic rate subtracting respiration rate, thus Pn is the 
superimposed effect of photosynthesis and respiration. The Pn 
become negative in this study, probably because the 
photosynthetic rate of B. luminifera seedlings was less than the 

A

B

FIGURE 9

The differential expression pattern of the four TF families (MYB, NAC, and WRKY). (A) The differential expression pattern of the four TF families 
were depicted by a heatmap. (B) Validation of expression pattern of several TF genes by qRT-PCR.
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respiration rate due to the damage of high temperature stress. 
This phenomenon also occurs in other plants under stress, the 
photosynthesis of plant leaves was reported to be  inhibited 
beyond the optimal temperature range (Ashraf and Harris, 
2013), other instances have included in Anthurium (Chen et al., 
2021) and Euphorbia pulcherrima (Feng et  al., 2009). Heat 
stress, in fact, will reduce plant photosynthetic capacity by 
causing damage to any component of the light-harvesting 
process, electron transport, and exploiting of assimilates in 
photosynthesis (Kurek et al., 2007; Sharkey and Zhang, 2010), 
especially for PS II, the photosynthetic system’s most heat-
sensitive component (Song et  al., 2014). Several crucial 
subunits (e.g., Psb27/28) and cofactors (e.g., CP43) involved in 
photosynthetic electron transport are required for PS II repair 
throughout heat stress (Liu et al., 2011; Sakata et al., 2013), and 
light-harvesting-related proteins (LHCs) are also of essential 
for light harvesting and photoprotection (e.g., LHC sub-classes 
of Lhcb1-8) (Alboresi et al., 2008).

Our results also showed that there were notable variations 
in heat-stress responses among the different B. luminifera 
populations. Under heat stress, in the initial stage of heat 
treatment, the Pn values of the RS, SY, and YF B. luminifera 
populations decreased, whereas those of the DG, XR and YJ 
populations remained stable. In the second photoperiod, there 
was a significant decrease in Pn in all six populations relative to 
the initial stage of heat treatment. In addition, the SY and RS 
populations’ photosynthesis recovered after a dark period, but 
the Pn also decreased in the new photoperiod. Interestingly, 
after the heat treatment stopped, Pn basically recovered, 
indicating that although the photosynthesis of B. luminifera 
was sensitive to heat treatment, it still had a certain degree of 
heat resistance. In addition, many related genes involved in the 
photosynthetic electron transport system in B. luminifera were 
enriched (Figure 8), indicating that the photosynthetic electron 
transport and photophosphorylation of B. luminifera were 
affected by heat stress. Overall, our results suggest that the 
photosynthesis of B. luminifera may be damaged under high 
temperature stress, caused to inhibition of the photosynthetic 
process in B. luminifera.

TFs involved in the response to high 
temperature treatment

In this study, we also performed transcriptome analysis on 
a representative population (RS) to reveal the genetic basis of 
B. luminifera’s self-regulation under heat stress. We established 
an approximately 98.0 GB-sized transcriptome data from 
B. luminifera heat-stressed leaves assembled into 116,484 
unigenes, of which 44% were annotated against public 
databases. Our study will supply a substantial public data set 
and will assist functional gene researches of this important 
timber species. It is generally considered that when exposed in 
changing external temperatures, plants will increase their 

resistance through controlling gene induction and expression 
responded stress. According to the present study, 38,926 heat-
inducible DEGs were identified. This dominance of gene 
expression under high temperatures shows a sustained 
adaptation during an extended time periods. In the public 
database, more than 93% of the DEGs from B. luminifera were 
annotated as homologs, suggesting that they are heat-stress 
responsive genes with previously reported homologs from 
other plants. Deeper study into these genes may reveal 
complete biological process underlying B. luminifera 
population responses to heat stress.

A series of TFs, e.g., bHLH, WRKY, NAC, and MYB, were 
identified and significantly differentially expressed with the 
extension of the high-temperature treatment time. In previous 
studies, TFs were shown to involved in stress-responsive gene 
transcriptional by recognizing DNA through sequence-
specific pattern (Chen et al., 2014; Song et al., 2014; Ren et al., 
2019). For instance, in Manihot esculenta, WRKY79 and heat 
shock TF 20 (Hsf20) enhanced melatonin biosynthesis through 
interacting with the promoter of N-acetylserotonin 
O-methyltransferase 2 (ASMT2) to increase disease resistance 
(Wei et  al., 2017). In tomato, TF heat shock factor A1a 
(HsfA1a) promoted transcript accumulation of the melatonin 
biosynthesis gene COMT1, which strengthens plant resistance 
to cadmium (Cd) as a result (Cai et al., 2017). Therefore, the 
identification of TFs under stress is the key to understand the 
plant self-regulation network, and our research provides a 
genetic basis for revealing the adaptability of B. luminifera 
under heat stress.

Conclusion

In conclusion, our results demonstrated a large set of 
parallel changes in physiological responses (photosynthetic 
parameters, osmolytes and antioxidant enzymes) in 
B. luminifera populations to heat stress. The greatly differences 
in adaptability among different populations, meaning that 
there is great potential to breeding new varieties with high 
heat-resistance for B. luminifera. On the other hand, among 
different B. luminifera populations, the consistent physiological 
response was the activity of resistant enzymes change firstly, 
and then the osmoregulation substance content began to 
increase after continuous heat stress. In addition, the current 
study created an abundant transcriptome for the leaves of 
B. luminifera that respond to heat stress. And comprehensive 
physiological and transcriptomic analysis integrated with 
qRT-PCR were performed to provide fundamental knowledge 
about biological changes in B. luminifera populations under 
heat treatment. In general, our research provided a valuable 
insight into the heat resistance of B.luminifera populations, 
which can conducive to the foundation of B. luminifera 
selection and resistance evaluation for cultivation and  
breeding.
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Expression analysis of PIN family
genes in Chinese hickory reveals
their potential roles during
grafting and salt stress
Ying Yang1,2†, Jiaqi Mei1,2†, Juanjuan Chen1,2,3†, Ying Yang1,2,
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1State Key Laboratory of Subtropical Silviculture, Zhejiang A&F University, Hangzhou, China,
2Zhejiang Provincial Key Laboratory of Forest Aromatic Plants-based Healthcare Functions,
Zhejiang A&F University, Hangzhou, China, 3Research Institute of Subtropical Forestry, Chinese
Academy of Forestry, Hangzhou, China

Grafting is an effective way to improve Chinese hickory while salt stress

has caused great damage to the Chinese hickory industry. Grafting and

salt stress have been regarded as the main abiotic stress types for Chinese

hickory. However, how Chinese hickory responds to grafting and salt stress

is less studied. Auxin has been proved to play an essential role in the

stress response through its re-distribution regulation mediated by polar

auxin transporters, including PIN-formed (PIN) proteins. In this study, the

PIN gene family in Chinese hickory (CcPINs) was identified and structurally

characterized for the first time. The expression profiles of the genes in

response to grafting and salt stress were determined. A total of 11 CcPINs

with the open reading frames (ORFs) of 1,026–1,983 bp were identified.

Transient transformation in tobacco leaves demonstrated that CcPIN1a,

CcPIN3, and CcPIN4 were localized in the plasma membrane. There were

varying phylogenetic relationships between CcPINs and homologous genes

in different species, but the closest relationships were with those in Carya

illinoinensis and Juglans regia. Conserved N- and C-terminal transmembrane

regions as well as sites controlling the functions of CcPINs were detected in

CcPINs. Five types of cis-acting elements, including hormone- and stress-

responsive elements, were detected on the promoters of CcPINs. CcPINs

exhibited different expression profiles in different tissues, indicating their

varied roles during growth and development. The 11 CcPINs responded

differently to grafting and salt stress treatment. CcPIN1a might be involved

in the regulation of the grafting process, while CcPIN1a and CcPIN8a were

related to the regulation of salt stress in Chinese hickory. Our results will lay

the foundation for understanding the potential regulatory functions of CcPIN

genes during grafting and under salt stress treatment in Chinese hickory.
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Introduction

Auxin is the first discovered phytohormone (Went,
1935) and plays an important role during different growth
stages of plants (Yu et al., 2022), including gametogenesis,
seed germination, root elongation, vascular patterning, and
blossoming (Zhao, 2010). In addition, an important function
of auxin is its regulation of the responses of plant species to
different biotic and abiotic stresses (Kapazoglou et al., 2020;
Dastborhan et al., 2021; Mearaji et al., 2021; Zhang et al., 2022).
The functioning of auxin is closely related to its homeostatic
regulation, which involves biosynthesis, conjugate formation,
transport, and degradation (Zhang and Peer, 2017). Following
biosynthesis, transport is the key step for auxin functioning
(Gomes and Scortecci, 2021) because the site of action is usually
different from that of synthesis.

Plants have evolved two methods for transporting auxin:
the long-distance network (transporting auxin through phloem)
and the cell-to-cell transport network (also named polar auxin
transport) (Muday and DeLong, 2001; Robert and Friml,
2009). In plants, polar auxin transport is mainly mediated
by AUXIN/LIKE AUXIN proteins (AUX/LAX, responsible
for auxin influx), PIN-formed proteins (PIN, responsible for
auxin efflux), PIN-LIKES (PILS, responsible for auxin transport
between the cytosol and endoplasmic reticulum), and ATP-
binding cassette subfamily B proteins (ABCB, responsible for
auxin influx/efflux) (Swarup and Peret, 2012; Mohanta et al.,
2018; Sauer and Kleine-Vehn, 2019). PIN proteins play major
roles in auxin efflux because their polar localizations are always
consistent with the directionality of auxin (Zhou and Luo, 2018).

PIN is a gene family composed of multiple genes with
similar or different structures and functions. AtPIN1 was the
first discovered PIN protein in Arabidopsis. The mutant of
PIN1, pin1, has no leaves or flowers in cauline inflorescence
(Kuhlemeier and Reinhardt, 2001) and resembles pins, which is
the reason why PIN1 and the subsequent proteins in this family
were named PIN-formed proteins (PINs). PIN family proteins
contain conserved N- and C-terminal transmembrane domains
and intracellular central hydrophilic loops. There are two
types of PIN proteins categorized according to the differences
in structures of the central hydrophilic loop: canonical PIN
proteins with a long central hydrophilic loop and non-canonical
PIN proteins with a short hydrophilic loop. In Arabidopsis,
canonical PIN proteins (AtPIN1, 2, 3, 4, and 7) are localized
to the plasma membrane (PM) and mediate auxin efflux to the
extracellular space (Bennett et al., 2014). Non-canonical PINs
(AtPIN5 and 8) are localized to the endoplasmic reticulum (ER)
and mediate intracellular auxin transport between the cytoplasm
and ER (Mravec et al., 2009; Sauer and Kleine-Vehn, 2019).
AtPIN6 possesses a long hydrophilic loop and is located on
the PM and ER, and thus is classified as a non-canonical PIN
(Bennett et al., 2014).

The functions of PIN proteins have been well studied in
Arabidopsis. AtPIN1 regulates the shoot apical meristem, root
elongation, and the development of xylem (Blilou et al., 2005;
Alabdallah et al., 2017). AtPIN2 influences root gravitropism
and responds to salt stress (Wang et al., 2019; Gibson et al.,
2020). AtPIN3 is mainly expressed in root and vascular tissues. It
regulates auxin distribution in roots, participates in lateral root
growth, and responds to light and gravity (Blilou et al., 2005;
Zhai et al., 2021; Li et al., 2022). Similar to AtPIN3, AtPIN4
is related to light and gravity responses. In addition, AtPIN4
participates in auxin flow to the quiescent center (Bureau et al.,
2010). AtPIN5 mediates not only the transport of auxin from
the cytoplasm to the ER, but also regulates auxin homeostasis
and metabolism (Mravec et al., 2009). AtPIN6 regulates lateral
root formation (Sauer and Kleine-Vehn, 2019). The functions
of AtPIN7 are similar to those of AtPIN3 and AtPIN4, and it
participates in the gravimetric response of roots (Lewis et al.,
2011). The function of AtPIN8 is the opposite of that of AtPIN5,
transporting auxin from the ER to the cytoplasm (Ding et al.,
2012). In addition, there is functional redundancy for some PIN
proteins (Blilou et al., 2005; Wang et al., 2021). For example,
the mutant genes pin1 and pin2 exhibit functional redundancy
regarding the regulation of root meristem and root length
(Vieten et al., 2005).

In addition to developmental functions, PIN family genes
also participate in the regulation of abiotic stress (Yu et al.,
2017). For example, in pepper (Capsicum annuum) and
Sorghum bicolor, the expression profiles of PIN genes were
changed under high salt treatment (Shen et al., 2010; Zhang
et al., 2018). The process of grafting creates wounding stress,
which also influences the expression of PIN genes (Melnyk,
2017; Sharma and Zheng, 2019). The overexpression of AtPINs-
GUS in Arabidopsis shows that AtPINs are expressed in
the grafted union, indicating their involvement in grafting
regulation (Wang et al., 2014). Transcriptome sequencing of
Arabidopsis grafting also supports this conclusion (Melnyk et al.,
2018).

Chinese hickory (Carya cathayensis Sarg.), belonging to
the Juglandaceae family, is one of the most important trees
economically in the Zhejiang and Anhui Provinces of China.
Nuts from Chinese hickory trees are rich in nutritional
compounds, including polyunsaturated fatty acids, phenolics,
and flavonoids (Huang et al., 2022). However, a long juvenile
phase and narrow distribution have restricted the development
of the Chinese hickory industry. Grafting is an effective way to
solve these problems. In addition, soil salinization has limited
the development of the Chinese hickory industry.

To date, members of the PIN gene family have not been
identified, and their potential roles during grafting and salt
stress treatment in Chinese hickory are still unknown. In this
study, PIN family genes in Chinese hickory were cloned and
structurally analyzed, and their expression profiles in response
to grafting and salt stress treatment were determined. Our
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results will lay the foundation for revealing the molecular
mechanism of PIN family genes in regulating grafting and salt
stress in Chinese hickory.

Materials and methods

Identification of PIN family genes in
Chinese hickory

Candidate gene sequences of PIN in Chinese hickory
(CcPINs) were identified from the published genome (Huang
et al., 2019). The process used to identify genes was the same as
that used in a previous study (Yang et al., 2021). Hidden Markov
model (HMM) profiles of the PIN domain (PF03547) were used
for analysis. TBtools (Toolbox for Biologists, v1.098745) was
used for the preliminary screening of PIN genes (Chen et al.,
2020). The identified CcPINs were named according to their
phylogenetic relationships with the homologs in Arabidopsis
(Supplementary Figure 1).

Structural analysis of CcPINs

In addition to predicting the functions of CcPINs in
Chinese hickory, the PIN proteins in Chinese hickory and 14
other species were chosen to undergo phylogenetic relationship
analysis. The PIN proteins of 11 species were obtained from
previous studies. PINs of the other three species (including
Juglans regia, Carya illinoinensis, and Nymphaea tetragona)
were analyzed based on the genome in Phytozome v13.1 The
identified method was the same as that used for Chinese hickory,
as stated above. The PIN protein information for 15 species is
shown in Supplementary Table 1.

The phylogenetic tree between PIN proteins in the 15 species
was constructed by MEGAX using the neighbor-joining method
and a bootstrap of 1,000 replicates. ClustalW was used for
multiple sequence alignment analysis of CcPINs. The motif
distribution of CcPIN proteins was predicted by MEME Suite.2

The motif number was set to 8, and the maximum and minimum
numbers of amino acids were set to 50 and 6, respectively.
The online tool ExPASy was used to analyze biochemical
information (length, molecular weight, isoelectric point, and
size) of CcPIN genes. The transmembrane regions of CcPIN
proteins were predicted by the TMHMM2 tool (TMHMM–
2.0).3 “Search for CARE” on the PlantCare website4 was used
to identify cis-acting regulatory elements on the promoters of
CcPIN genes.

1 https://phytozome-next.jgi.doe.gov/

2 https://meme-suite.org/tools/meme

3 https://services.healthtech.dtu.dk/service.php?TMHMM-2.0

4 http://bioinformatics.psb.ugent.be/webtools/plantcare/html/

Plant material, treatment, and sampling

One-year-old Chinese hickory seedlings were used for
tissue-specific expression analysis, while 2-year-old Chinese
hickory seedlings were used as rootstocks for grafting and
materials for salt stress treatment. Seedlings were planted in
seedling pots with a diameter of 17 cm and height of 22 cm
and cultivated in the greenhouse of Zhejiang A&F University.
One seedling was planted in each pot with 5 L of soil. The
soil formula included 50% peat, 13% pastoral soil, 15% organic
fertilizer, 5% exocarp, 10% agricultural bran, 5% perlite, and 2%
release fertilizer. The seedlings were grown under the following
conditions: temperature of 25 ± 3◦C, humidity of 60–70%, and
photoperiod of 12-h light/12-h dark. The seedlings were watered
every 5 days. Tobacco (Nicotiana benthamiana) was cultivated
in the culture room at the temperature of 22◦C, humidity of
60–70%, and photoperiod of 16-h light/8-h dark. For subcellular
localization analysis, 45-day-old tobacco leaves were used.

For the grafting experiment, 2-year-old seedlings with
similar phenotypes were used for rootstocks, and the grafting
operation was conducted on April 20th, 2018. One-year-old
branches (7–8 cm in length) with a new bud collection on
the fruit-bearing trees were chosen as scions. For salt stress
treatment, the 2-year-old seedlings were treated with 150 mm
NaCl (Shanghai Hushi Laboratorial Equipment Co., Ltd., China)
solution three times every 3 days, following the same method
as a previous study (Chen et al., 2015). The equivalent water
treatment was used for the control check (CK).

Graft unions were collected at 0, 3, 7, and 14 days
after grafting, representing the initiation stage, isolation
layer formation stage, callus formation and isolating layer
disappearance stage, and vascular bridge formation and linkage
stage during Chinese hickory grafting, respectively, as detected
by cytological observation (Liu et al., 2009). In each treatment,
three graft unions were mixed together and regarded as a single
sample. For salt stress treatment, samples from different tissues,
including roots, stems, and leaves, were collected after 0, 1,
3, and 10 days of treatment, representing the initial-, short-,
medium- and long-term treatment stages as reported in similar
studies of other woody plants (Chen et al., 2015; Zhao et al.,
2015; Hang et al., 2020; Huang et al., 2020). The day on which
the seedlings were treated with NaCl solution for the first time
was regarded as day 0. For each tissue, collections from five
different seedlings were mixed together and regarded as a single
sample. For tissue-specific expression analysis, different tissues,
including roots, stems, leaves, and shoots, of 1-year-old Chinese
hickory seedlings were collected in early spring (on April 16,
2022), representing the fast-growing stage of the seedlings. For
each tissue, collections from five different seedlings were mixed
together and regarded as a single sample. All the samples were
wrapped in aluminum foil, immediately immersed in liquid
nitrogen, and stored in an ultra-low temperature refrigerator
(−80◦C) for future use.
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RNA extraction, cDNA synthesis, and
real-time quantitative PCR analysis

The total RNAs of Chinese hickory were extracted using
a MiniBEST Universal RNA Extraction Kit [Code No. 9767,
Takara Biomedical Technology (Beijing) Co., Ltd., China].
For the grafting experiment, the rootstocks and scions in
a single sample were separated from each other, and the
cells at the conjunction surfaces of the rootstocks and scions
were scraped using blades, respectively. Total RNAs of the
rootstocks and scions were extracted separately. For the salt
stress experiment, the total RNAs of the roots, stems, and leaves
collected at different time points were extracted separately. For
the tissue-specific experiment, the total RNAs of the roots,
stems, leaves, and shoots of 1-year-old seedlings were extracted
separately. The cDNA used for cloning was synthesized using
the PrimeScriptTM IV 1st strand cDNA Synthesis Mix [Code
No. 6215A, Takara Biomedical Technology (Beijing) Co., Ltd.,
China]. PrimeSTAR Max DNA Polymerase [Code No. R045Q,
Takara Biomedical Technology (Beijing) Co., Ltd., China] was
used for PIN gene cloning. The cDNA used for Real-Time
Quantitative PCR analysis (qRT-PCR) was obtained using the
PrimeScriptTM RT Master Mix [Code No. RR036A, Takara
Biomedical Technology (Beijing) Co., Ltd., China].

Real-Time Quantitative PCR analysis primers were designed
on the National Center for Biotechnology Information (NCBI)
primer prediction website.5 The CcActin gene was used as the
internal standard for normalization. The primers for qRT-PCR
are listed in Supplementary Table 2. The methods used for qRT-
PCR were followed according to a previously published study
(Yuan et al., 2018). The qRT-PCR analysis was replicated at least
three times.

Subcellular localization analysis

The coding sequence of CcPINs was cloned from the cDNA
library of Chinese hickory and inserted into the modified
pCAMBIA1300-GFP vector. Then, the obtained 35S:CcPINs-
GFP was translated into Escherichia coli Trans1-T1 (TransGen
Biotech Co., Ltd., China) and sequenced by Sangon Biotech
(Shanghai) Co., Ltd., China. Plasmids from the identified
strains were extracted and transformed into Agrobacterium
strain GV3101 competent cells (AC1001, Shanghai Weidi
Biotechnology Co., Ltd., China). Transient transformation
of 45-day-old tobacco leaves was performed as previously
described (Yamaji et al., 2009). The pm-rk (plasma membrane
marker with red fluorescence, Nelson et al., 2007) was
transiently co-transformed into tobacco leaves with CcPINs.
After culturing for 48 h, the fluorescence signal in the

5 https://www.ncbi.nlm.nih.gov/tools/primer-blast/

transformed tobacco leaves was detected using a confocal
microscope (LSM 880, Zeiss, Germany) with 488 and 594 nm
argon lasers.

Statistical analysis and figure
preparation

To calculate the relative expression levels of CcPIN genes,
the 2−11CT method, introduced by Schmittgen and Livak
(2008), was used. A one-way analysis of variance (ANOVA)
and multiple comparisons [the least significant difference (LSD)
method] were conducted using SPSS Statistics (version 17.0)
to analyze the expression differences of CcPIN genes among
different tissues and treatments.

The histogram and line figures were drawn using Microsoft
Excel 2019. The phylogenetic tree was drawn using Mega X
and embellished using Fig. Tree (v1.4.4). The figures illustrating
motifs and gene structures were drawn using TBtools (Toolbox
for Biologists, v1.098745). Finally, the figures were merged by
Adobe Photoshop (version 2020).

Results

Identification of PIN family genes in
Chinese hickory

Eleven CcPIN genes were identified, and the corresponding
information is displayed in Table 1. The ORF length of the
CcPINs ranged from 1,026 bp (CcPIN8a) to 1,983 bp (CcPIN3),
encoding proteins with between 341 and 660 amino acids.
The molecular weights of CcPINs ranged from 37,338.75
Da (CcPIN8a) to 72,046.05 Da (CcPIN3), and the predicted
isoelectric points (pI) varied from 6.42 (CcPIN5) to 9.39
(CcPIN8a). The number of exons for CcPIN genes ranged
from 5 to 7. To explore the potential locations where CcPINs
perform their functions, several CcPINs were detected by
subcellular localization. Transient transformation of CcPINs to
tobacco leaves showed that CcPIN1a, CcPIN3, and CcPIN4 were
expressed on the PM (Figure 1).

Phylogenetic relationships of PIN
family proteins in Chinese hickory and
other species

To predict the potential functions of PIN family genes
in Chinese hickory, a phylogenetic tree was constructed to
explore the phylogenetic relationships between the 11 PIN
proteins in Chinese hickory and 121 PIN proteins from 14
other plant species. The 15 plant species used to construct
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FIGURE 1

The subcellular localization of CcPIN1a, CcPIN3, and CcPIN4. The fluorescence images were captured in a dark field for green and red
fluorescence, in a white field for the morphology of the cell, and in combination. GFP, green fluorescent protein fluorescence; RFP, red
fluorescent protein fluorescence; Bright, bright field; Merged, GFP/RFP/bright field overlay. Bar = 20 µm.

the phylogenetic tree belonged to 5 types of charophytes,
bryophytes, lycophytes, monilophytes, gymnosperms, and
angiosperms according to the consensus phylogeny reported by
Doyle (2018). Detailed information on the 132 PIN proteins is
shown in Supplementary Table 1. A total of eight groups (I,
II, III, IV, V, VI, VII, and VIII) were identified (Figure 2A).
There was significant variation in the number of PIN proteins
in the different groups. There was only one protein in Group I,
three proteins in Group II, seven proteins in Group VI, and 11
proteins in Group VII. The number of proteins in Groups III, IV,
and V was 22, 19, and 23, respectively, and the highest number
of proteins was in Group VIII, with 46 (Figure 2B).

The number of PIN proteins varied in different species.
There was only one PIN protein in Klebsormidium flaccidium
and Picea abies, while the number of PIN proteins in the other
13 species changed from 4 to 15 (Figure 2B). In addition, there
were more PINs (8–15) in angiosperm species than those in the
other types (Figure 2B). Similar to C. illinoinensis and J. regia,
the PINs in C. cathayensis were distributed in Groups III, IV,
V, VII, and VIII, with the largest number of PINs in Group

VIII. Most PINs in Oryza sativa, Zea mays, and S. bicolor were
distributed in Groups III, IV, VI, VII, and VIII (Figures 2A,B).

Multiple sequence alignment, motif,
and gene structure analysis of CcPINs

Multiple sequence alignment of CcPIN proteins is shown in
Figure 3, which displays the high level of conservation in the
N-terminal and C-terminal regions. There were short sequences
in the middle region for CcPIN5, CcPIN8a, and CcPIN8b, with
long sequences for the other CcPINs. In addition, “F165,” the
site controlling the distribution of PIN proteins on PM, the
phosphorylation site “TPRXS,” and the conserved “NPXXY” site
were detected (Figure 3). Motif analysis of the eleven CcPIN
proteins was performed using the MEME Suite, with the eight
conversed motifs set. Motif 6 and Motif 8 were not detected
in short CcPINs (CcPIN5 and CcPIN8) (Figures 4A,B). The
conserved element “NPXXY” was found in motif 5 (Figure 4D),
and the phosphorylated site “TPRXS” of MPK 4/6 kinases
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FIGURE 2

Phylogenetic analysis of PIN proteins from 15 species. (A) The phylogenetic tree. (B) The number and distribution of PINs in different species. Kf,
Klebsormidium flaccidium; Pp, Physcomitrella patens; Sm, Selaginella moellendorffii; Cf, Cystopteris fragilis; Pa, Picea abies; At, Arabidopsis
thaliana; Pt, Populus trichocarpa; Am, Amborella trichopoda; Jr, Juglans regia; Ci, Carya illinoinensis; Cc, Carya cathayensis; Nc, Nymphaea
tetragona; Os, Oryza sativa; Zm, Zea mays; Sb, Sorghum bicolor.
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was found in Motif 8 (Figure 4D). Transmembrane region
prediction using TMHMM showed that there were N-terminal
or C-terminal transmembrane regions for all CcPINs, with the
total number ranging from 6 to 10 (Supplementary Figure 2).
The coding sequences of CcPINs were compared with their
corresponding DNA sequences on the genome. The numbers of
exons in CcPINs ranged from five to eight (Figure 4C).

Protein–protein interaction network
prediction of CcPINs

The PPI network was predicted between the homologs of
CcPINs in Arabidopsis and other proteins in Arabidopsis by the
String database, with the minimum required interaction score
set to a high confidence score of 0.700, and the maximum
number of interactors was limited to no more than 10. The PPI
network consisted of 17 nodes and 39 edges (Figure 5A). Seven
nodes were representative of PIN proteins. The corresponding
information is shown in Supplementary Table 3. Different line
colors represent protein-protein associations.

The nodes were annotated using Gene Ontology (GO)
(Figure 5B and Supplementary Table 4). The results
showed that most of the predicted proteins contributed
to biological processes, such as “Cellular response to
stimulus” (GO:0051716), “Auxin-activated signaling pathway”
(GO:0009734), “Tissue development” (GO:0009888), and
“Xylem and phloem pattern formation” (GO:0010051).
The proteins also played a role in multiple cellular
components including the “Plasma membrane” (GO:0005886),
“Auxin polar transport” (GO:0009926), and “Cytoplasm”
(GO:0005737). In addition, the molecular function of the
proteins included “Auxin transmembrane transporter activity”
(GO:0080161), “Auxin efflux transmembrane transporter
activity” (GO:0010329), “Auxin influx transmembrane
transporter activity” (GO:0010328), and “Auxin binding”
(GO:0010011).

Cis-acting regulatory elements
affecting the promoters of CcPIN
family genes

Regulatory elements that are cis-acting on the promoters
of genes were the sites for expression regulation of genes. To
explore how the expression of CcPINs was regulated by the
different transcriptional factors, the section 2,000 bp upstream
of the start codon (ATG) of CcPINs was used to query for
cis-acting element detection using PlantCare. Five types of cis-
acting elements, including a binding site element, hormone
responsiveness, light responsiveness, plant development, and
stress responsiveness, were detected, with numbers of 9, 71, 147,
28, and 40, respectively (Figure 6).
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FIGURE 3

Multiple alignments of CcPINs by ClustalW. The possible functional sites are circled with red boxes.

Within each type, specific cis-acting elements were detected.
For example, five types of hormone-responsive elements,
including gibberellin-responsive elements (GARE-motif,
P-box, TATC-box, and TGA-element), abscisic acid-responsive
elements (ABRE), MeJA-responsive elements (CGTCA-motif,
TGACG-motif), and salicylic acid-responsive elements (TCA-
element), were detected. The number of cis-acting elements
for a certain CcPIN gene ranged from 15 (CcPIN8a) to 36
(CcPIN4), where light-responsive elements were the most
abundant. In addition, five types of stress-responsive elements
were detected on the promoters of CcPINs.

Tissue-specific expression profiles of
CcPINs in Chinese hickory

To explore the relative expression of PIN genes in different
tissues, tissue-specific expression profiles of CcPIN genes in
roots, stems, leaves, and shoots of Chinese hickory were
obtained by qRT-PCR. The results showed that CcPIN1a,
CcPIN2a, CcPIN5, and CcPIN8a were highly expressed in stems,
CcPIN4 and CcPIN6a showed the highest expression levels in
shoots, and the highest expression of CcPIN3 was in leaves
(Figure 7). The tissue-specific expression patterns of CcPIN
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FIGURE 4

Motif and gene structure analysis of CcPINs. (A) Phylogenetic relationships. (B) Motif distribution. (C) Exon-intron structures. (D) Motif
information.

genes showed that they might play different roles in different
tissues in Chinese hickory.

Expression profiles of CcPIN genes
during grafting and salt stress in
Chinese hickory

To investigate whether CcPINs regulated grafting in Chinese
hickory, the expression levels of CcPINs were measured at
different stages of grafting (Figure 8). In scions, compared
with 0 days after grafting, the expression level of CcPIN1a
was significantly upregulated over sevenfold and eightfold
at 3 and 7 days after grafting, respectively. However, at
14 days after grafting, the expression was decreased but still
significantly higher than at 0 days after grafting. The expression
of CcPIN3 and CcPIN6a was downregulated in scions. The
expression levels of CcPIN4 and CcPIN8a significantly changed
in rootstocks after grafting. The highest expression for CcPIN4
was at 14 days after grafting in rootstocks, while CcPIN2a
exhibited the highest expression at 3 days after grafting. CcPIN5
showed stable expression during Chinese hickory grafting.

To investigate how CcPINs respond to salt stress, the
expression of CcPINs in the roots, stems, and leaves of Chinese
hickory was determined at different time points in the salt
stress treatment. CcPINs showed different expression profiles in
different tissues (Figure 9). In roots, CcPIN1a was significantly
upregulated after the salt stress treatment; CcPIN2a, CcPIN3,
and CcPIN4 were downregulated at 3 days after the salt stress
treatment; and CcPIN8a was downregulated at 1 day after the

salt stress treatment. In stems, CcPIN1a, CcPIN3, and CcPIN4
were upregulated at 1 day after the salt stress treatment, while
CcPIN3 and CcPIN4 were downregulated at 3 days after the salt
stress treatment. The expression levels of CcPIN5, CcPIN6a, and
CcPIN8a were similar to those after the CK treatment. In the
leaves, most of the CcPIN genes were downregulated at 3 days
after the salt stress treatment, while the expression of CcPIN8a
was upregulated. The different expression profiles of CcPINs
indicated that some of them might take part in the regulation
of salt stress in Chinese hickory.

Discussion

Chinese hickory is a native nut tree in China that is widely
cultivated in Zhejiang and Anhui provinces. The nuts of Chinese
hickory are not only rich in nutrition such as saturated and
unsaturated fatty acids, proteins, essential amino acids for
humans, and trace elements (Peng et al., 2013; Huang et al.,
2022) but also have an important role in the medicinal field
(Gao et al., 2020). High nutritional values have brought huge
economic benefits for farmers. In 2021, the total output value of
Chinese hickory in Lin’an distinct (Hangzhou, China) was 845
million RMB (∼123.3 million dollars) (Gu, 2022). However, the
slow vegetative growth and narrow growing range have limited
the development of Chinese hickory. Grafting is a technique
that is commonly used in horticulture and has been applied
to Chinese hickory to solve the difficulties in the Chinese
hickory industry. In addition, it has been predicted that the
salt in soil will be increased with increasing global temperatures
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FIGURE 5

(A) QQProtein–protein interaction (PPI) network of PIN-formed (PINs) and (B) gene ontology (GO) annotation of proteins in the PPI.

(Dhankher and Foyer, 2018). Therefore, the study of grafting
and salt stress in Chinese hickory is essential. PIN is an auxin
efflux protein that participates in the regulation of plant grafting
and salt stress (Wang et al., 2014; Chen et al., 2015). In the
present study, we identified eleven PIN genes in Chinese hickory
according to the published genome. The expression profiles in

grafting and salt stress were determined to elucidate the function
of CcPINs.

The number of identified CcPIN genes (11) was more than
that in Arabidopsis (8). Phylogenetic analysis of 132 PIN proteins
in 15 plant species was carried out to compare with CcPINs.
On the phylogenetic tree, CcPINs were close to CilPINs in
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FIGURE 6

Cis-acting elements on the promoters of CcPIN family genes. (A) The distribution of cis-acting elements. (B) The number of cis-acting elements.

C. illinoinensis, which indicated that they might come from a
common ancestor. To further study the similarity and diversity
of CcPIN genes, an analysis of motif and intron/exon structure
was executed. The exons of CcPINs were similar, and the various
intron lengths were the main reason for different gene lengths,
with similar results in other species (Wang et al., 2009; Hu et al.,
2021).

PIN proteins play important roles in cellular auxin
transport, and their function relies on corresponding sites in
conserved regions (Zhou and Luo, 2018). In contrast, functional
sites distributed in non-conserved regions might be unique in
different species, and the phenomenon is related to sequence
evolution (Zwiewka et al., 2019). In Arabidopsis, PIN genes

consist of two conserved hydrophobic loops at the N- and
C-terminus and a variable hydrophilic loop in the middle (Zhou
and Luo, 2018). The analysis of multiple sequence alignments
and motifs showed that there were similar motifs for CcPINs,
and the motifs were distributed in a gene-conserved area. It was
determined that F165 in AtPIN1 controls the polar distribution
of the PIN protein (Sancho-Andrés et al., 2016). Functional F165
sites were also found in CcPIN proteins, indicating that they
might perform the same function.

TPRXS, a phosphorylation site, appeared in motif 8
(Figure 3), and control of the polar distribution of PIN proteins
was performed by phosphorylase kinase (Bassukas et al., 2022).
The NPNXY site on the conserved domain is also related to
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FIGURE 7

Tissue-specific expression profiles of CcPIN genes. Total RNA was extracted from roots, stems, leaves, and shoots of 1-year-old Chinese
hickory. The relative expression levels of each CcPIN gene in roots were standardized as one. Different letters above the columns denote a
significant difference in different tissues (P < 0.05).

FIGURE 8

Relative RNA expression of CcPIN genes during the grafting of Chinese hickory. 0, 3, 7, and 14 d denote 0, 3, 7, and 14 days after grafting,
respectively. The rootstocks collected at 0 day were regarded as the control sample. Different letters above the columns denote a significant
difference in different treatments (P < 0.05).

PIN transport. Mutants of NPNXY in AtPIN1 contributed to the
accumulation of the PIN1 protein on the endoplasmic reticulum
(Mravec et al., 2009). The multiple sequence alignment results
show that all the CcPINs contained NPXXY in the conserved
region, which suggests that the NPXXY motif performed the
functional equivalent in Chinese hickory.

The plant hormone auxin regulates various developmental
processes through its asymmetrical distribution on the PM
(Vanneste and Friml, 2009). The different auxin distribution
is executed by PINs (Wisniewska et al., 2006), and PIN-
mediated auxin polar transport is crucial for auxin homeostasis.
The PPI network predicted the multiple protein interactions
with CcPINs through their homologous AtPINs genes. GO

annotation showed that the predicted proteins were involved in
many processes, and they participated in the regulation of auxin
homeostasis together.

PINs are auxin efflux proteins that play important roles in
plant life (Yu et al., 2022). To further explore the function of
CcPINs, the expression levels from different tissues, including
roots, stems, leaves, and shoots in Chinese hickory, were
analyzed by qRT-PCR. The results showed that there was
a high tissue-specific expression in the leaves, stems, and
shoots of Chinese hickory, and the results were in accordance
with those from previous studies. As previously reported,
D6 PROTEIN KINASE and PINOID (PID)/WAG kinases
activated auxin efflux transport PINs and influenced stem
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FIGURE 9

Relative RNA expression of CcPIN genes under CK (H2O) and salt stress treatments. 0, 1, 3, and 10 d represent 0, 1, 3, and 10 days after
treatment, respectively. The sample from the CK group collected 0 days after treatment was regarded as the control sample. Different letters
near the points indicate a significant difference in different treatments (P < 0.05).
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development (Wulf et al., 2019). In the woody plant Populus,
PtaPIN1 regulated stem growth, with high expression in the
developing xylem (Carraro et al., 2012). OsPIN5a and OSPIN5c
in rice were highly expressed in leaves. PbPIN1-3, PbPIN2-2,
PbPIN5-1, and PbPIN6 in pear trees were highly expressed in
shoots (Qi et al., 2020). The tissue-specific transcriptional levels
indicate that CcPINs participate in the regulation of hickory
growth and development. Therefore, it is worthy of further
research to clarify the detailed regulation process in Chinese
hickory.

In the successful grafting of horticultural plants, the
adhesion of different stems from rootstock and scion,
namely the formation of the graft union, is necessary for
grafting survival. During the process, callus formation and
differentiation, and the reconnection of vascular tissues,
are prominent (Melnyk et al., 2018; Sharma and Zheng,
2019). Auxin contributes to callus formation after a plant is
wounded (Wulf et al., 2019). The imposed exogenous auxin also
accelerates vascular reconnection (Wulf et al., 2019). In Chinese
hickory grafting studies, morphological changes indicated that
3, 7, and 14 days after grafting were the crucial time points
for isolation layer formation, callus formation, and vascular
reconnection (Liu et al., 2009). Auxin-related genes, including
CcIAAs and CcGH3, exhibited different expression levels at 0, 3,
7, and 14 days after grafting.

During Arabidopsis grafting, it has been proved that AtPIN1
participates in grafting with a high expression on the scion
(Melnyk et al., 2018). To explore if auxin efflux proteins
coding for CcPIN genes participated in the grafting process, the
relative RNA expression of CcPINs was measured in rootstocks
and scions at different time points by qRT-PCR. During the
obtained results, the relative RNA expression level of CcPIN1a
was upregulated 6–9 fold at the time points of 0, 3, 7, and
14 days after grafting. CcPIN1a is the ortholog of AtPIN1,
indicating they might perform a similar function. Further study
is necessary to elucidate the additional functions of CcPIN1a
with respect to grafts. In addition to CcPIN1a, other PIN genes
exhibited varied expression levels in grafting except for CcPIN5.
The various expression profiles of CcPIN genes in different
sections at the key stages of hickory grafting indicate their
potential functions in grafting regulation.

When faced with salt stress, plants activate various
mechanisms to resist the adverse environment. Auxin
homeostasis and dynamic rearrangement are one of
the regulatory pathways. A previous study showed that
phospholipase D-derived phosphatidic acid combined with
PID (PINOID/WAVY ROOT GROWTH) kinases enhanced
the phosphorylation of PIN2, promoted auxin polar efflux
ability, and contributed to the salt tolerance of Arabidopsis
(Wang et al., 2019). PIN1 and PIN3 also participated in the
process (Wang et al., 2019). During salt stress in watermelon,
ClPINs performed functions of resisting salt with varying
expressions (Yu et al., 2017). In the present study, samples

of roots, stems, and leaves under salt stress were collected
to explore the CcPINs’ expression profiles of anti-salt ability
in Chinese hickory. As shown in Figure 9, the expression of
CcPIN2a in roots and leaves was significantly downregulated,
with variations similar to those in the previous report (Wang
et al., 2019).

Conclusion

To investigate the potential roles of auxin efflux transporters
during stress treatments, eleven CcPIN genes with an ORF
of 1,026–1,983 bp were identified in Chinese hickory for the
first time, and their structural characteristics and expression
responses to grafting and salt stress were detected by qRT-
PCR. CcPINs were localized on the PM and had the closest
relationships with homologous genes in C. illinoinensis and
J. regia. Different hormone- and stress-responsive elements
were detected on the promoter of CcPINs, indicating their
expression regulation by stress treatments. CcPINs performed
different functions during grafting and salt treatment. CcPIN1a
has the potential to respond to grafting, while CcPIN1a and
CcPIN8a might be involved in salt-stress regulation. In addition,
CcPINs displayed different expression levels in different tissues,
suggesting their varying roles during growth and development.
Further investigations might be conducted on the mechanism of
CcPINs for grafting and salt stress regulation.
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Impacts of Moso bamboo
(Phyllostachys pubescens)
invasion on species diversity and
aboveground biomass of
secondary coniferous and
broad-leaved mixed forest
Xi Chen, Xin Chen, Shiqi Huang and Dongming Fang*

Jiyang College of Zhejiang A&F University, Zhuji, Zhejiang, China

In recent decades, Moso bamboo has been largely increasing in the

subtropical area of China, raising ecological concerns about its invasion

into other native forest ecosystems. One concern is whether the invasion

of Moso bamboo significantly simplifies forest community composition and

structure and declines biomass. This study adopted the space-for-time

method to investigate a secondary coniferous and broad-leaved mixed

forest (SF) being invaded by an adjacent Moso bamboo forest (MB) in

the Wuxie forest reserve, Zhejiang Province. Three plots were established

in each SF, MB, and transitional forest. The results showed that the

species composition and species dominance of the arborous layer changed

significantly (P < 0.05), which was indicated by the significantly decreased

species richness (Margalef index, Shannon–Wiener index, and Simpson index)

and evenness (Pielou evenness index). In contrast, the species richness of

the shrub and herbaceous layers had two divergent indications (increasing or

unchanged), and the evenness remained unchanged. The total and arborous-

layer aboveground biomass of the forest community has had no noticeable

change (P < 0.05). However, the biomass of the shrub and herbaceous layers

showed an increasing trend (shrub significant but herbaceous not), but they

only occupied a small proportion (∼1%) of the total biomass. Finally, the

aboveground biomass and the diversity index had no significant correlation

in each layer and overall stands. We hope that the findings could provide a

theoretical basis for the invasion mechanism and ecological consequences of

the Moso bamboo invasion.

KEYWORDS

biomass, Moso bamboo invasion, Phyllostachys pubescens, secondary coniferous
and broad-leaved mixed forest, species diversity
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Introduction

The invasion of alien plant species into native plant
communities has become a common phenomenon worldwide
over the past several decades (Ramula and Pihlaja, 2012; Wang
et al., 2017, 2019). Alien plant species become the dominant
species of the new communities, for instance, due to their
growth advantage or lack of enemies when they invade the
new ecosystem (van Kleunen et al., 2010). Alien plant species
inhibit the growth of other local plants, which eventually
reduces biodiversity (Davies, 2011; Vilà et al., 2011) and
affects the stability of community biomass (Bai et al., 2007).
Similarly, native plants may become increasingly dominant in
their original range, a phenomenon known as overabundance
(Garrott et al., 1993), i.e., native plant invasion. The invasion of
native plants into new ecosystems in the same region or country
may also significantly impact biodiversity (Ouyang et al., 2016).
Compared with the extensive studies that draw attention to the
impact of alien plant invasion, relatively few studies consider
the effects of native plant invasion (Nackley et al., 2017; Warren
et al., 2017; Shi et al., 2018).

Generally, a forest with a closed canopy can resist the
invasion of other species due to the weak light conditions
under the canopy, which could weaken the growth of invading
seedlings. Without human intervention, native species will not
encroach on adjacent natural forests. However, when shade-
tolerant tree species invade, the complete forest may only
provide weak resistance (Martin et al., 2009). Moso bamboo
(Phyllostachys pubescens) is widely distributed in southern
China (Shi et al., 2020) and has competitive strengths via its
strong rhizome-root system and leaf functional traits (Huang
et al., 2019, 2020; Guo et al., 2021). Native Moso bamboo
may invade the surrounding natural forest by itself (Bai et al.,
2016) because the elongation of bamboo shoots may depend
on the carbohydrate supply of bamboo rhizomes. The reserve
stored in bamboo rhizomes can hold a large amount of
energy and resources for shoot growth (Xue et al., 2021),
largely independent of the light environment (Wang et al.,
2016).

The invasion of Moso bamboo into subtropical evergreen
forests has become a significant problem in many areas
of southern China (Tian et al., 2020). In the past, Moso
bamboo was the essential bamboo species for both shoot
and timber production in China. Additionally, the Moso
bamboo forest (MB) has a comparable net primary productivity
(8.86 ± 3.46 Mg C ha−1 year−1), which enables it to be a vast
potential carbon pool (Lin et al., 2017). Therefore, managing
pure Moso bamboo forests can bring considerable income to
bamboo farmers. Thus, a large area of subtropical evergreen
forest in southern China has been transformed into the MB
by farmers (Chen et al., 2009). However, in recent years, due
to the increase in Moso bamboo production capacity and the
price decline, the management level of MB in many production

areas has decreased. As a result, a large area of MB has been
abandoned (Jiang et al., 2015), which has exacerbated the
invasion of Moso bamboo. Previous studies have shown that
Moso bamboo invasion may lead to a series of ecological and
environmental problems, such as simplifying forest community
composition and structure (Ouyang et al., 2016), declining
species diversity (Okutomi et al., 1996; Nakai and Kisanuki,
2006; Yang et al., 2011; Akutsu et al., 2012; Bai et al., 2013; Zhang
and Xue, 2018), and making the forest biomass change obviously
(Yang et al., 2011; Fukushima et al., 2015; Lin et al., 2017; Song
et al., 2017).

As the largest terrestrial ecosystem on earth, the forest
has about half of the carbon reserves on land, which plays a
vital role in maintaining the ecological balance of the whole
world and human survival (Pan et al., 2011). The subtropical
forest is the vegetation type mainly distributed in China, with
a broad distribution area and rich biodiversity (Corlett, 2013).
The relationship between species diversity and aboveground
biomass of natural forest communities is still controversial
(Lasky et al., 2014; Bracken et al., 2017; Silva Pedro et al.,
2017). Studies have shown that species richness positively affects
biomass or productivity of subtropical forests (Barrufol et al.,
2013; Bruelheide et al., 2014; Cavanaugh et al., 2014) or has
no effect (Wu et al., 2015). The different results may be due to
the forest ecosystem’s different restoration or succession times.
It may also be due to the complexity of community structure
and the resource effectiveness of habitat conditions (Ali and
Yan, 2017; Mori et al., 2017; Ratcliffe et al., 2017; van der Sande
et al., 2017). Plant invasion can significantly change the species
diversity and biomass of biological communities. However, the
relationship between biodiversity changes and biomass of forest
communities during the Moso bamboo invasion remains largely
unknown.

Therefore, we selected a typical site where Moso bamboo
has been expanding into the coniferous and broad-leaved
mixed forest to investigate the community characteristics. We
applied the “Space for Time” method (Pickett, 1989), which
assumes that spatial and temporal variation are equivalent, so
the different temporal stages of the Moso bamboo invasion
were simultaneously compared in the same area. The species
diversity and aboveground biomass of three adjacent forest
types were investigated, i.e., (1) the native secondary coniferous
and broad-leaved mixed forest (SF), (2) transition tree-Moso-
bamboo forest (TF), and (3) nearly pure MB. We attempted
to verify three assumptions: (1) The invasion of Moso bamboo
changed the species composition and reduced the diversity
of the local ecosystem; (2) Moso bamboo invasion may
reduce the aboveground biomass of the forest community;
(3) The changes in species diversity of forest community
may have correlations with the aboveground biomass during
Moso bamboo invasion. We anticipated that the findings might
provide theoretical and management references to local farmers
and the government.
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Materials and methods

Study site

The study was performed at Wuxie Nature Reserve
(120·2′40′′E; 294·4′15′′N) in Zhuji, Zhejiang Province, China.
The area has a subtropical monsoon climate with a mean annual
temperature of 16.3◦C and an annual precipitation of 1,573 mm.
The area has many soil types, mainly hilly red soil, with good soil
fertility. The zonal vegetation is SF and MB. Due to the strong
expansion ability of the Moso bamboo rhizome, a mixed forest
of coniferous and broad-leaved trees and bamboos is formed
between the two types of forests.

Sampling design

In May 2020, we selected three transects spanning from a SF,
via a transition zone, to a MB, representing three typical stages of
the Moso bamboo invasion into subtropical forests. The altitude
of the plot is 210–230 m, containing SF, representing the forest
stage not invaded by Moso bamboos. The dominant species
in the arborous layer of SF was Schima superba, with a forest
age of 30–40 years. The associated species were Liquidambar
formosana and Pinus massoniana. The average height of the
arborous layer was 15.6 m, and the average diameter breast
height (DBH) was 20.5 cm. The TF represented the forest stage
moderately invaded by Moso bamboo, and the ratio of bamboo
to wood is about 4:1. The average height and DBH of Moso
bamboo were 16.3 m and 11.5 cm, respectively. Finally, the MB
represented the forest stage heavily invaded by Moso bamboos,
and the bamboos were the species with an absolute advantage
in the arborous layers. The average height of Moso bamboo was
16.9 m, and the average DBH was 12.1 cm (Table 1).

Each transect had a width of 30 m and a length of 80 m. The
utmost 5 m surrounding each horizontal transect was set as a
buffer zone, and the middle area was used for setting up three
20 m × 20 m sampling plots with a 5-m spacing between them.
In each sampling plot, biomass and diversity of the arborous
layer were investigated. Furthermore, two 5 m × 5 m quadrats
were set at the diagonal position of each sample plot and were
used for shrub layer species investigation. Additionally, one
1 m × 1 m quadrats were placed in the center, and another
four were established in the four corners of the sample plot,
which were used for herbaceous layer species investigation. We

TABLE 1 The height and diameter breast height (DBH) class of Moso
bamboo in secondary coniferous and broad-leaved mixed forest (SF),
transitional forest, and Moso bamboo forest (MB) (mean ± SE).

Forest type Height (m) DBH (cm)

Transitional forest (TF) 16.30± 0.16b 11.50± 0.14b

Moso bamboo forest (MB) 16.87± 0.09a 12.13± 0.10a

Different lowercase letters indicate significant differences at P < 0.05.

measured the DBH of trees (>5 cm) from the arborous layer
and recorded the species, DBH, height, and abundance. Woody
plants with DBH less than 5 cm were measured in the shrub
layer, including saplings and shrubs, and we recorded species
names, ground diameter, height, abundance, and so on.

Aboveground biomass

The tree height, DBH, and bamboo age were measured
through quadrat investigation. Then the standing volume of
trees in the sample plot was estimated according to the Chinese
standing volume table (Zeng, 2018), and the aboveground
biomass of the arborous layer per unit area was calculated
through the volume biomass model (Wang et al., 2009; Shen and
Tang, 2019). The formulas are as follows:

Treevolume : V = c0Dc1Hc2
+ ε (1)

Treebiomass : B =
v

a+ bv
(2)

Bamboobiomass :W = 0.0520D2.2052A0.4457 (3)

where V is the standing volume, D is the diameter at breast
height (DBH), H is the tree height, ci is the parameters (i = 0,
1, 2), ε is the error, B is the tree biomass, v is the volume per unit
area, a and b are the constants of the corresponding forest type,
W is the bamboo stem biomass, and A is the bamboo age.

The aboveground biomass of the shrub and herbaceous
layers was obtained using the harvest method. We randomly
selected a 5 m × 5 m investigation quadrat in each sample
plot as the harvest quadrat of the shrub layer. Three vegetation
survey quadrats with diagonal directions in the standard plot for
the herbaceous layer were selected. The aboveground shrub and
herbaceous layers were harvested in the set harvesting quadrat
and brought back to the laboratory. The aboveground biomass
of shrubs and herbs was measured after drying at 85◦C to
constant weight. We calculated the aboveground biomass of the
shrub/herbaceous layer per unit area of each stand.

Species diversity

Margalef index, Shannon–Wiener index, Simpson index,
and Pielou evenness index were used to estimate α diversity of
community species. The formulas are as follows:

Margalef index of species richness : Dm =
(S − 1)

lnN
(4)

Simpson index : Ds =

∑s
i = 1 ni(ni − 1)

N(N − 1)
(5)

Shannon−Wiener index : H′ = −
s∑

i = 1

PilnPi (6)
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Pielou evenness index : E =
H′

lnS
(7)

where S is the total number of species, N is the sum of the
number of individuals of all species, Pi is the proportion of
the number of individuals of species i to the total number of
individuals in the community, that is, pi = ni/N, ni is the number
of individuals of species i.

Importance value IV = (relative abundance, relative frequency,

relative significance)/3 (8)

Statistical analyses

SAS 9.4 (SAS Institute Inc., Cary, NC, United States) and
R Statistical Software (V4.2; R Core Team, 2022) were used to
process, analyze, and graph the data.

First, the diversity indexes and biomass of the arborous
layer in each sampling plot were calculated and measured.
At the same time, the diversity indexes and biomass in each
quadrat (5 m × 5 m for the shrub layer and 1 m × 1 m for
the herbaceous layer) were calculated and measured. Then, the
diversity indexes and biomass of these quadrats (two and five
quadrats for the shrub and herbaceous layers, respectively) per
sampling plot were averaged. In this case, we got three replicates
of the diversity indexes and biomass in shrub and herbaceous
layers, and they were further used for comparison between the
three forest types.

Considering the limited three replicates per layer that
may not meet the requirement of normal distribution by the
analysis of variance (ANOVA), we selected a nonparametric
test (Wilcoxon rank-sum test) to conduct the comparison in
diversity indexes and biomass among SF, TF, and MB. The linear
correlation between diversity index and biomass of arborous,
shrub, and herb layers was separately analyzed.

Specifically, R package vegan (Dixon, 2003) was used to
examine the species composition difference among the three
forest types (MB, TF, and SF) with PerMANOVA (permutational
multivariate ANOVA).

Results

Effects of Moso bamboo invasion on
species composition and quantitative
characteristics

The number of standing bamboo and trees in the
three stands varied greatly. After the expansion of Moso
bamboo, the number of standing bamboo and total

standing trees in the MB increased significantly, increasing
to 2,783 and 2,575 culms per hectare, respectively. The
number of standing stems of other tree species decreased
significantly; 208 plants/ha were reduced (Table 2). These
results indicated that the number of standing bamboos
increased during the expansion of Moso bamboo was
significantly greater than the number of coniferous and
broad-leaved mixed species decreased, resulting in a significant
increase in the total number of standing individuals in the
community.

Except in the herbaceous layer (P > 0.05), the species
composition in the arborous, shrub, and whole layers was
significantly different among the three communities (P < 0.05;
Figure 1 and Table 3).

For the arborous layer, species richness decreased from
11 in SF and TF to 5 in MB. Only three species stayed
in all three communities, i.e., S. superba, P. massoniana,
and Cyclobalanopsis glauca, which corresponded to dominant,
inferior, and minority roles in SF with important values of
27.6, 12.5, and 2.7, respectively (Table 3). The dominant
species changed from S. superba and L. formosana in SF
(important values of 27.6 and 27.1, respectively) to Moso
bamboo in TF and MB (important values of 48.2 and 64.9,
respectively). The top contributing species S. superba in SF
descended to an inferior role in TF and MB (important values
of 12.7 and 14.1, respectively), and L. formosana descended
to an ignorable status in TF (important value of 2.4) and
disappeared in MB. P. massoniana stayed relatively stable in
all three communities, with important values of 12.5, 15.6,
and 9.3 in SF, TF, and MB, respectively. C. glauca is always
kept as a minority, although its important values increased
over the invasion stages (2.7, 6.2, and 8.6 in SF, TF, and MB,
respectively).

The shrub layer’s species richness was relatively stable (5–
6 species) over three communities, but none of them grew
in all three communities (Table 3). In addition, the species
composition differed significantly among the three forest types
(P < 0.05; Figure 1 and Table 3). The dominant species
were Indocalamus tessellatus, Camellia japonica, and Symplocos
stellaris in SF, TF, and MB, respectively (important values of
31.6, 11.6, and 12.3, respectively). Compared with SF, the species
composition was more even in both TF (important values
ranging from 5.7 to 11.6) and MB (important values ranging
from 5.7 to 12.3).

In the herbaceous layer of the three communities, the species
richness was close to each other (five in SF and TF, and seven in
MB), and the three communities had three of the same species
(Rubus buergeri, Nephrolepis auriculata, and Lepidomicrosorum
buergerianum). The statistical results indicated similar species
composition among the communities (P > 0.05; Figure 1 and
Table 3). Furthermore, the dominant species were the same, i.e.,
R. buergeri, but its important values dropped with the invasion
progression (70.8, 57.5, and 45.3 in SF, TF, and MB, respectively).
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TABLE 2 Effect of Moso bamboo invasion on stem number [ind./ha; (N = 3 in each group)].

Expansion phase Forest type Stems of Moso bamboo Stems of other trees Total stems

Early stage SF 0.0± 0.0 483.3± 28.9 483.3± 28.9

Middle stage TF 1,833.3± 624.7 441.7± 118.1 2,275.0± 633.9

Later stage MB 2,783.3± 797.4 275.0± 75.0 3,058.3± 821.7

Changes between early and late stages 2,783.3± 797.4 −208.3± 101.0 2,575.0± 844.5

FIGURE 1

Effect of the Moso bamboo invasion on species composition difference of each layer among the three forest types [Moso bamboo forest (MB),
transition tree-Moso-bamboo forest (TF), and secondary coniferous and broad-leaved mixed forest (SF)] in (A) arborous, (B) shrub, (C)
herbaceous layers, and (D) the compound layers with all arborous, shrub, herbaceous species. Significant differences examined with
PerMANOVA (permutational multivariate ANOVA) are indicated by P < 0.05 or 0.01. PCoA means principal co-ordinates analysis. PCoA1 and
PCoA2 in the figures represented two components of PCoA with largest explaining power to the variation of the species composition difference.

Effects of the Moso bamboo invasion
on species diversity

Changes in species diversity in the arborous
layer

During the invasion of Moso bamboo into SF, species
diversity in the arborous layer showed a significant decreasing
trend, indicated by the significantly decreasing Shannon–
Wiener index and increasing Simpson index over SF, TF, and
MB (P < 0.05; Figure 2). Changes in the Margalef index
seemed to support the same trend, but its values were not
significantly different between the SF and TF (P > 0.05;
Figure 2). Moreover, as the invasion progressed, the species’
evenness got worse, as indicated by the reducing Pielou index
(P < 0.05; Figure 2).

Changes in species diversity in the shrub layer
The Margalef index and Simpson index suggested no

significant difference in the shrub layers among the three
communities (P > 0.05; Figure 2), although the values seemed
to point to increasing biodiversity over the invasion. In
contrast, the Shannon–Wiener index indicated significantly
higher species diversity in TF and MB than in SF (P < 0.05;
Figure 2). The species evenness had no significant difference in
the shrub layers among the three communities, as indicated by
the Pielou index (P > 0.05; Figure 2).

Changes in species diversity in the herbaceous
layer

The Margalef and Shannon–Wiener indexes suggested
no difference in the herbaceous layers among the three
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TABLE 3 Effects of Moso bamboo invasion on main species
composition and importance value (mean ± SD).

Layer Forest type Species Important
value

Arborous SF Schima superba 27.6± 15.3

Liquidambar formosana 27.1± 11.4

Pinus massoniana 12.5± 5.7

Castanopsis eyrei 6.2± 2.6

Trachycarpus fortunei 6.1± 7.4

Castanopsis sclerophylla 5.7± 3.6

Ligustrum lucidum 3.4± 2.7

Cunninghamia lanceolata 3.4± 2.7

Cyclobalanopsis glauca 2.7± 1.5

Liriodendron chinense 2.7± 1.5

Michelia figo 2.6± 1.3

TF Phyllostachys pubescens 48.2± 7.8

Pinus massoniana 15.6± 7.2

Schima superba 12.7± 2.0

Cyclobalanopsis glauca 6.2± 0.7

Cunninghamia lanceolata 3.9± 0.7

Castanopsis sclerophylla 3.6± 0.4

Liquidambar formosana 2.4± 1.5

Trachycarpus fortunei 1.9± 0.6

Myrica rubra 1.8± 0.4

Elaeocarpus decipiens 1.8± 0.4

Ligustrum lucidum 1.7± 0.3

MB Phyllostachys pubescens 64.9± 2.9

Schima superba 14.1± 0.1

Pinus massoniana 9.3± 0.3

Cyclobalanopsis glauca 8.6± 2.7

Cunninghamia lanceolata 3.1± 0.6

Shrub SF Indocalamus tessellatus 31.6± 30.8

Ligustrum lucidum 7.4± 3.9

Quercus glauca 7.0± 4.3

Lindera glauca 5.2± 4.4

Symplocos stellaris 4.5± 2.4

TF Camellia japonica 11.6± 3.5

Symplocos sumuntia 8.9± 2.7

Cinnamomum japonicum 7.0± 4.8

Symplocos stellaris 6.9± 6.3

Ligustrum lucidum 5.8± 1.2

Quercus glauca 5.7± 2.2

MB Symplocos stellaris 12.3± 3.9

Camellia japonica 9.3± 4.3

Symplocos sumuntia 9.2± 1.6

Ilex chinensis 6.5± 5.4

Lithocarpus glaber 5.7± 6.5

Herbaceous SF Rubus buergeri 70.8± 6.1

Ophiopogon bodinieri 10.2± 9.4

Nephrolepis auriculata 7.2± 4.3

Lepidomicrosorum buergerianum 6.1± 2.3

(Continued)

TABLE 3 (Continued)

Layer Forest type Species Important
value

Anredera cordifolia 5.8± 1.7

TF Rubus buergeri 57.5± 11.6

Lepidomicrosorum buergerianum 16.3± 0.7

Nephrolepis auriculata 15.3± 12.0

Ophiopogon bodinieri 6.6± 5.7

Plantago depressa 4.3± 1.8

MB Rubus buergeri 45.3± 13.4

Lepidomicrosorum buergerianum 15.1± 8.0

Pyrrosia lingua 12.7± 6.9

Nephrolepis auriculata 9.3± 10.8

Tetrastigma formosanum 7.1± 7.1

Gardneria multiflora 5.4± 4.1

Anredera cordifolia 5.1± 3.6

In red, top-contributing species; in blue, species descending from the top-
contributing nodes.

communities (P > 0.05), while the Simpson index indicated
higher diversity in MB than in SF (P < 0.05; Figure 2). Finally,
species evenness had no significant difference in the herbaceous
layers among the three communities, as indicated by the Pielou
index (P > 0.05; Figure 2).

Effects of Moso bamboo invasion on
aboveground biomass

During the invasion of Moso bamboo into SF, the
aboveground biomass showed no significant differences in
arborous and herbaceous layers and the overall stand between
the three forest types (P > 0.05; Table 4). In contrast, the
aboveground biomass in the shrub layers was significantly
higher in TF and MB than in SF (P < 0.05; Table 4). The
proportions of aboveground biomass in each layer to the total
biomass had no significant difference among the three forest
types (P > 0.05; Table 4). The arborous layers occupied the
largest proportion (∼99%) of the aboveground biomass in all
three forest types. With the invasion progress, the aboveground
biomass of Moso bamboo in the community gradually increased
to 3,538.63± 1,305.82 and 7,482.72± 2,532.43 g m−2 in the TF
and MB, which correspondingly occupied 17.90 ± 6.41% and
41.56± 8.21% of the total aboveground biomass, respectively.

Relationship between diversity and
aboveground biomass

The correlation between plant diversity and aboveground
biomass was insignificant in the arborous, shrub, and
herbaceous layers (P > 0.05; Table 5). It was also not significant
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FIGURE 2

Effect of the Moso bamboo invasion on species diversity of each layer. Different letters in the same column indicate significant differences at
P < 0.05.

TABLE 4 Effect of the Moso bamboo invasion on aboveground biomass (mean ± SD; N = 3 in each group) in each layer and their contribution to the
total aboveground biomass.

Forest
type

Total aboveground
biomass

Arborous (trees and
Moso bamboo)

Shrub Herbaceous Moso bamboo

Biomass (g m−2) SF 19,529.92± 6,190.68 19,393.52± 6135.53 16.72± 1.52a 119.68± 57.48 –

TF 19,679.57± 675.28 19,533.55± 683.46 22.37± 8.95b 123.64± 30.91 3,538.63± 1,305.82

MB 17,749.90± 4158.71 17,557.27± 4,112.54 56.21± 27.78b 136.42± 24.22 7,482.72± 2,532.43

percent (%) SF 99.31± 0.09% 0.09± 0.03% 0.59± 0.12% –

TF 99.26± 0.13% 0.11± 0.05% 0.63± 0.16% 17.90± 6.41%

MB 98.91± 0.13% 0.31± 0.10% 0.78± 0.07% 41.56± 8.21%

Different letters in the shrub column indicate significant differences among the forest types in the same layer at P < 0.05.
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TABLE 5 Effect of the Moso bamboo invasion on the relationships
between aboveground biomass and biodiversity indexes in each layer
and the whole stand comprised of three layers (N = 9 in each group).

Forest type Biodiversity indexes Pr > F R2

Arborous Margalef_index 0.81 0.01

Pielou_eveness 0.90 0.00

Shannon_Wiener_index 0.97 0.00

Simpson_index 0.97 0.00

Shrub Margalef_index 0.30 0.15

Pielou_eveness 0.59 0.04

Shannon_Wiener_index 0.31 0.15

Simpson_index 0.50 0.07

Herbaceous Margalef_index 0.22 0.21

Pielou_eveness 0.08 0.38

Shannon_Wiener_index 0.20 0.22

Simpson_index 0.22 0.21

All species Margalef_index 0.34 0.13

Pielou_evenness_index 0.09 0.36

Shannon_Wiener_index 0.22 0.21

Simpson_index 0.14 0.28

in the overall stand when all layers were considered (P > 0.05;
Table 5).

Discussion

Effects of Moso bamboo invasion on
species composition and diversity

Species composition is not only the basis of community
structure and biodiversity but also the root of forest ecosystem
processes (Tilman et al., 1997). Existing studies show that both
alien and native plant invasions have a certain impact on the
community’s species composition (Garrott et al., 1993; Davies,
2011; Lima et al., 2012). This study found that the invasion of
Moso bamboo significantly changed the species composition in
the arborous and shrub layers but not in the herbaceous layer
(Figures 1A–C and Table 3), which also changed the overall
species composition significantly (Figure 1D). For example, the
number of species had been reduced from 11 in SF to 5 in MB in
the arborous layer. The important values of the main dominant
arborous species S. superba, L. formosana, and P. massoniana
decreased from 27.6, 27.1, and 12.5 before expansion to 14.1, 0,
and 9.3, respectively (Table 3). On the contrary, Moso bamboo
gradually dominated the arborous layers with important values
of 48.2 and 64.9 in TF and MB, respectively. The interchanged
dominance between trees and Moso bamboo in the arborous
layer was consistent with several other research results (Bai
et al., 2013; Yang et al., 2015; Ouyang et al., 2016). The
findings supported our first hypothesis, i.e., that the invasion
of Moso bamboo changed species composition, especially in the

arborous and shrub layers. Although a few herbaceous species
disappeared or newly appeared with the invasion, the species
composition in the herbaceous layer was not significantly
changed (Figure 1D and Table 3). Three herbaceous species
(R. buergeri, N. auriculata, and L. buergerianum) have always
been in the SF, TF, and MB, and R. buergeri has always
been the most dominant species in the herbaceous layers of
the three communities. The finding may indicate that the
invasion of Moso bamboo did not alter the near-ground light
or soil conditions suiting the local shade-tolerant herbaceous
species.

Regarding species diversity of the three layers, the arborous
layer was the most influenced by the invasion in this study.
Compared with the pre-invaded SF, MB had significantly lower
diversity, as indicated by all three diversity indexes (Margalef,
Shannon–Wiener, and Simpson index; P < 0.05; Figure 2).
At the same time, the species evenness was smaller in MB
than in SF (P < 0.05; Figure 2). This result is consistent with
several previous studies (Bai et al., 2013; Yang et al., 2015;
Ouyang et al., 2016) and partly supports our first hypothesis that
invasion decreases plant diversity. However, the first hypothesis
was not fully supported by the results regarding the shrub
and herbaceous layers. Among the three diversity indexes,
only one of them (Shannon–Wiener and Simpson indexes
for the shrub and herbaceous layers, respectively) indicated
a significantly increased diversity. In contrast, the other two
indexes inversely meant that the diversities of these two layers
were unchanged (Figure 2). The finding was consistent with
the results observed in the invasion progress of Moso bamboo
into Chinese fir (Xu et al., 2019). In contrast, compared
with the invaded coniferous and broad-leaved mixed forests
(Bai et al., 2013; Yang et al., 2015; Ouyang et al., 2016) and
the secondary evergreen broad-leaved forest (Ouyang et al.,
2016), MB had lower diversity in both shrub and herbaceous
layers. In another study on the invaded coniferous and broad-
leaved mixed forests (Bai et al., 2013), species diversity was
reduced in the shrub layers but improved in the herbaceous
layer.

Species diversity varied in different studies, which may be
related to the short observation time and the different invasion
stages because understory species diversity is a dynamic process.
The increase of species diversity in shrub and herb layers during
the invasion of Moso bamboo into SF may result from increased
light intensity under the forest (Liu et al., 2011) because better
light conditions may reduce light competition to improve the
species diversity of understory vegetation (Hautier et al., 2009).
However, it should be noted that different plants have different
adaptability to light, and the influence of light intensity on
species diversity may be restricted by the light requirement
of plants (Boothroyd-Roberts et al., 2013). Much higher or
much lower light intensity is not conducive to increasing the
species diversity of understory plants (Tao and Feng, 1998).
On the contrary, Moso bamboo forests have low stem density
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and soil-water content than other forest types (Shinohara
and Otsuki, 2015), which may benefit understory diversity.
In addition, Moso bamboo invasion increased soil bacterial
diversity, soil pH, and soil organic carbon concentrations (Lin
et al., 2014; Liu et al., 2021; Ouyang et al., 2022), which may
also be beneficial to increasing the biodiversity under the forest.
However, there is not enough direct evidence to support this
argument. The mechanism of Moso bamboo invasion needs
further study.

Effects of Moso bamboo invasion on
aboveground biomass and its
relationship with species diversity

Although the response relationship between the change of
community species composition and forest ecosystem function
is complex, many studies have shown that the loss of community
species will lead to the decline of forest productivity and
resistance and increase the instability of the system (Lavorel
and Garnier, 2002; Barrufol et al., 2013; Bruelheide et al., 2014;
Cavanaugh et al., 2014). In particular, the replacement of the
dominant species in a community will affect the community
environment on which other tree species depend, leading to
the transformation of plant functional groups (Hooper et al.,
2005), thus affecting the composition, structure, and function
of the whole ecosystem (Lima et al., 2012). Contrary to our
second hypothesis, the aboveground biomass in the entire stand
and the arborous layer was not significantly reduced in TF
and MB compared to the SF, which may be attributed to
the increasing stem number of Moso bamboo (Table 2). This
finding is consistent with the research results of Fukushima et al.
(2015).

Previous studies have shown that Moso bamboo may obtain
more nutrients and light resources by increasing the DBH and
height to promote rapid growth and expansion during the
invasion (Bai et al., 2012; Liu et al., 2016; Xu et al., 2019).
However, in this study, the average DBH and height of Moso
bamboo decreased during the invasion of Moso bamboo into
SF (Table 1). This result may be due to the different invasion
sites and forests (Liu et al., 2019). It may also be that the
intraspecific competition of standing bamboo in the MB may
be more intense, so it is necessary to obtain more light and
nutrients by increasing height and DBH to get a competitive
advantage. Its internal mechanism needs to be further studied.

The proportion of understory vegetation biomass in the total
biomass of the forest ecosystem is small. Still, it plays a vital
role in maintaining the succession and functional stability of
the whole forest ecosystem (Sun et al., 2015). This study found
that the aboveground biomass of the shrub and herbaceous
layers and their proportion of the total aboveground biomass
increased during the invasion of Moso bamboo to SF, but
the increment in the herbaceous layer was not statistically

significant (Table 4). Although the shrub and herb layers of the
three stands contribute less to the biomass of the community,
the understory often has more abundant species (Table 3).
These species play an important role in the environment under
plastic afforestation, affecting forest dynamics, soil carbon pool,
and nutrient cycle (Nilsson and Wardle, 2005). Therefore, the
change of species biomass in the understory should not be
ignored when evaluating the ecological aftereffects of the Moso
bamboo invasion.

The results showed no significant correlation between
aboveground biomass and the diversity index of each layer and
the whole stand during the Moso bamboo invasion (P > 0.05;
Table 5), which indicated that the Moso bamboo invasion had
no impact on the relationship. This result does not verify our
third hypothesis that the positive correlation between species
diversity and biomass is common across forest layers (Zhang
et al., 2017). This insignificant relationship may be attributed
to the intensity and direction of the correlation between
biodiversity and ecosystem function changing under different
environmental conditions (Cardinale et al., 2000). According
to the stress gradient hypothesis, species are more competitive
in the ideal environment but more mutual aid in an adverse
environment. Therefore, it is more likely to find a positive
correlation between species richness and aboveground biomass
in adverse environmental conditions (Maestre et al., 2009). In
this study, the arborous layer is rich in light resources. Therefore,
Moso bamboo contributes a lot of biomass and excludes the
survival of other species, which leads to no significant positive
relationship between species richness and biomass.

Conclusion

Although the Moso bamboo invasion has drawn
considerable attention to its impact, especially on biodiversity,
few studies have reported the effects of the Moso bamboo
invasion on forest biomass and the forest biodiversity–
biomass relationship. By using the space-for-time method, we
investigated the dynamics of species composition, diversity, and
aboveground biomass of arborous, shrub, and herbaceous layers
during Moso bamboo invasion into a SF. As the most significant
part of the aboveground biomass (>99%), the arborous layer
showed a decreasing trend in the aboveground biomass with
the invasion progress. Still, the decrease was not statistically
significant, which may be attributed to the increased five-fold
stems. Moreover, the aboveground biomass in the arborous layer
had no significant correlation with the significantly decreasing
diversity. In the understory layers, shrubs had significantly
increased aboveground biomass, while herbs did not. Similar
to the arborous layer, both shrub and herbaceous layers did not
significantly correlate their aboveground biomass and diversity
indexes. However, these findings were concluded based on three
plots per forest type and one transitional status, which may not
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cover enough variation in both biodiversity and aboveground
biomass. Additionally, belowground biomass is also an essential
part of the forest, which should be considered. We hope the
findings of this study contribute to some fundamentals for
future research and understanding of Moso bamboo invasion.
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Photosynthetic and
physiological responses of
different peony cultivars
to high temperature

Wen Ji1†, Erman Hong1†, Xia Chen2†, Zhijun Li2, Bangyu Lin2,
Xuanze Xia2, Tianyao Li2, Xinzhang Song1*,
Songheng Jin2* and Xiangtao Zhu1,2*

1State Key Laboratory of Subtropical Silviculture, Zhejiang A&F University, Hangzhou, China,
2College of Jiyang, Zhejiang A&F University, Zhuji, China
In order to investigate the causes of the differences in heat tolerance (‘Lu He

Hong’ and ‘Zhi Hong’), we studied the physiological changes, photosynthetic

properties and regulatory mechanism of the two peony cultivars at high

temperature. The results showed that the physiological changed of different

peony cultivars varied significantly under high temperature stress. With the

extension of high temperature stress time, MDA content of 'Lu He Hong'

increased,while 'Zhi Hong' rised first and then decreased, SOD activity of 'Lu

He Hong' rised first and then decreased, that of 'Zhi Hong' kept rising, POD

activity of 'Lu He Hong' kept decreasing, while 'Zhi Hong' rised. The

photosynthetic instrument records the change of peony photosynthesis

parameters at high temperature; the chlorophyll A (Chla) fluorescence

transient is recorded using the plant efficiency analyzer (PEA), analyzed

according to the JIP test (O-J-I-P fluorescence transient analysis), and

several parameters were derived to explain the photosynthetic efficiency

difference between different peony cultivars. The tested cultivars responded

differently to the survey conditions, and the PCA analysis showed that the ‘Zhi

Hong’ was more well tolerated and showed better thermal stability of the PSII.

The reduced efficiency of the ‘Lu He Hong’ PSII antenna leads to higher heat

dissipation values to increase the light energy absorbed by unit reaction center

(ABS/RC), the energy captured by unit reaction center (TR0/RC), and the energy

dissipated by unit reaction center (DI0/RC), which significantly leads to its lower

total photosynthetic performance (PItotal). The light capture complex of the

variety ‘Zhi Hong’ has high connectivity with its reaction center, less damage to

OEC activity, and better stability of the PSII system. The results show that ‘Zhi

Hong’ improves heat resistance by stabilizing the cell membrane, a strong

antioxidant system, as well as a more stable photosynthetic system. The results

of this study provide a theoretical basis for the screening of heat-resistant
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peonies suitable for cultivation in Jiangnan area and for the selection and

breeding of heat-resistant cultivars.
KEYWORDS

high temperature, peony, fluorescence transient, photosynthetic, JIP-test
Introduction

In recent years, with frequent occurrence of extreme

weather, global climate change, mainly characterized by

temperature rise, has become the focus of worldwide concern

(Yu, 2019). High temperature is an important factor affecting

crop productivity and plant growth in many regions of the world

(Lesk et al., 2016). High temperature stress can adversely affect

seed germination and seed viability, leading to thermal damage

or death of seeds (Bita and Gerats, 2013). High temperature lead

to various plant physiological changes such as scorched leaves

and stems, leaf abscission and senescence, stem and root growth

inhibition or reduced numbers, pollen tube growth and pollen

sterility, and fruit damage leading to catastrophic loss of crop

yield resulting in severe loss of productivity (Hemantaranjan

et al., 2014). For example, high temperature can have a

significant negative impact on the reproductive phenological

stages of flowering, silk formation and seed filling in maize

(Tiwari and Yadav, 2019), common bean plants are subjected to

high temperature stress that restricts pollen tube growth and

reduces pollen viability, resulting in low pod and fruit set rates

(Gross and Kigel, 1994), rice tasseling and flowering above 35°C

do not proceed normally and fertilization rates are significantly

reduced (Morita et al., 2005). To counteract the damage caused

by high temperature, plants have developed various defense

mechanisms by regulating a variety of physiochemical

mechanisms such as growth inhibition, leaf senescence, and

basic physiological processes (Fahad et al., 2018), including a

complex metabolic regulatory process called the heat shock

response (Mittler et al., 2012).

Plants subjected to fairly common stresses, such as warmer

summer conditions, respond by small but significant changes

(Strasser and Tsimilli-Michael, 2001). Tests used to study changes

induced by high temperature need to be very sensitive and

informative. A very effective method is the measurement of Chla

fluorescence, which can provide qualitative and quantitative

information about the physiological state of photosynthetic

organs, especially photosystem PSII. Numerous studies have

shown that transient fluorescence kinetics is highly sensitive to

various environmental changes (Kalaji et al., 2014a). Chlorophyll

fluorescence kinetics is widely used in environmental science,

agronomy, and plant science because of its fast, sensitive, and
02
125
noninvasive properties (Strasser et al., 2004). Typical fast

chlorophyll fluorescence induction kinetic curves have phases O,

J, I, and P (Strasser and Govindjee, 1991), and in addition to these

basic steps, some special stresses have been found under the L-

(~150 ms) and K- (~300 ms) steps, as well as G- andH-steps between
phases I-P (Strasser et al., 2004). The quantitative analysis of the

fluorescence uptake kinetics O-J-I-P curve, called the JIP test based

on the “biofilm energy flux theory” (Strasser and Strasser, 1995),

translates the qualitative changes of the fluorescence uptake kinetics

O-J-I-P curve into quantitative changes of selected

phenomenological and biophysical-structural-functional

parameters. proven to be a powerful and popular tool for

quantifying PSII architecture and behavior (Tsimilli-Michael, 2019).

Peony (Paeonia suffruticosa Andr.) is one of the traditional

flowers of China. It has a broad market prospect because of its

tall, colorful and beautiful flowers. It can be used as potted

flowers, cut flowers and horticultural materials to form a unique

seasonal landscape (Li et al., 2011; Xue et al., 2018). Peony is

suitable for cool climate and does not tolerate high temperature.

In contrast, the summer in Jiangnan is hot and rainy, so peony

growth and cultivation in Jiangnan is more influenced by climate

(Zhang et al., 2015; Zhu et al., 2021). Summer is a critical period

for rapid growth of peony leaves, nutrient accumulation and

flower bud differentiation, but the high temperature in summer

is the main reason that prevents peony from being widely

cultivated in Jiangnan (Wang et al., 2012). Therefore, it is of

great significance to study and master the growth and

development rules of peony under high temperature stress to

solve the problems of breeding of resistant peony cultivars,

adjustment of variety structure and exploration of cultivation

technology. However, recent studies have mainly focused on

peony flower color (Gu et al., 2019; Guo et al., 2019) and seed oil

extraction (Sun et al., 2017; Li et al., 2021). Effective protocols for

micropropagation and the effects of different medium

compositions and exogenous hormones on healing browning

have also been investigated (Wen et al., 2016; Zhou et al., 2016).

Few studies on heat tolerance of peony have been reported,

mainly focusing on the photosynthetic characteristics and

physiological and biochemical changes molecular mechanisms;

the effect of exogenous hormone addition on high temperature

tolerance of peony. It was found that high temperature stress

inhibits the activity of superoxide dismutase, intensifies the
frontiersin.org
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production of H2O2 and malondialdehyde, inhibits the activity

of PSI and PSII and causes damage to the photosynthetic

machinery (Luo et al., 2011; Liu et al., 2012; Liu, 2019);

exogenous abscisic acid and epilactone can improve the high

temperature tolerance of peony (Wu et al., 2018; Ren et al.,

2018); and heat shock proteins and heat tolerance genes were

identified and verified (Zhang et al., 2015; Liu et al., 2019).

Studies on the mechanisms of photosynthesis inhibition by high

temperature and on the differences in tolerance to high

temperatures in different peony cultivars have been limited so

far. The aim of this study was to investigate the daily responses

of two peony cultivars at the photosynthetic level under high

temperature conditions. We evaluated and analyzed the

photochemical adaptations of the investigated peony cultivars

using photosynthetic parameters and JIP tests. To explore the

causes of heat tolerance differences among different peony

varieties, it provides the selection of heat resistant peony for

suitable cultivation in Jiangnan region and the theoretical basis

for the breeding of heat resistant varieties.
Materials and methods

Plant materials and treatments

In November 2020, four-year-old peony plants (‘Lu He Hong’

and ‘Zhi Hong’) with consistent growth and healthy were selected

and planted in plastic pots with an upper diameter of 28 cm, a

lower diameter of 19 cm and a height of 23 cm. In June 2021, the

experimental material was domesticated using an artificial climate

chamber for 7 days, with a 25°C/20°C day and night cycle, air

humidity set at 70%, light intensity set to 4000lx, and a daily light

time to dark time ratio of 14h/10h. On day 8, the peony plants

were divided into two groups: ‘Lu He Hong’ and ‘Zhi Hong’, and

three plants in each group were treated at 40°C/35°C daily cycle at

high temperature, with environmental conditions consistent with

domestication. In addition, samples were sampled at 0,2,4, and 6

days after treatment. During sampling, photosynthetic and

chlorophyll fluorescence parameters were measured first

measured, then leaves were taken for stress physiological

indicators and protective enzyme activity assays. In addition, all

the leaves were fully expanded, and the upper growth and healthy

functional leaves (the first pair of leaves under the top bud)

were selected.
Determination items and methods

Stress physiological index and antioxidant
enzyme activity measurement

The 0.1g leaves were first ground into fine powder in liquid

nitrogen for subsequent indicator determination. The activities

of malondialdehyde (MDA) content, superoxide dismutase
Frontiers in Plant Science 03
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(SOD, EC 1.15.1.1), and peroxidase (POD, EC1.11.1.7) were

evaluated by the kit instructions (Suzhou Keming).

Determination of photosynthetic parameters
Photosynthetic parameters of peony leaves under high

temperature treatment were measured in June 2021. The

healthy functional leaves with similar growth in the middle

and upper periphery of the plant (the first pair of leaves in the

terminal bud) were selected, and LI-6400 portable

photosynthesis instrument (LI-Cor6400XT PSC-4817, The net

photosynthetic rate (Pn), stomatal conductance (Gs),

intercellular CO2 concentration (Ci) and transpiration rate

(Tr) of peony leaves were measured every morning (9:00-11:00

on sunny days), with three leaves per plant were measured in

different cultivars in triplicate. The first determination of

the blades should be numbered and marked for the

next determination.

Stomatal limitation value (Ls)=1-Ci/Ca, where Ci denotes

the intercellular CO2 concentration and Ca denotes the

atmospheric CO2 concentration (CO2a). Water use efficiency

(WUE) reflects the amount of CO2 assimilated per unit of water

content transpired by the plant and is expressed as the ratio of

net photosynthetic rate to transpiration rate: WUE=Pn/Tr.

Chlorophyll fluorescence measurements
The rapid chlorophyll fluorescence induction kinetic

curve (OJIP curve) and related parameters of peony leaves

under high temperature treatment were measured using a

Handy PEA plant efficiency analyzer (Hansatech, UK) from

9:00 to 11:00 am. The dark responses were measured by

clamping the same leaves with dark-adapted clamps for

30 min before the measurement. Three leaves for different

varieties were repeated three times. After the first test, the

leaves should be labeled for continuous determination.

Statistical analysis
Principal component analysis (PCA) is an effective tool for

analyzing parameters and sample clustering, and is used to

study the distribution patterns of OJIP parameters and

treatments. In SPSS 25 software, the default setting is PCA/

exploratory factor analysis using the maximum variance

method. The process is as follows: Analysis ! Dimensionality

Reduction ! Factor Run this process for factors. The rotated

component matrices of the selected “JIP-test parameters” and

the “principal component factor score table” were preformed on

the two-dimensional plane consisting of PC1 and PC2. The

posterior parameter distributions were plotted using the

component matrix table.

SPSS 25 software was used for one-way ANOVA, Excel and

Origin2021 software were used for data processing and

mapping. Fisher’s least significant difference was used for

mean comparison (P<0.05).
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Results

Effects of high temperature stress
on plant morphology of different
peony cultivars

In this study, morphological changes of different peony

cultivars were observed under high temperature treatment at

40°C (Figure 1). The results showed that the growth status of

peony changed significantly under high temperature

treatment. Among them, ‘Lu He Hong’ changed greatly, the

leaves began to wilt after 2 days, and the leaves shrank and

branches drooped on the 4th day. By the 6th day, the leaves are

yellow and dry, the branches droop severely, and the plant was

wilted seriously. The ‘Zhi Hong’ variety showed strong heat

resistance, with the extension of high temperature treatment

time, the leaves kept vitality, only showed a slight droop of

branches and yellow leaf tip morphological changes, until 25

days of high temperature treatment, the plants still maintained

good vitality.

Effects of high temperature stress on oxidative
stress of different peony cultivars

High temperature stress can cause membrane lipid

peroxidation damage in peony (Figure 2). At 40°C, the content

of MDA in Lu He Hong increased significantly and reached the

peak on the 6th day, which was 39.05% higher than that in the

untreated condition. However, MDA content in Zhi Hong leaves
Frontiers in Plant Science 04
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increased first and then decreased, reached the maximum on the

second day, and then returned to the untreated level.
Effects of high temperature stress
on antioxidant enzymes of different
peony cultivars

High temperature stress had a significant effect on the activities

of POD and SOD. As shown in Figure 3A, the POD activity of Lu

He Hong showed a downward trend, decreasing by 59.50, 62.49

and 73.03% on day 2, day 4 and day 6. The POD activity of leaves

after high temperature stress was always higher than that of leaves

without high temperature stress, which was 1.94 times higher than

that of leaves without high temperature stress. The SOD activity of

Lu He Hong leaves increased first and then decreased with the

extension of high temperature stress time, while Zhi Hong showed

a trend of decreasing first and then increasing (Figure 3B).
Effects of high temperature stress on
photosynthetic parameters of different peony
cultivars

High temperature effect the photosynthetic characteristics of

leaves of different cultivars of peony (Figures 4, 5). Under high

temperature, the net photosynthetic rate of the two cultivars of

peony decreased to different degrees, among which, the net

photosynthetic rate of ‘Lu He Hong’ decreased seriously, with a

large decrease in 0-2 days, and slowly decreased two days later.
FIGURE 1

Effects of high temperature stress on morphology P. suffruticosa plantsof ‘Lu He Hong’ and ‘Zhi Hong’ cultivars.
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The ‘Zhi Hong’ began to rise after two days and returned to

normal levels of net photosynthetic rate.

Under high temperature treatment, the intercellular CO2

concentration (Ci) and stomatal limit (Ls) of leaves of different

peony cultivars changed significantly (Figures 5A, B). ‘Lu He

Hong’ showed an upward trend first, then a downward trend

and finally an upward trend; ‘Zhi Hong’ showed a trend of first

decline, then rise and finally decline. The stomatal limit value

was opposite to Ci.
Frontiers in Plant Science 05
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The ‘Zhi Hong’ first decreased and then increased, and the

stomatal conductance began to increase after the second day. ‘Lu

He Hong’ showed a trend of first decline, then rise and finally

decline (Figure 5C).

Water use efficiency (WUE) is a key physiological

indicator to judge whether plant growth is under stress. In

this study, it was found that high temperature stress had an

impact on water use efficiency of different peony cultivars

(Figure 5D). The water use efficiency of leaves of ‘Lu He Hong’
FIGURE 2

Effects of high temperature stress on oxidative stress in P. suffruticosa plants of ‘Lu He Hong’ (LHH) and ‘Zhi Hong’ (ZH) cultivars. Different
letters in the same column indicate signifificant differences at the 0.05 level.
BA

FIGURE 3

Effects of high temperature stress on oxidative stress in P. suffruticosa plants of 'Lu He Hong' (LHH) and 'Zhi Hong' (ZH) cultivars. (A) peroxidase
(POD); (B) Superoxide dismutase(SOD). Different letters in the same column indicate significant differences at the 0.05 level.
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decreased gradually with the extension of high temperature

treatment time. Although the water use efficiency of ‘Zhi

Hong’ fluctuated, it was always higher than that of ‘Lu

He Hong’.
Effects of high temperature stress on
chlorophyll fluorescence of different
peony cultivars

By constructing variable fluorescence curves, the changes

of photosynthetic properties of different peony cultivars

during leaf natural senescence were studied (Figure 6). The

results showed that with the extension of high temperature

treatment time, the fluorescence values of all cultivars of

peony decreased in different degrees. The fluorescence value

of ‘Lu He Hong’ decreased greatly (Figure 6A), while that of

‘Zhi Hong’ did not decrease significantly (Figure 6B).

In measurements, an additional step labeled K and L steps

appeared at 300ms and 150ms of the fluorescence transient,

respectively. The appearance of L and K bands at high

temperature reflects the transient values of these grades,

with significant differences among cultivars in L and K

bands (Figure 7). L-peak can indicate aggregation between

different components of PSII or energy transfer connectivity
Frontiers in Plant Science 06
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between antenna pigment and RCs, the active reaction center

of PSII. The L-band of ‘Lu He Hong’ presented a negative

transient value at 0-4 days of high temperature treatment, and

a positive L-band at 6 days of high temperature treatment

(Figure 7A). The L-band of ‘Zhi Hong’ showed a positive

transient value when it was exposed to high temperature for 2

days, and a negative transient value when it was exposed to

high temperature for 4-6 days (Figure 7C). The presence of K-

band indicates the inactivation of OEC on the donor side of

PSII. K-band is often observed in plants exposed to high

temperatures and is an indicator of OEC damage. The K-band

of ‘Lu He Hong’ showed a positive and rising trend

(Figure 7B). After 2 days of high temperature treatment, the

K-band of ‘Zhi Hong’ showed a positive value, and 4-6 days,

the K-band showed a negative transient value (Figure 7D).

Another fluorescence normalized WIP (normalized by I- and

P-step) ascent kinetics, WIP=0.5 can be used to reflect the

reduction rate of the electron receptor at the end of the PSI

receptor side (Figure 8). With the extension of high temperature

time, the WIP of the two peony cultivars changed significantly,

and there were significant differences among the cultivars. The

time of WIP value of 0.5 was gradually decreased. The initial

value of ‘Lu He Hong’ (Figure 8A) is smaller than that of ‘Zhi

Hong’ (Figure 8B), but the variation range of ‘Lu He Hong’ is

smaller than that of ‘Zhi Hong’.
FIGURE 4

Effects of high temperature stress on Pn in P. suffruticosa plants of ‘Lu He Hong’ (LHH) and ‘Zhi Hong’ (ZH) cultivars. Different letters in the same
column indicate signifificant differences at the 0.05 level.
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B

C D

A

FIGURE 5

Effects of high temperature stress on gas exchange parameters in leaves in P. suffruticosa plants of ‘Lu He Hong’ (LHH) and ‘Zhi Hong’ (ZH)
cultivars. Substomatal CO2 concentration (Ci; A); stomatal limitation value (Ls; B) stomatal conductance (Gs; C) and water use efficiency(WUE;
D) in leaves of P. lactifora under high temperature treatment (HT).
BA

FIGURE 6

Effects of high temperature stress on OJIP curve in P. suffruticosa plants of ‘Lu He Hong’ (LHH) and ‘Zhi Hong’ (ZH) cultivars. (A) ‘Lu He Hong’;
(B) ‘Zhi Hong’.
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Significant differences were observed between most JIP test

parameters (fluorescence index (Fo/Fm, Fv/Fm), relative variable

fluorescence (VJ, VI), quantum yield and efficiency (jP0, jR0,
jE0, yE0, and dR0), specific energy fluxes, and phenomenological
Frontiers in Plant Science frontiersin.or08
131
fluxes (ABS/RC, TR0/RC, ET0/RC, DI0/RC and RE0/RC) and

performance metrics (DFabs and PItotal) were significantly

different (Figure 9; Table S1). At two days of high temperature

treatment, VJ, ABS/RC, TR0/RC of ‘Lu He Hong’ leaves
B

C D

A

FIGURE 7

Effects of high temperature stress on the O-K and O-J phase kinetic curves in P. suffruticosa plants of ‘Lu He Hong’ (LHH) and ‘Zhi Hong’ (ZH)
cultivars. (A, C) The O-K phase dynamics curve of ‘Lu He Hong’ and ‘Zhi Hong’ (double normalized by O-step (50 µs) and K-step (300 µs) to
show L-band); (B, D) the O-J phase dynamics curve of ‘Lu He Hong’ and ‘Zhi Hong’ (double normalized by O-step (50 µs) and J-step (2 ms) to
show K-band).
BA

FIGURE 8

Effect of high temperature stress on the kinetic curve of I-P phase in P. suffruticosa plants of ‘Lu He Hong’ (LHH) and ‘Zhi Hong’ (ZH) cultivars.
(A) ‘Lu He Hong’; (B) ‘Zhi Hong’.WIP== (Ft − FI)/(FP− FI), I indicates the I-step at about 30 ms; P indicates the P-step at about 300 ms.
g
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increased significantly; yE0, DFabs and PItotal decreased

significantly; Fo/Fm, Fv/Fm, VI, DI0/RC, ET0/RC, RE0/RC,

jP0, jR0, jE0, dR0 did not change significantly; on day 4,

compared with day 2, DFabs and PItotal increased significantly,

while the remaining parameters did not change significantly; at

6th day, compared with day 4, VJ, ABS/RC, TR0/RC, Fo/Fm, DI0/

RC, RE0/RC, dR0 showed a significant increase; yE0, jP0, jE0, Fv/
Fm, DFabs and PItotal decreased significantly; VI, ET0/RC, and

jR0 did not change significantly (Figure 9A).

‘Zhi Hong’ showed no significant changes in jE0, jR0, dR0,
DFabs and PItotal, significant increases in Fo/Fm, ABS/RC, DI0/

RC, TR0/RC, ET0/RC, RE0/RC, yE0, and significant decreases
Frontiers in Plant Science 09
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in Fv/Fm, jP0, Vj, Vi decreased significantly; at day 4,

compared with day 2, Fo/Fm, Fv/Fm, jP0, VJ, VI, yE0, jE0,

jR0, dR0, DFabs, and PItotal did not change significantly; ABS/

RC, DI0/RC, TR0/RC, ET0/RC, RE0/RC occurred a

significant decrease and returned to the non-high

temperature treatment to the same level without high

temperature treatment (Figure 9B).

To further evaluate the results, we conducted PCA analysis

based on the collected JIP test parameters measured for each

leaf during the high temperature treatment (Figure 10). The

cumulative contribution values of PC1 and PC2 for all

parameters analyzed in ‘Lu He Hong’ were 59.78% and
BA

FIGURE 9

Radar plots of leaf structural and functional JIP test parameters of peony cultivars (A) ‘Lu In this manusript, the comments are made. He Hong’,
(B) ‘Zhi Hong’at 0, 2,4 and 6 days after heat treatment. Quantum ratio used for heat dissipation (jDo=1-jPo=(Fo/Fm)); the maximum quantum
yield of the initial photochemical reaction (jPo=≡ TR0/ABS = [1 – (Fo/Fm)] = Fv/Fm)); quantum yields of electron receptors at the end of the
reduced PSI receptor side (jRo== RE0/ABS = jPo (1 – VI)); quantum yield for electron transport (ET)(at t=0) (jEo≡ET0/ABS= [1−(Fo/Fm)]yEo); the
efficiency of electron transfer other than QA driven by a single exciton captured by the active reaction center (at t=0) (YEo= ET0/TR0 = [1 – (FJ/
Fm)] = 1- VJ); Ratio of electrons from the reductive PSI receptor side terminal electron acceptor to electrons from the electron transport chain
(dR0=RE0/ET0=(1-VI)/(1-VJ)); absorption-based driving force expressed from the absorption of photons to the reduction of the electron transfer
chain (DFabs); Performance index (potential) for energy conservation from exciton to the reduction of PSI end acceptors (PItotal≡PIabs[dRo/(1
−dRo)]); absorption flux (of antenna Chls) per RC (ABS/RC=MO (1/VJ)(1/jPo)); trapped energy flux per RC(at t=0) (TR0/RC=MO (1/VJ)); electron
transport flux (further than Q−

A) per RC(at t=0) (ET0/RC=MO (1/VJ)yEo); dissipated energy flux per RC(at t=0) (DI0/RC=(ABS/RC)-(TR0/RC));
specific electron flux per unit PSII active reaction center for reduction of PSI terminal electron acceptor (at t=0) (RE0/RC=(1-VI)(MO/VJ)).
BA

FIGURE 10

PCA of JIP parameters of Peony leaves treated at 40 °C for different time. (A) ‘Lu He Hong’; (B) ‘Zhi Hong’.
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24.13%, with a joint cumulative contribution value of 83.91%;

the cumulative contributions of PC1 and PC2 in ‘Zhi Hong’,

the cumulative contribution values of PC1 and PC2 were

51.14% and 36.73%, respectively, and the joint cumulative

contribution value was 87.86%. This indicates that the two-

component factors obtained from the principal component

analysis have a good separation description of the selected

parameters. Through the principal component analysis, we

found that the selected JIP test parameters formed three well-

separated clusters. Among them, for ‘Lu He Hong’, the

formation of PC1 was mainly due to the difference of PSII

status parameters; the formation of PC2 was due to PSI

parameters jR0, dR0, and PItotal (Figure 10A). While PC1 of

‘Zhi Hong’ corresponds to PSI activity, the higher value

indicates higher PSI performance; PC2 corresponds to PSII

activity, the higher PSII value, the higher PSII performance,

representative parameters include Fv/Fm, DFabs, jEo and ABS/

RC (Figure 10B). Cluster analysis of the experimental results

showed that with the deepening of stress, the location of

clustering also changed. PCA of all peony cultivars showed

that the ellipsoid separation degree of ‘Lu He Hong’ was

higher, indicating the severity of stress damage. The

ellipsoid of ‘Zhi Hong’ has a good overlap area, indicating

that the stress response is not obvious. Among them, the stress

degree of ‘Lu He Hong’ was the most serious, showing high

PSII performance at day 0. The PSII performance was

damaged and PSI performance was improved after two days

high temperature stress, while PSI performance was decreased

after four days of high temperature treatment. On the sixth

day, PSII performance was seriously damaged and PSI

performance was improved. The stress response of ‘Zhi

Hong’ was mild, and the properties of PSI and PSII did not

change significantly.
Discussion

Reduction in plant photosynthesis and inhibition of

photosynthesis are early indicators that plants are in a

stressful environment (Olsovska and Brestic, 2001). In this

study, we followed morphological changes as well as changes in

photosynthetic parameters and OJIP chlorophyll fluorescence

kinetics in two different peony cultivars under high

temperature stress, and the study showed that high

temperatures produced different degrees of damage to

different cultivars of peony. In addition, the physiological

and biochemical characteristics of peony were significantly

affected by high temperature stress. Previous studies have

shown that weather disasters will have a deeper impact on

the photochemical performance of plants as future climate

changes are more intense and longer duration of high

temperatures (Kharshiing and Sinha, 2016).
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Effect of high temperature stress on the
physiological and biochemical indexes of
different peony cultivars

As a form of high temperature stress, oxidative stress also

has adverse effects on plant growth and development. In

addition, excessive ROS accumulation caused peroxidation

damage of membrane lipid in peony, and MDA content

increased significantly with the development of high

temperature stress, which may be due to the decrease of

antioxidant enzyme activity. MDA is the final decomposition

product of membrane lipid peroxidation. Under high

temperature stress, the accumulation of MDA content will

damage the structure and function of plant cell membrane.

Antioxidant systems play an important role in protecting

plants from the negative effects of ROS (Srivalli et al., 2003).

The main antioxidant enzymes to eliminate ROS contain SOD,

POD and so on. In this study, POD and SOD activities in peony

leaves increased under high temperature stress, mainly because

the plants initiated stress response and self-protection

mechanism, adapted to the external environment by regulating

antioxidant enzyme activities, and re-established the balance

between production and removal of reactive oxygen species

(Wang & Li, 2006). Regulation of ROS is the signal of the

reactive oxygen species gene network in plant cells, which then

regulates the activity of antioxidant enzymes. However, in the

process of long-term high temperature stress, when the

adaptation and self-protection capacity of plants is exceeded,

the antioxidant enzyme activities are inhibited (Scalet et al,

1995). The POD activity of ‘Lu He Hong’ showed a decreasing

trend, while the SOD activity increased first and then decreased.

However, the activity of ‘Zhi Hong ’ POD increased

continuously, while SOD decreased first and then increased. It

can be seen that the antioxidant system of ‘Lu He Hong’ is

unstable, and the heat resistance of ‘Zhi Hong’ is strong.
Effect of high temperature stress on
photosynthetic characteristics of
different peony cultivars

Photosynthesis is the main factor affecting plant growth and

development, and is the element most susceptible to high

temperature stress (Lu et al., 2017; Du et al., 2022). When the

ambient temperature is higher than the optimal temperature of

the plant, the chloroplast structure will be damaged, and the

photosynthetic performance will be reduced, and the relevant

photosynthetic parameters will be changed (Chen et al., 2012).

Net photosynthetic rate can directly represent the

photosynthetic capacity of a single leaf (Jiang et al., 2004).

Zhang et al. (2022) showed that under high temperature stress,

the net photosynthetic rate of plants decreased continuously, but
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there were significant differences among different cultivars. This

study showed that the net photosynthetic rate of ‘Lu He Hong’

decreased with the deepening of stress degree, and that of ‘Zhi

Hong’ decreased first and then increased to the normal level

within six days under temperature stress, indicating that high

temperature stress has a negative effect on the photosynthesis of

peony plants, which is consistent with (Zhang et al., 2022). The

research is consistent that ‘Zhi Hong’ has good heat resistance

and can quickly adapt to heat stress. Stomatal restriction and

non-stomatal restriction are one of the important factors leading

to the decline of photosynthetic capacity of plants. Stomatal

restriction and non-stomatal restriction factors causing the

decrease of photosynthetic rate can be judged according to the

change direction of Ci and Ls in leaves (Xu, 2013). In this study,

the Pn decline of ‘Lu He Hong’ was firstly dominated by non-

stomatal limiting factors, then by stomatal factors and finally by

non-stomatal limiting factors, while the Pn decline of ‘Zhi Hong’

was firstly dominated by stomatal limiting factors, then by non-

stomatal limiting factors and finally restored to stomatal limiting

factors. When stomatal limitation factors are dominant,

stomatal conductance of leaves decreases and CO2 entering

stomata decreases, which cannot meet the requirements of

photosynthesis. However, the decrease of Pn not dominated by

stomatal limitation is due to the increase of leaf temperature, the

decrease of chloroplast activity and Rubisoo activity, and the

decrease of RuBP carboxylase regeneration capacity, leading to

the decrease of photosynthetic capacity of leaves (Gao et al.,

2018). Therefore, the reason for the decrease in the net

photosynthetic rate of 'Lu He Hong' in this study may be

mainly due to the irreversible damage of the chloroplast

structure, whereas the high tempeature resistant 'Zhi Hong'

has a more stable chloroplast structure that can adapt to

short-term high temperature stress. Stomata is a channel for

gas exchange between plants and the environment. Stomatal

conductance (Gs) represents the degree of stomatal opening and

is a major factor in photosynthesis, respiration and transpiration

rate of plants (Miner et al., 2017). In this study, Gs of ‘Lu He

Hong’ decreased with the deepening of high temperature stress,

indicating that high temperature stress had a negative impact on

its stomatal conductance, which was consistent with the research

results of Sarwar et al. (2019). ‘Zhi Hong’ results in stomatal

closure during short-term heat treatment to prevent leaf

dehydration, and with the deepening of high temperature

stress, stomatal conductance increases and leaf temperature

decreases to balance the ambient temperature. WUE reflects

the amount of CO2 assimilated by plants per unit water content

of transpiration and is a comprehensive indicator to evaluate the

adaptability of plants to the environment. The larger WUE value

is, the less water consumed by fixed unit mass CO2 (Zhang and

Shan, 2002). Hao et al. (2017) found that water utilization rate of

Peony decreased significantly under high temperature stress. In

this study, ‘Lu He Hong’ decreased significantly with the
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prolongation of high temperature stress, which was consistent

with previous studies. However, the WUE of ‘Zhi Hong’ is

always higher than that of ‘Lu He Hong’, indicating that ‘Zhi

Hong’ has full water utilization, can consume less water content

and produce more nutrients, which is consistent with the

research results, and ‘Zhi Hong’ has the characteristics of

thermal stability.
Effect of high temperature stress on
chlorophyll fluorescence of different
peony cultivars

The rapid chlorophyll fluorescence induction kinetics curve

refers to the fluorescence change process from O point to P

point, which mainly reflects the initial photochemical reaction of

PSII and the changes in the structure and state of photosynthetic

apparatus (Krause and Weis, 1991). When plants are subjected

to high temperature stress, K-band (300ms) will appear. This is
because the donor side of PSII is damaged at high temperature.

After a very short period of time, the chlorophyll fluorescence

intensity increases rapidly, resulting in the transformation of

OJIP curve into OKJIP curve (Chen et al., 2004), and the

emergence of K-band indicates that OEC is damaged (Du

et al., 2011). The positive K-band is caused by the decrease of

the electron transfer rate at the donor side or the increase of the

electron outflow rate at the acceptor side due to the inactivation

of OEC. The balance between electron transfer and further

electron transfer to QA is impaired, resulting in RC damage.

The negative K-band is caused by an increase in the rate of

electron transfer from the donor side or a decrease in the rate of

electron outflow from the acceptor side (electron transfer delay)

(Kalaji et al., 2014b). In this study, the parameter DWOJ was

introduced to analyze the changes of donor side and OEC of PSII

of different peony cultivars, and there were significant

differences among cultivars. The K-Band of ‘Lu He Hong’

increased with the extension of high temperature stress time,

indicating that the stress caused damage to the oxygen release

complex of the variety, and reduced the electron transfer rate of

the PSII donor side. ‘Zhi Hong’ showed significant positive value

of K-Band for two days under high temperature stress,

indicating that the OEC was slightly damaged due to high

temperature stress response during short-term high

temperature treatment. K-band is negative after two days of

high temperature treatment, and negative K-band has been

widely used in recent literature as a marker of tolerance to

various stresses(Mathur et al., 2011), which is consistent with

‘Zhi Hong’ showing good heat resistance. L-band can reflect the

aggregation between different components of PSII or the energy

transfer connectivity between antenna pigment and RCs, the

active reaction center of PSII (Srivastava et al., 1997; Stirbet,

2013). A positive L-band indicates dissociation of the antenna
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pigment complex with greater distance between PSII antennas

and therefore less efficient energy exchange, while a negative L-

band indicates greater grouping and more efficient energy

exchange between neighboring PSII units (Tsimilli-Michael,

2019; Kalaji et al., 2018). L-band was negative within 4 days of

high temperature treatment, indicating that it adapted to the

damage caused by high temperature by increasing energy

exchange under high temperature stress. Meanwhile, L-band

showed a positive value by day 6, indicating that at this time, the

energy exchange of 'Lu He Hong' decreased sharply, which may

be irreversible damage caused by long periods of high

temperature stress. In contrast, the L-band of ‘Zhi Hong’ only

showed positive values at two days under high temperature, after

which the L-band presented negative values, which indicated

that ‘Zhi Hong’ had a better ability to adapt to heat stress and

resist the damage caused by high temperature by increasing

energy exchange. WIP = 0.5 (half time of the rising curve) can be

used to reflect the reduction rate of the electron acceptor pool at

the end of the PSI (Guo et al., 2020) and also the half-life of the

rising curve (Xu et al., 2021). It can be seen that both peony

cultivars in this study were subjected to a significant increase in

the reduction rate of the PSI terminal electron acceptor pool and

a significant reduction in the half-life time under high

temperature treatment.
Effect of high temperature stress on
chlorophyll fluorescence parameters of
different peony cultivars

Analysis using the JIP test parameters allowed us to assess

the effect of different stresses on the efficiency and flux of

electrons as well as the efficiency and flux of energy around

PSI and PSII (Maxwell and Johanson, 2000). To quantify the

changes in light absorption, utilization and chemical energy

conversion and to analyze the fluorescence transients, the JIP

test was performed in this study and the parameters shown on

the radar plot provide a clearer picture of the changes under high

temperature stress in different peony cultivars. The most

significant change in JIP parameters was in the ‘Lu He Hong’,

which is consistent with the change in its OJIP phase and the

early appearance of L-band and K-band changes. ‘Lu He Hong’

on the second day of high temperature treatment only showed

significant changes in Vj, PItotal, DFabs, ABS/RC, TR0/RC, and

yE0 parameters changed significantly, although other indicators

for significant changes, the appearance of L-band and K-band is

an early indicator of impaired photochemical properties

(Viljevac Vuletić and Španić, 2019). Fv/Fm (or jP0) is an

indicator of PSII light energy conversion rate (Cai et al., 2017),

and the decrease of Fv/Fm is an important indicator of

photoinhibition (Strasser et al., 2004). In this study, Fv/Fm of

the two cultivars significantly decreased under high temperature
Frontiers in Plant Science 12
135
stress, indicating that high temperature would produce

photoinhibition on peony and affect photosynthesis. J phase

relatively variable fluorescence (VJ) represents the probability

that a captured exciton moves an electron from the main

acceptor (QA) into the electron transport chain. When QA

reoxidation is restricted, the VJ value increases, resulting in the

accumulation of QA reduction and the reduction of electron

transport. The I step (VI) decreases after high temperature and

excessive light exposure, indicating that electron transport is

lower than QA due to higher levels of QB- non-reduction centers

(Mihaljević et al., 2020). Under high temperature stress, the VJ of

‘Lu He Hong’ showed an increasing trend, while jE0 decreased,
indicating that the PQ pool had poor electron acceptance ability

under high temperature stress, resulting in limited electron

transfer ability of QA from acceptor to QB, thus the electron

transfer from pheo to QA resulted in Q−
A, This eventually leads to

a large accumulation of Q−
A (Kalaji et al., 2014b) and a decrease

in the efficiency of PSII electron transfer (Öquist et al., 1992). VJ

of ‘Zhi Hong’ decreased on the second day and electron transfer

rate increased, and VJ returned to the original level after two

days of stress, indicating that the variety has strong heat

resistance and can better adapt to the environment under

short-term high temperature stress. The relative fluorescence

of I-phase did not change significantly in ‘Lu He Hong’, and ‘Zhi

Hong’ decreased on the second day under high temperature

stress but returned to normal level later. Blockage of electron

transport leads to leakage of electrons in the electron transport

chain, which attack intracellular O2 and generate ROS, especially

singlet reactive oxygen species, which play an important role in

membrane lipid peroxidation (Chalanika et al., 2017). Therefore,

the leaves of peony under high temperature stress will inevitably

lead to the accumulation of ROS and damage to cell membrane

structure, which is consistent with the significant increase of

MDA in our results. Among them, the increase of MDA of ‘Lu

He Hong’ is more significant than that of ‘Zhi Hong’, which is

positively correlated with the electron transport efficiency.

DFabs and PItotal can be found to be the parameters with

significant changes in the pre-tolerant ‘Lu He Hong’. The total

performance index (PItotal) is the most prevalent and sensitive

parameter in JIP testing, as it reflects changes in photosynthetic

electron transport activity outside PSII, intersystem electron

transport and PSI processes (Stefanov et al., 2011). A

reduction in PItotal has been found in apple cultivars under

high temperature stress (Mihaljević et al., 2020), indicating that

high temperature stress negatively affects PSI in peony. In this

experiment, with the deepening of high temperature stress, the

DFabs and PItotal of ‘Lu He Hong’ decreased significantly, while

‘Zhi Hong’ did not change significantly, which means that the

PSI of ‘Lu He Hong’ was unstable under high temperature stress.

Performance indicators of the reduced overall energy flow from

the excitons to the reduced PSI-terminal receptors coincide with

the reduced electron acceptor state (R0) at the lateral end of the
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PSI receptors. The fast chlorophyll fluorescence induction

kinetic curve than activity parameters, including light energy

absorbed per reaction center (ABS/RC), energy captured per

reaction center for QA reduction (TR0/RC), energy captured per

reaction center for electron transfer (ET0/RC), and energy

dissipated per reaction center (DI0/RC), can accurately reflect

the plant photosynthetic organ absorption, conversion and

dissipation of light energy by plant photosynthetic organs

(Strasser et al., 2001; VanHeerden et al., 2004). In this study,

the ABS/RC, TR0/RC and DI0/RC of ‘Lu He Hong’ and ‘Zhi

Hong’ were significantly increased, but the specific activity

parameters of ‘Zhi Hong’ returned to normal level after two

days of high temperature treatment, which indicated that after

the inactivation or cleavage of some reaction centers per unit

area of the leaves triggered by high temperature stress, the

efficiency of the remaining active reaction centers could be

promoted to better dissipate the energy in the electron

transport chain, which might be a self-protection mechanism

of peony leaves.ABS/RC represents the effective antenna size of

the active RC, which is influenced by the proportion of active

and inactive reactive centers, and when the number of inactive

centers increases, so does the proportion of ABS/RC (Mathur

et al., 2011). This parameter value was higher in two peony

cultivars, suggesting that PSII may have more efficiency of

energy capture and a higher increase in inactive centers

compared to ‘Zhi Hong’. The increase in ABS/RC may be due

to a reduced ratio of active RCs and an increase in absorbed light

energy, which may be related to the deactivation of RCs or an

increase in antenna size. Previous studies (Tao et al., 2022)

showed that in general, RCs inactivation of plants is related to

photoinhibition, that is, when the amount of light absorbed by

plants exceeds the amount of light that can be utilized by

their own photosystem, the photosynthetic function of plants

decreases. Derks et al. (2015) found that when photoinhibition

occurs in plants, the plants actively shut down some of the RCs

and release the excess absorbed light energy through heat. The

increase in this parameter was greater in ‘Lu He Hong’ than in

‘Zhi Hong’, suggesting that high temperature is more damaging

to ‘Lu He Hong’ RCs. The increase in ABS/RC values is

accompanied by an increase in the parameter TR0/RC, which

represents the maximum speed at which RC can trap excitons

(Stirbet and Strasser, 1996). TR0/RC and DI0/RC in the ‘Lu He

Hong’ had a significant rise in RC, Fv/Fm significantly reduced,

that all Q−
A were reduced, can no longer oxidation. When Q−

A

reoxidation was suppressed, electron transfer to Q−
A cannot

effectively QB, because the active center can’t capture a large

number of photons, so the excess photon is known as the

dissipation energy (Mathur et al., 2013). It was also observed

that the efficiency of individual electrons from the

interphotosystem electron transport chain to the terminal

electron acceptor on the PSI acceptor side (dR0) of the more

heat-tolerant ‘Zhi Hong’ did not change under high temperature

treatment, whereas there was a significant increase in the less
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heat-tolerant ‘Lu He Hong’. It may be due to the flow of

electrons between the two photosystems, the flow of PSI

terminal receptors are slightly accelerated and PSI activity is

increased (Blankenship, 2014).

PCA was used to evaluate the PSI and PSII activities of

peony leaves by multi-parameter analysis with more

systematic and comprehensive effects. The results showed

that several parameters related to PSI and PSII activities

were influenced by temperature. In this study, we used a

new method and idea to analyze the differences in

photosynthetic and fluorescence-related parameters of leaves

of two peony cultivars with different heat tolerance, and

made a comprehensive evaluation of the photosynthetic

performance of peony leaves to explore the reasons for the

differences in heat tolerance among different peony cultivars.

The results of this study provide a theoretical basis for the

screening of heat-resistant peonies suitable for cultivation in

Jiangnan area and for the selection and breeding of high

temperature resistant varieties.
Conclusion

Peony has a long history of cultivation in China and has high

ornamental value. However, due to the high temperature and

rainy summer in southern China and global warming, it is

difficult for peony to move southward. Different peony

cultivars in order to understand the heat photosynthetic

performance and physiological and biochemical changes,

photosynthesis of two cultivars of peony and chlorophyll

fluorescence, physiological and biochemical indexes were

analyzed, and discussed the causes of differences in heat

resistance between different cultivars of peony, for screening

suitable for cultivation in the south of the Jiangnan the heat

resistance of peony, as to provide theoretical basis for the

breeding of heat resistant cultivars. Studies have shown that

the more heat-resistant ‘Zhi Hong’ has a more stable cell

membrane, which is not easy to be oxidized, and the

antioxidant system is also more stable. In addition, ‘Zhi Hong’

with strong heat tolerance has stable green cell activity, has

higher water utilization rate and can produce more nutrients,

and can maintain high photosynthetic performance under high

temperature stress, while ‘Lu He Hong’ photosynthetic capacity

decreases continuously under high temperature stress, and the

photosynthetic mechanism is unstable and vulnerable to

damage. JIP-test analysis showed that OEC, PSI and PSII

reaction centers and RCs of ‘Zhi Hong’ during high

temperature stress are slightly damaged to adapt to the high

temperature stress environment by increasing greater grouping

and more efficient energy exchange between adjacent PSII units

and maintaining the balance between electron transport, and ‘Lu

He Hong’ performs poorly in these aspects, consistent with its

poor heat resistance.
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development of downy
oak saplings
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It is still unknown whether the previous summer season drought and

fertilization will affect the winter non-structural carbohydrate (NSC) reserves,

spring leaf development, and mortality of trees in the next year. We, therefore,

conducted an experiment with Quercus pubescens (downy oaks) saplings

grown under four drought levels from field capacity (well-watered; ~25%

volumetric water content) to wilting point (extreme drought; ~6%), in

combination with two fertilizer treatments (0 vs. 50 kg/ha/year blended) for

one growing season to answer this question. We measured the pre- and post-

winter NSC, and calculated the over-winter NSC consumption in storage

tissues (i.e. shoots and roots) following drought and fertilization treatment,

and recorded the spring leaf phenology, leaf biomass, and mortality next year.

The results showed that, irrespective of drought intensity, carbon reserves were

abundant in storage tissues, especially in roots. Extreme drought did not

significantly alter NSC levels in tissues, but delayed the spring leaf expansion

and reduced the leaf biomass. Previous season fertilization promoted shoot

NSC use in extreme drought-stressed saplings over winter (showing reduced

carbon reserves in shoots after winter), but it also showed positive effects on
frontiersin.org01
140

https://www.frontiersin.org/articles/10.3389/fpls.2022.1035191/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.1035191/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.1035191/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.1035191/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.1035191/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.1035191/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2022.1035191&domain=pdf&date_stamp=2022-11-03
mailto:hepeng66@tjnu.edu.cn
mailto:maihe.li@wsl.ch
https://doi.org/10.3389/fpls.2022.1035191
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2022.1035191
https://www.frontiersin.org/journals/plant-science


Wang et al. 10.3389/fpls.2022.1035191

Frontiers in Plant Science
survival next year. We conclude that: (1) drought-stressed downy oak saplings

seem to be able to maintain sufficient mobile carbohydrates for survival, (2)

fertilization can alleviate the negative effects of extreme drought on survival

and recovery growth of tree saplings.
KEYWORDS

carbon consumption, carbon storage, leaf phenology, mobile carbohydrates,Quercus
pubescens, overwinter, water deficit
Introduction

In the past decades, severe droughts and heatwaves have

caused tree mortality and forest dieback across various biomes

(Allen et al., 2010; Young et al., 2017), leading to profound

changes in the structure and functioning of forest ecosystems on

both global and local scale (Zhao and Running, 2010; Choat

et al., 2018; Hartmann et al., 2018; Li et al., 2022). Natural

drought events associated with increasing air temperature have

been predicted to occur more frequently and to be of greater

intensity in the future (IPCC, 2021), but it is still unclear whether

and how trees tolerate and adapt to frequent droughts

(Mcdowell et al., 2008; Allen et al., 2010; Mitchell et al., 2013;

Adams et al., 2017; Choat et al., 2018).

Trees rely on stored non-structural carbohydrates (NSC,

mainly composed of mobile sugars and starch) for growth and

metabolisms (Hochet al., 2003;Körner, 2003; Zhu et al., 2012a; Zhu

et al., 2012b).Droughtnegativelyaffectsphotosynthesis andgrowth

and can thus influence the levels of NSC in the growing season

(Wiley, 2020). The NSC allocation patterns in response to drought

have been extensively studied in trees during the growing season

whenboth carbon supply anddemandaredirectly affected (Li et al.,

2008; Nardini et al., 2016; Li et al., 2018). However, to date, no

consistent patterns in the NSC dynamics were found with some

studies reporting decreased (Galiano et al., 2011; Woodruff et al.,

2015) and others stable (Anderegg et al., 2012; Gruber et al., 2012;

Schönbeck et al., 2018), or even higher (Piper, 2011; Piper and

Fajardo, 2016;Kannenberg andPhillips, 2020)NSCconcentrations

in aboveground tissues during drought. The lack of unequivocal

results might be attributed to varying tree size, species, and

experiment time among different studies (Hoch, 2015). Contrary

to aboveground parts, it ismore commonly observed that rootNSC

decreasewhen treesare facingdrought (Wiley, 2020).Li et al. (2018)

analyzed 27 drought-related studies out of 57 NSC-related studies

and reported that roots NSC decreased by 17.3%, but no NSC

change was found in leaves and other aboveground woody tissues.

Drought may affect tissue NSC levels not only during the

current growing season but also in the following winter and even

next year (Lopez et al., 2007; Galvez et al., 2013). It was reported

that previous growing-season drought can largely reduce the
02
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winter NSC reserves in roots of poplar seedlings (Galvez et al.,

2013). In winter, NSC acts as an important substrate for

sustaining respirational demands (Loescher et al., 1990),

modifies cells membranes’ cryoprotective ability and improves

cold hardiness by using sugars and sugar-derived compounds as

osmoprotectants (Morin et al., 2007; Tixier et al., 2019).

Therefore, low availability of pre-winter NSC will affect trees’

survival over winter, and low availability of post-winter NSC

may strongly affect trees’ re-growth in early spring (Zhu et al.,

2012b), especially for deciduous species (Lebon et al., 2008;

Keller et al., 2010; Klein et al., 2016; Tixier et al., 2017). But even

in evergreen species such as Scots pine, the winter NSC storage

in fine roots and stem wood were found to be positively

correlated with their shoot growth in the following season

(Schönbeck et al., 2018). A warm 2015 winter in California

caused a decline in winter NSC storage in trees, which finally

induced growth decline of three conifer species in 2016 (Earles

et al., 2018).

Nutrient availability in the soil might affect the fitness of

trees under dry conditions. Previous studies provided conflicting

results, showing that increased nutrient availability can either

intensify or mitigate the negative effects of drought on trees

(Kreuzwieser and Gessler, 2010; Gessler et al., 2017). Jacobs et al.

(2004) reported that fertilization (blended fertilizer) impaired

the root system development and drought resistance of drought-

stressed Douglas-fir seedlings. However, Schönbeck et al. (2020)

found that the negative effects of moderate drought intensity

(but not severe drought) on Scots pine saplings could be

compensated by increased nutrient availability (blended

fertilizer, NPK) during drought. Zhang et al. (2021) reported

that nitrogen addition increased net photosynthetic rate and

stomatal conductance, but did not significantly change foliar

NSC levels of drought-stressed Quercus mongolica and Fraxinus

mandshurica saplings. To our knowledge, the effects of previous

summer drought and fertilization on plant NSC over winter and

spring leaf development next year have rarely been studied.

Therefore, we conducted a split-plot experiment with

saplings of Quercus pubescens (downy oaks), a species has

outstanding significance in most Mediterranean forest

ecosystems (Kuster et al., 2013), grown under drought (four
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levels from well-watered to extreme drought with a volumetric

water content of ~25%, 18%, 11% and 6%) and fertilizer (two

levels: 0 vs. 50 kg/ha/year) treatments for one year (2016). We

determined the NSC concentration in woody tissues in pre (Nov.

2016) and post-winter (March 2017), followed by an assessment

of spring leaf development and leaf biomass of plants previously

treated with drought and fertilization treatments. The study

aimed to answer the questions of: (i) how the pre- and post-

winter NSC reserves respond to drought events with different

intensities (control, mild, strong, and extreme levels); (ii)

whether the drought-stressed saplings can still mobilize and

use the NSC storage in wood tissues during winter (by evaluating

the over-winter NSC change); and (iii) whether and to what

extent fertilization application affect winter NSC reserves, and

how this change affects spring leaf development of previously

drought-stressed oak saplings?
Material and methods

Experimental design and treatments

The experiment was conducted in the model ecosystem

facility (MODOEK) of the Swiss Federal Institute for Forest,

Snow and Landscape Research WSL (47°21′48″ N, 8°27′23″ E,
545 m a.s.l.), Birmensdorf, Switzerland (Figure 1; Figure S1). The

MODOEK unit consists of 16 hexagonal glass-walled open top

chambers, each with 3 m in height and 6.0 m2 plantable area.
Frontiers in Plant Science 03
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Belowground, each chamber is divided into two lysimeters of

1.5 m depth and 3 m2 area, which were filled at the bottom with a

1 m layer of gravel for fast drainage and on top a 40 cm layer of

calcareous sandy loam soil, divided by a mesh that is

impermeable for roots but not for water (Kuster et al., 2013;

Schönbeck et al., 2020). Each lysimeter was separated down to

the mesh layer, with plexiglass into two equally sized sections

(each has 1.5 m2 plantable area), two sections from different

lysimeters were used for our experiment (Figure 1). Ten three-

year-old Quercus pubescens Willd. (downy oak) saplings (20-

25 cm in height, 0.3-0.5 cm in base diameter) were planted in

each section in April, 2015, and they were grown with sufficient

water supply in 2015.

The experiment was set up as split plot design considering

both drought (4 levels) and fertilizer application (2 levels)

treatments (Figure 1). From April 2016, each out of the 16

chambers was assigned one of the four water treatments (4

replicates for each water level): 100% (W100, corresponding to

volumetric water content of ~25%), 50% (W50), 20% (W20),

and 0% (W0, close to wilting point, volumetric water content of

~6%) of soil moisture at the field water capacity (Schönbeck

et al., 2020). In April and July of 2016 and 2017, one section in

each chamber was given 3 L water (F0: no fertilizer), the other

one was fertilized with liquid fertilizer (F+: fertilizer treatment),

close to 50 kg/ha/year (Wuxal, Universaldünger, NPK 4:4:3).

The applied moisture was equal to 2 mm precipitation. The soil

moisture and air temperature were automatically monitored at

intervals of two hours (5 TM soil moisture and temperature
FIGURE 1

Experimental setup of the 16 open top chambers. Colors indicate the four different drought regimes: dark blue = W100 (close to field capacity),
light blue = W50 (50% of field capacity), brown = W20 (20% of field capacity), and red = W0 (close to wilting point). Nutrient regime is
represented with F0 (unfertilized) and F+ (fertilized) symbols.
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logger, Metergroup, Munich, Germany) (data was shown in

Figure S2).
Pre-winter and post-winter harvest

We defined the average weekly soil temperatures at 5-cm

depth below 5°C as non-growing season (winter) (Figure S2), the

pre- and post-winter sampling works were conducted in

November 2016, and March 2017, respectively. In each

sampling season, trees from each chamber (both F0 and F+

section) were randomly selected and fully harvested, thus, 64

individuals (4 drought levels × 2 fertilization levels × 4 replicates

× 2 seasons) were harvested (dug out from the soil). All

harvested oak saplings were alive at the time of harvest. The

saplings were then separated into aboveground tissues (shoots)

and mixed roots (i.e., coarse and fine roots). All samples were

dried to constant mass at 65°C for approximately 72 h and

weighted thereafter. A subsample of the oven-dried material was

ground to fine powder and stored at 4°C for further

chemical analysis.
Leaf phenology observation, mortality,
and leaf biomass data collection

Spring leaf phenology was monitored in 2017, starting from

April 3 (day1)whenbudswellingwasfirst observed, toMay10 (day

37). Every twodayswithin thisperiodobservationswere carriedout

and threephenological stagesweredefined: (i) bud swelling, (ii) bud

break, and (iii) leaf unfolding (Kuster et al., 2014). A stage was

defined as reached for a given tree when > 50% of the buds showed

the respective stage. For saplings that did not show any leaves (i.e.

somesaplings in the extremedryW0treatment)untilMay10, 2017,

a last observation was carried out in June 2017, to determine

whether leaf phenology was delayed, or fully absent. If no leaves

were present and the stembarkwas brown and dry, the saplingwas

considered dead to calculate mortality. In July 2017 (mid-growing

season), one sapling in each section was randomly selected for leaf

biomass measurement.
Chemical analysis

The NSC concentrations of all plant tissues were determined

following the method of Wong (1990), modified as described in

Hoch et al. (2002). NSC are defined as low molecular sugars and

starch. About 10-12 mg of the dried plant material was boiled in

2 ml distilled water for 30 min. For determination of the total

amount of NSC, 500 ml of the extract (including dissolved sugars
and starch) were incubated with a fungal amyloglucosidase from

Aspergillus niger (Sigma-Aldrich, St. Louis, MO, USA) for 15 h at
Frontiers in Plant Science 04
143
49°C to digest starch into glucose. For determination of soluble

sugars, an aliquot of 200 ml was taken from the extract after

centrifugation and treated with Invertase and Isomerase (Sigma-

Aldrich, St. Louis, MO, USA) to degrade sucrose and convert

fructose into glucose. The total amount of glucose in each sample

(total NSC and soluble sugars) was determined photometrically

at 340 nm in a 96-well microplate photometer (HR 7000,

Hamilton, Reno, NE, USA) after enzymatic conversion to

gluconate-6- phosphate (hexokinase reaction, hexokinase from

Sigma Diagnostics, St. Louis, MO, USA). The concentration of

starch was calculated as total NSC minus free sugars. Pure starch

and glucose-, fructose- and sucrose- solutions (1 mg/ml) were

used as standards and standard plant powder (Orchard leaves,

Leco, St. Joseph, MI, USA) was included to control

reproducibility of the extraction. NSC concentrations are

expressed on a percent dry matter basis. P and K content in

the tissues were also measured, i.e., 5-6 mg of ground plant

material was weighted into tin capsules that were combusted in

an Element analyzer (ICP-OES, Optima 7300 von Perkin-Elmer)

for chemical analysis.
Statistical analysis

The overwinter NSC changes were calculated as the

difference between pre and post-winter NSC concentrations:

NSC   change = PostNSC − PreNSC

Two-way ANOVA was then used to test how drought (W),

fertilization (F), and their interaction (W × F) affect NSC

concentrations in tissues at pre, post-winter, and the changes in

NSC overwinter. Tukey HSD tests were carried out to examine

pairwise differences when significant differences between drought

or fertilization treatments were found, Bonferroni correction was

used to adjust for multiple comparison.

For each oak individual (N = 252 in all chambers), the

number of days required to reach the 3 different phenological

states (Days) was calculated and a two-way ANOVA analysis

(Days ~ Water * Fertilization) was used to test how drought and

fertilization treatments affect the phenological development. To

test the correlation between pre- and post-winter NSC (N = 32)

on the one hand, and phenology (N=252) and biomass (N = 32)

on the other, the number of days per phenological stage were

averaged for each section. Linear regression models were

established to study spring leaf development status and leaf

biomass (July, 2017) in relation to NSC concentration in all

tissues pre- and post-winter. Normality and homogeneity of

standardized residuals were graphically checked on quantile-to-

quantile and residual-vs-predicted plots. The significance level in

this study was set at p < 0.05. All statistical tests and artworks

were done with R software 4.1.2 (R Core Team, 2019, Vienna,

Austria), under the RStudio environment.
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Results

Pre-winter NSC concentrations

Extreme drought (W0) resulted in significantly increased sugar

levels in both shoots and roots (Figures 2A, D), and decreased starch

concentration in shoots, compared to other drought treatments

(Figure 2B, left panel). Pre-winter total NSC concentrations in roots

and shoots were unaffected by drought (Figures 2C, F). There was no

fertilization treatment (F) effect on pre-winter NSCmeasurements in

both shoots and roots, although starch concentrations in shoots

tended to be lower in fertilized saplings compared to unfertilized

saplings except for theW0 treatment (Figure 2B).

Post-winter NSC concentrations

Not drought but fertilization (F) treatments, and F

interacting with drought significantly influenced shoots starch

and the total NSC concentrations at post-winter (Figures 2B, C;

right panel). The slight starch concentration differences between

fertilization treatments observed pre-winter, were enlarged post-

winter, mainly in W0 andW50. Here, fertilizer application led to

a significant starch and total NSC (not significant for W50)

reduction in the shoots (Figures 2B, C). Root NSC were
Frontiers in Plant Science 05
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unaffected by drought after winter, neither were shoot sugar

concentrations (Figures 2A, F; Table S1).

Over-winter NSC concentration changes

Shoots and roots tissues in all treatments consumed NSC

over winter. The dynamics were an order of magnitude larger in

the roots than in the shoots, where NSC concentrations in

general were very low (Figure 3). Extreme drought (W0)

caused a net over-winter reduction in sugar concentrations in

both shoots and roots, while sugar levels increased in all other

water treatments (Figures 3A, D; Table S2). A D × F interaction

affected the changes in starch and NSC concentrations in shoots

(Figures 3B, C; Table S2). This was caused by the slight increase

of starch in the W0/F0 treatment, compared to a reduction in all

other treatments (Figure 3B). Shoots of fertilized saplings in W0

consumed significant more NSC over winter, and fertilized

saplings in W0, W20 and W50 treatments tended to (not

significant) consume more root NSC reserves (Figures 3C, E, F).

Spring phenology and leaf biomass

Extreme drought (W0) significantly delayed the spring leaf

phenology (indicated by a higher number of days since April 3).
B

C

D

E

F

A

FIGURE 2

Effects of drought and fertilization on non-structural carbohydrates (NSC) in shoots and roots of downy oaks at pre winter (November, 2016) and post winter
(March, 2017). (A) sugars in shoots, (B) starch in shoots, (C) the total NSC (sugars+starch) in shoots (left panel for pre-winter, and rightpanel for post-winter); (D)
sugars in roots, (E) starch in roots, (F) the total NSC (sugars+starch) in roots. The drought treatments contain four levels: W100 (soil water capacity, ~25% VWC),
W50,W20 andW0 (soil wilting point, ~6% VWC),W50 andW20 corresponding to approx. 50% and 20% field water capacity, respectively. Results of two-way
ANOVAwith drought (W) and fertilization (F) (their interaction effect was also considered) are given on themiddle top of subfigures, using ns (non-significant),
*p (< 0.05), ** (p < 0.01), or *** p( < 0.001) if significant effect was detected. Different lower-case letters represent significant differences inmeans among
drought treatments testedwith a Tukey post-hoc test, asterisks (on the bar) show significant differences between unfertilized (F0) and fertilized (F+) trees within
the water treatment. Error bars indicate the SD of themean values (n= 4). Note the y-axis scale change between shoots and roots.
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Fertilizer application did not affect leaf phenology timing

(Figure 4; Table S3) but increased the number of saplings that

successfully expanded leaves in the W0 treatment (Table 1). The

leaf biomass in W50 saplings did not significantly differ from

W100 saplings, but W20 and W0 droughts significantly

decreased the biomass of new leaves (Figure 5). Within each

drought treatment, fertilization did not affect the leaf biomass in

2017 (Figure 5).
Frontiers in Plant Science 06
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Spring phenology and leaf growth in
relation to pre- and post-winter NSC
concentrations

The timing (days since April 3) of spring leaf phenology (bud

swelling, bud break, leaf unfolding) and the leaf biomass in July were

stronger correlated with pre-winter than with post-winter NSC

concentrations (Table 2). Higher pre-winter starch concentrations
B

C

D

E

F

A

FIGURE 3

Changes in NSC concentrations overwinter in shoots and roots of downy oaks with different drought and fertilization treatments. (A) sugars changes in shoots,
(B) starch changes in shoots, (C) the total NSC (sugars+starch) changes in shoots; (D) sugars changes in roots, (E) starch changes in roots, (F) thetotal NSC
(sugars+starch) changes in roots. The drought treatments containW100,W50,W20, andW0, represents 100%, 50%, 20%, and 0% of soil moisture at the field
water capacity, respectively. Different lower cases letters represent significant differences inmeans among drought treatments tested by TukeyHSD, * signs
show significant difference between unfertilized (F0) and fertilized (F+) trees within thewater treatment. Error bars indicate the SD of themean values (n= 4).
B CA

FIGURE 4

Number of days since April 3rd 2017 until bud swelling (A), bud break (B) or leaf unfolding (C) for trees in the different drought and fertilization
treatments. The drought treatments depicted as W100, W50, W20, and W0, represents 100%, 50%, 20%, and 0% of soil moisture at the field
water capacity, respectively. Different lower cases letters indicate statistical differences (p < 0.05) among drought treatments.
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in shoots were correlated with earlier commencement, while higher

sugar concentrations in shoots and rootswere correlatedwith a delay

of all the leaf phenology stages. Higher starch concentrations in the

roots, both pre- and post-winter, were only correlated with earlier

bud swelling. Leaf biomasswas positively related to pre-winter starch

concentration in shoots and negatively related to pre-winter sugar

concentrations in both shoots and roots (Table 2).
Discussion

Impacts of previous drought and
fertilization on pre-winter NSC

After one growing season, severely drought-stressed saplings

did not show any signs of total NSC depletion, compared to the

other drought and well-watered individuals (Figure 2). But they
Frontiers in Plant Science 07
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had strong reductions in leaf water content (Figure S3) and dry

biomass in shoots and roots (Table S4, because of large variation

in W100/F+ group, not statistically significant). Besides, it was

observed that drought led to significantly decreased

photosynthesis rate and leaf water potential in a comparable

setting as well (Ouyang et al., 2021). Similar to our results, root

NSC was not found to decrease during drought (Koppenaal

et al., 1991; Zhang et al., 2015; Deng et al., 2019; Santos et al.,

2021), while some others showed a drought-induced root NSC

reduction (Li et al., 2018; Wiley, 2020). This suggests that downy

oak can maintain stable NSC levels when exposing to strong

drought (Wiley et al., 2013; Saffell et al., 2014), which is

consistent with other studies on oak species (Nardini et al.,

2016; Lavrič et al., 2017; Ouyang et al., 2021). Moreover, no

fertilization effects on NSC were found across all drought

treatments (Figure 2), which is inconsistent with results from a

meta-analysis that nitrogen addition decreased NSC
FIGURE 5

Leaf biomass of downy oaks (harvested in July, 2017) under different drought and fertilization treatments.
TABLE 1 Number of oaks which failed to reach the phenology stages of bud swelling, bud break and leaf unfolding, under mild (W50), strong
(W20) and extreme (W0) drought treatments.

Saplings number W0/F0 W0/F+ W20/F0 W20/F+ W50/F0 W50/F+

Total number 31 32 32 32 32 32

Fail in bud swelling 6 (19.4%) 7 (21.9%) 1 (3.1%) 0 (0%) 1 (3.1%) 0 (0%)

Fail in bud break 18 (58.1%) 14 (43.8%) 1 (3.1%) 0 (0%) 1 (3.1%) 0 (0%)

Fail in leaf unfolding 19 (61.3%) 16 (50.0%) 1 (3.1%) 0 (0%) 1 (3.1%) 0 (0%)
fron
Data in the brackets represent to ratio of failure individuals. Only treatments where phenology failure was observed are shown, thus well-watered W100 data was not shown.
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concentrations in roots (-5.0%), but increased NSC in

aboveground wood (+6.1%) (Li et al., 2019). This difference

might be related to the fertilizer used (blended fertilizer in the

present study and nitrogen addition in that meta-analysis), and

may also be related to the amount of fertilizer added (e.g. large

variations in the meta-analysis).

The extreme drought treatment (W0) decreased starch

concentrations and increased sugar concentrations but did not

change the total NSC in shoots (and to a lesser extent in the roots).

This suggests that drought stressed oaks converted starch into

sugars for osmotic adjustment and potentially to repair xylem

embolisms (Silva et al., 2010; Secchi and Zwieniecki, 2011).

Moreover, Wong et al. (2009) indicated that the drought stressed

trees rely more on osmoregulation (chemical changes) rather than

physiological changes of cell properties in cold tolerance

development for protecting cytoplasm macromolecules and

membranes, serving as osmoregulatory function, and lowering

freezing point, thus higher sugars were observed in W0 trees.

Impacts of previous drought and
fertilization on winter NSC consumption

In this study, drought treatments did not affect the

overwinter consumption of the total NSC and starch in both
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shoots (Figures 3C, B) and roots (Figures 3F, E), but W0

significantly depleted sugars in both shoots and roots, whereas

other drought treatments accumulated sugars in tissues

(Figures 3A, D). Actually, a certain depletion level of NSC

(especially starch) in winter is to be expected, because this is

related to the maintenance of cellular respiration overwinter and

to the starch-sugar conversion for frost protection (Bonhomme

et al., 2005; Amico Roxas et al., 2021). In late winter, decline in

sugar levels in wood tissues will support cellular respiration and

metabolic activities to facilitate cellular changes with

dehardening before budburst. For extreme drought stressed

saplings, the conversion process of starch into sugars seemed

to be impeded during winter (Figure 3A). This was also observed

by Galvez et al. (2013), who showed that growing season drought

hampered the conversion of starch into soluble sugars during

winter for Populus saplings, and by Wong et al. (2009) who

found that drought stressed sugar-maple trees declined sugar

levels in branches, suggesting a lower degree of conversion of

cellular components with hardening under drought stress.

Besides, a strong reduction in shoots’ NSC concentrations

overwinter was observed in fertilized W0 (W0/F+) saplings,

leading to a significantly lower post-winter NSC compared to

individuals from all the other treatments. Compared to

unfertilized saplings, there was comparable, generally
TABLE 2 Correlation between the number of days until different leaf development stages and leaf biomass in relation to non-structural
carbohydrate (NSC) concentrations in shoots and roots at pre- and post-winter.

NSC indices Parameters Bud swelling Bud break Leaf unfolding Leaf biomass

Pre-winter

Shoots sugar Pr(>|t|)
R2

slope

< 0.001
0.482
-1.383

0.003
0.266
-1.569

0.004
0.254
-1.630

0.039
0.134
-2.951

Shoots starch Pr(>|t|)
R2

slope

< 0.001
0.343
0.986

0.015
0.188
0.128

0.040
0.138
1.027

0.035
0.139
2.540

Roots sugar Pr(>|t|)
R2

slope

0.005
0.233
-0.530

0.011
0.205
-0.748

0.035
0.144
-0.668

0.025
0.157
-1.761

Roots starch Pr(>|t|)
R2

slope

0.013
0.190
0.164

0.066
0.112

0.255
0.044

0.377
0.026

Post-winter

Shoots sugar Pr(>|t|)
R2

slope

0.055
0.117

0.206
0.054

0.039
0.139
2.209

0.480
0.017

Shoots starch Pr(>|t|)
R2

slope

0.608
0.009

0.555
0.012

0.518
0.015

0.351
0.029

Roots sugar Pr(>|t|)
R2

slope

0.486
0.016

0.592
0.010

0.939
< 0.001

0.305
0.035

Roots starch Pr(>|t|)
R2

slope

0.038
0.136
0.097

0.289
0.039

0.223
0.051

0.665
0.006
-1 * DOYwas used, thus positive and negative slope indicate a promotion or delay, respectively, of phenology with higherNSC. Slope of regression line is given if Pr < 0.05 (which is shown in bold).
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decreased starch level in roots of fertilized trees in W0, W20 and

W50 (also visible in W50 shoots). This result indicates that

fertilization might promote starch use of drought stressed trees.

Reduction of soil nutrient uptake due to drought will impair

plant’s nutritional status and general functioning especially for

osmotic regulation and membrane stability (Kreuzwieser and

Gessler, 2010). Fertilizer application may mitigate nutrient

shortage and improve the former physiological functions to a

certain extent. In the present study, fertilization did not lead to

higher N accumulation in both leaves sampled in September

2016 (Table S5) and July 2017, and in other wood tissues

(Nardini et al., 2016; Ouyang et al., 2021). But fertilization

significantly promoted K accumulation in shoots at pre-winter

within each water treatment level (Tables S6, S7). As inorganic

solute, K+ plays a central role in the water economy of plants,

involves in osmotic regulation, maintenance of cell turgor and

increases the stability of cell membranes (Saneoka et al., 2004;

Ahanger et al., 2016). It also supports metabolic activity and frost

hardiness by hydrolyzing starch into sugars (Elle and Sauter,

2000; Norozi et al., 2020). K has a favorable effect on water

regulation and photosynthesis in plants (Snyder et al., 2005), but

its effect on frost protection is unclear, as summarized by

Charrier et al. (2015). In this study, the role and effects of K

on key tree physiology functions including carbohydrate

mobilization of drought stressed saplings were not specifically

studied, which should be clarified in future studies.
The phenology and its relation to pre
and post-winter NSC

Extreme drought significantly delayed spring leaf phenology

of downy oaks, which is in line with findings on other oak

species (Vander Mijnsbrugge et al., 2016; Čehulić et al., 2019).

Under the extreme drought in the present study, fertilization did

not change the timing of spring leaf phenology but increased the

survival rate of plants (Table 3, Figure 4), despite of very low

post-winter shoot NSC concentrations in W0/F+ (~3% in W0/F+
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vs. ~7% in W0/F0, P < 0.05). Previous studies proposed that

hydraulic failure and carbon starvation are two possible

physiological mechanisms for drought-induced tree mortality or

growth decline (Mcdowell et al., 2008; Li et al., 2022), decreased

NSC accompanied by decreased mortality with fertilization in the

present study suggest that drought-induced mortality was driven

by hydraulic failure, rather than carbon starvation, especially

under high nutrient availability. But high nutrient availability

might have promoted the mobilization and utilization of

carbohydrates during winter (Wong et al., 2009; Galvez et al.,

2013; Schönbeck et al., 2020). This led to lower post-winter NSC

concentrations but help to repair cavitation and build new xylem

to compensate cavitation induced by frost and extreme drought

(Barbaroux and Breda, 2002), or promote sugars reverted back

into the xylem sap and apoplastic free space, resulting in lower

mortality. Therefore, fertilization reduced the saplings’ mortality

rate of W0, recorded both in July 2017 (Table 3, 1.5 years drought,

mortality rate: unfertilized 51.9% and fertilized 32.0%) and

September 2018 (a follow up research with re-water treatment,

mortality rate: unfertilized 78.6% and fertilized 51.2%) (Ouyang

et al., 2021).

Pre-winter starch concentrations in shoots were positively

correlated with the commencement of leaf phenology and with

leaf biomass. Pre-winter sugars in shoots and roots were

negatively correlated with the timings of all the stages and

with leaf biomass (Table 2). Since pre-winter sugar and starch

concentrations are highly related to the previous growing season

water supply levels, we cannot confirm that pre-winter NSC

affects leaf phenology and leaf growth directly or indirectly. A

direct effect is supported by the results of Amico Roxas et al.

(2021) who showed that through affecting bud endo- and ecto-

dormancy periods (Fernandez et al., 2019; Tixier et al., 2019), fall

NSC availability induces long-lasting effects on phenological

timing of trees. However, we can also not exclude indirect

effects: higher sugar levels (in shoots and roots) and lower

starch (in the shoots) in the fall might indicate a still high

demand for osmotic adjustment and potentially the need for

cavitation refilling (Pérez-De-Lis et al., 2016; Savi et al., 2016),
TABLE 3 Mortality rate of downy oaks saplings with different drought and fertilizer application treatments (investigated after 1.5 years drought, in
June 2017).

Treatments Number of dead Total number Mortality rate (%)

W0/F0 14 27 51.9

W0/F+ 8 25 32.0

W20/F0 1 28 3.6

W20/F+ 0 27 0

W50/F0 3 28 10.7

W50/F+ 0 27 0

W100/F0 0 29 0

W100/F+ 0 28 0
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especially in W0. Bud swelling depends on sugar input from

sapwood vessels, and xylem sap osmolarity also plays an

important role in the generation of the stem pressure needed

to reverse winter embolisms in early spring (Ameglio et al.,

2001). A reduced ability to repair embolism in trees with low

xylem sap sugars concentration could thus negatively affects the

supply of water to bud swelling (Ameglio et al., 2001). Thus,

stronger cavitation might lead to lower water supply of buds and

thus delayed bud swelling and growth in the following spring.

Roots contribute largely to the total starch pool in downy

oak (Figure 2), and might thus play an important role in the

phenology process. Higher NSC (starch) in the roots might help

to maintain root activity during winter to enhance water

absorption in early spring. Moreover, root starch reserves

might be later released and transported to the branches to

support bud break (Tixier et al., 2017) and leaf formation in

spring (Klein et al., 2016). Lower root starch reserves might thus

delay these processes. The result shows that higher sugar

concentrations are correlated with earlier leaf unfolding in the

spring might be because shoot sugars are a direct carbon source

for new leaves and can also support embolism repair (Pérez-De-

Lis et al., 2016; Savi et al., 2016; Pagliarani et al., 2019; Tomasella

et al., 2019), and thus increase the supply of water to swelling

buds, which was also confirmed by Park et al. (2009) and Pérez-

De-Lis et al. (2016).
Conclusion

We examined previous summer drought and fertilization effects

on carbon reserves over winter and spring leaf phenology of downy

oak saplings next year. We found that, irrespective of drought

intensity and the combined fertilization treatments, pre- and post-

winter total NSC reserves were always abundant in storage tissues of

previously treated saplings in expense of growth (Schönbeck et al.,

2020; Ouyang et al., 2021). Amitigating effect of fertilization seemed

to occur only when saplings grown under extreme drought, which is

manifested in decreasedmortality rate and increased recovery ability.

This implies that increase in nutrient availability under extreme

drought may alleviate phloem mobilization failure in some degree,

and promote spring leaf development as a compensatory response.

Basedon this,we recommend to fertilizewhenplants subject to long-

lasting extreme drought in temperate regions, to improve their

drought resistance in the growing season, to increase the

mobilization and utilization of sugar in winter, and to enhance the

recovery ability next year.
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environmental factors and management practices on microclimate, winter
physiology, and frost resistance in trees. Front. Plant Sci. 6, 259. doi: 10.3389/
fpls.2015.00259

Choat, B., Brodribb, T. J., Brodersen, C. R., Duursma, R. A., Lopez, R., and
Medlyn, B. E. (2018). Triggers of tree mortality under drought. Nature 558, 531–
539. doi: 10.1038/s41586-018-0240-x

Deng, X., Xiao, W., Shi, Z., Zeng, L., and Lei, L. (2019). Combined effects of
drought and shading on growth and non-structural carbohydrates in pinus
massoniana lamb. seedlings. Forests 11, 18. doi: 10.3390/f11010018

Earles, J. M., Stevens, J. T., Sperling, O., Orozco, J., North, M. P., and Zwieniecki,
M. A. (2018). Extreme mid-winter drought weakens tree hydraulic–carbohydrate
systems and slows growth. New Phytol. 219, 89–97. doi: 10.1111/nph.15136

Elle, D., and Sauter, J. J. (2000). Seasonal changes of activity of a starch granule
bound endoamylase and of a starch phosphorylase in poplar wood (Populus×
canadensis moench‹ robusta›) and their possible regulation by temperature and
phytohormones. J. Plant Physiol. 156, 731–740. doi: 10.1016/S0176-1617(00)
80239-4

Fernandez, E., Cuneo, I. F., Luedeling, E., Alvarado, L., Farias, D., and Saa, S.
(2019). Starch and hexoses concentrations as physiological markers in dormancy
progression of sweet cherry twigs. Trees 33, 1187–1201. doi: 10.1007/s00468-019-
01855-0
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sequence of leaf phenology, xylem and phloem formation and sap flow of quercus
pubescens from abandoned karst grasslands. Front. Plant Sci. 8, 314. doi: 10.3389/
fpls.2017.00314

Lebon, G., Wojnarowiez, G., Holzapfel, B., Fontaine, F., Vaillant-Gaveau, N., and
Clément, C. (2008). Sugars and flowering in the grapevine (Vitis vinifera l.). J. Exp.
Bot. 59, 2565–2578. doi: 10.1093/jxb/ern135

Li, W., Hartmann, H., Adams, H. D., Zhang, H., Jin, C., Zhao, C., et al. (2018).
The sweet side of global change–dynamic responses of non-structural
carbohydrates to drought, elevated CO2 and nitrogen fertilization in tree species.
Tree Physiol. 38, 1706–1723. doi: 10.1093/treephys/tpy059

Li, W., Mcdowell, N. G., Zhang, H., Wang, W., Mackay, D. S., Leff, R. T., et al.
(2022). The influence of increasing atmospheric CO2 , temperature, and vapor
pressure deficit on seawater-induced tree mortality. New Phytol. 235, 1767–1779.
doi: 10.1111/nph.18275

Li, M.-H., Xiao, W.-F., Wang, S.-G., Cheng, G.-W., Cherubini, P., Cai, X.-H.,
et al. (2008). Mobile carbohydrates in Himalayan treeline trees i. evidence for
carbon gain limitation but not for growth limitation. Tree Physiol. 28, 1287–1296.
doi: 10.1093/treephys/28.8.1287

Li, W., Zhang, H., Huang, G., Liu, R. X., Wu, H., Zhao, C., et al. (2019). Effects of
nitrogen enrichment on tree carbon allocation: A global synthesis. Glob. Ecol.
Biogeogr. 29, 573–589. doi: 10.1111/geb.13042

Loescher, W. H., Mccamant, T., and Keller, J. D. (1990). Carbohydrate reserves,
translocation, and storage in woody plant roots. HortScience 25, 274–281. doi:
10.21273/HORTSCI.25.3.274

Lopez, G., Girona, J., and Marsal, J. (2007). Response of winter root starch
concentration to severe water stress and fruit load and its subsequent effects on
frontiersin.org

https://doi.org/10.1038/s41559-017-0248-x
https://doi.org/10.1002/9781119054450.ch37
https://doi.org/10.1002/9781119054450.ch37
https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1093/treephys/21.6.387
https://doi.org/10.1093/treephys/tpab014
https://doi.org/10.1073/pnas.1107891109
https://doi.org/10.1073/pnas.1107891109
https://doi.org/10.1093/treephys/22.17.1201
https://doi.org/10.1093/treephys/22.17.1201
https://doi.org/10.1016/j.scienta.2005.01.015
https://doi.org/10.3390/F10010050
https://doi.org/10.3389/fpls.2015.00259
https://doi.org/10.3389/fpls.2015.00259
https://doi.org/10.1038/s41586-018-0240-x
https://doi.org/10.3390/f11010018
https://doi.org/10.1111/nph.15136
https://doi.org/10.1016/S0176-1617(00)80239-4
https://doi.org/10.1016/S0176-1617(00)80239-4
https://doi.org/10.1007/s00468-019-01855-0
https://doi.org/10.1007/s00468-019-01855-0
https://doi.org/10.1111/j.1469-8137.2010.03628.x
https://doi.org/10.1111/nph.12129
https://doi.org/10.1111/nph.14340
https://doi.org/10.1111/j.1438-8677.2011.00467.x
https://doi.org/10.1016/j.envexpbot.2018.03.011
https://doi.org/10.1034/j.1600-0706.2002.980301.x
https://doi.org/10.1046/j.0016-8025.2003.01032.x
https://doi.org/10.1046/j.0016-8025.2003.01032.x
https://doi.org/10.1017/9781009157896
https://doi.org/10.1051/forest:2004065
https://doi.org/10.1051/forest:2004065
https://doi.org/10.1093/treephys/tpz132
https://doi.org/10.1093/treephys/tpz132
https://doi.org/10.1111/j.1755-0238.2010.00105.x
https://doi.org/10.1093/treephys/tpw030
https://doi.org/10.1139/b91-314
https://doi.org/10.1046/j.1365-2745.2003.00742.x
https://doi.org/10.1046/j.1365-2745.2003.00742.x
https://doi.org/10.1093/treephys/tpq055
https://doi.org/10.1093/treephys/tpq055
https://doi.org/10.1007/s11104-012-1541-8
https://doi.org/10.1371/journal.pone.0089724
https://doi.org/10.3389/fpls.2017.00314
https://doi.org/10.3389/fpls.2017.00314
https://doi.org/10.1093/jxb/ern135
https://doi.org/10.1093/treephys/tpy059
https://doi.org/10.1111/nph.18275
https://doi.org/10.1093/treephys/28.8.1287
https://doi.org/10.1111/geb.13042
https://doi.org/10.21273/HORTSCI.25.3.274
https://doi.org/10.3389/fpls.2022.1035191
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wang et al. 10.3389/fpls.2022.1035191
early peach fruit development. Tree Physiol. 27, 1619–1626. doi: 10.1093/treephys/
27.11.1619

Mcdowell, N. G., Pockman, W. T., Allen, C. D., Breshears, D. D., Cobb, N. S.,
Kolb, T. E., et al. (2008). Mechanisms of plant survival and mortality during
drought: why do some plants survive while others succumb to drought? New
Phytol. 178, 4, 719–739. doi: 10.1111/j.1469-8137.2008.02436.x

Mitchell, P. J., O'grady, A. P., Tissue, D. T., White, D. A., Ottenschlaeger, M. L.,
and Pinkard, E. A. (2013). Drought response strategies define the relative
contributions of hydraulic dysfunction and carbohydrate depletion during tree
mortality. New Phytol. 197, 862–872. doi: 10.1111/nph.12064
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Responses of the growth,
photosynthetic characteristics,
endogenous hormones and
antioxidant activity of Carpinus
betulus L. seedlings to different
light intensities

Qi Zhou1,2, Feng Zhao3, Huihui Zhang2,4 and Zunling Zhu2,4*

1School of Environment and Ecology, Jiangsu Open University, Nanjing, China, 2Co-Innovation
Center for Sustainable Forestry in Southern China, Nanjing Forestry University, Nanjing, China,
3School of Engineering and Architecture, Jiangsu Open University, Nanjing, China, 4College of
Landscape Architecture, Nanjing Forestry University, Nanjing, China
Light is an important ecological factor that affects plant growth, survival and

distribution. Carpinus betulus L. is native to central Europe and is used as an

ornamental plant with strong adaptability. It is an important tree species for

landscaping and timber use. What’s more, the antioxidant- and anticancer-

related properties of C. betulus leaf extracts are remarkable, that make it a

possible raw material for medicine. Light intensity is an important

environmental factor affecting the growth and physicochemical changes of

C. betulus, but the mechanism of its effect on this species still remains

unknown. In this study, the growth, photosynthetic characteristics,

endogenous hormones and antioxidant activity responses of C. betulus

seedlings to four light intensity gradients (T0: normal light; T1: 75%; T2: 50%;

T3: 25% of normal light) were studied after 60 days of shading treatments. The

results showed a significant effect of low light intensity on the values of the

growth and physiological parameters of C. betulus. The low light intensity

caused the inhibition of plant biomass accumulation and the degradation of

photosynthetic capacity and stomatal behavior and aggravated the cell

membrane lipid peroxidation. However, the plant height growth, leaf area,

specific leaf area, photosynthetic pigment content, and contents of GA3 and

ABA of C. betulus increased with decreasing light intensity. We found that C.

betulus can tolerate mild (T1) and moderate (T2) shading stress by developing

photoprotective mechanisms andmaintaining relatively high concentrations of

organic osmolytes and high antioxidant enzyme activities (superoxide

dismutase, peroxidase, catalase and ascorbate peroxidase), but the ability of

C. betulus to synthesize osmotic substances and enzymatic antioxidants was

impaired under severe shading conditions (T3). Our results suggest that C.

betulus can make effective use of low light resources by adjusting its

morphology, material distribution, photosynthetic rate and antioxidant

enzyme system in suitable low-light environments (50%~75% of normal
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light); however, light intensity levels that are too low (25% of normal light) will

have adverse effects on plant growth. The results of this study provide not only

new insights into the response mechanisms of C. betulus to light intensity but

also a scientific basis for the cultivation and application of C. betulus in China.
KEYWORDS

Carpinus betulus, light intensity, morphological indexes, physiology, photosynthetic
responses, endogenous hormones, antioxidant activity
Introduction

Light is the material basis with which all plants in nature

carry out various life-sustaining activities (Kami et al., 2010).

Light is a primary determinant of the geographical distribution

and growth of plants through light intensity, light quality,

photoperiod and other factors (Jason et al., 2018). As one of

these important factors, light intensity has an important impact

on plant growth, morphology, physiological metabolism, signal

transduction and photosynthetic physiology (Fan et al., 2013;

Lu et al., 2018). The relationship between plants and the light

environment has always been a hot topic in ecology.

When the light intensity in the environment changes, the

growth state of plants will inevitably change to a certain extent,

and this change is mainly caused by the influence of the active

light capture ability of the plant and the ability to synthesize

photosynthates (Chen et al., 2014). Studies have found that in a

weak light environment, the leaf area, total biomass, specific leaf

area, and leaf area ratio of plants will increase, thus making

leaves larger and thinner, increasing the area of light

interception, improving the utilization efficiency of limited

light resources, increasing stomatal conductance, and

maintaining a high photosynthetic rate to ensure normal plant

functions in low-light environments (Guo et al., 2019; Pan et al.,

2020). Moreover, the absorption and utilization of light energy

can be enhanced in plants growing in low-light conditions

through increases in chlorophyll content, apparent quantum

efficiency, actual photochemical quantum yield of PSII (FPSII)

and electron transfer rate (ETR) (Guenni et al., 2018; Shi et al.,

2018) and reductions in energy waste by reducing the light

compensation point, dark respiration rate, photorespiration rate

and heat dissipation ratio (Cai et al., 2017; Ghorbanzadeh et al.,

2020). However, in a strong light environment, plants can reduce

the capture of excess light and the damage caused to plants by

increasing leaf thickness, reducing leaf area, reducing

chlorophyll content, and reducing the transpiration of leaf

water by closing stomata (Mokany et al., 2006).
02
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Through the long evolutionary process, plants have formed a

series of protective mechanisms that enable them to adapt to the

complex and dynamic light environment. Studies have found

that when plants grow in an unsuitable light environment,

osmotic regulatory substances such as soluble sugar (SS),

soluble protein (SP) and proline (Pro) can maintain the

balance of cell osmotic potential and reduce the damage to the

cell membrane caused by osmotic stress through changes in

content (Yin and Shen, 2016). Antioxidant systems also play an

important role in plants coping with unfavorable light

conditions, resulting in the accumulation of intracellular

reactive oxygen species (ROS) when plants are exposed to

environmental stress; thus, the activities of protective enzymes

such as superoxide dismutase (SOD), catalase (POD) and

peroxygenase (CAT) and the content of nonenzymatic

antioxidants increase (Liu Y. et al., 2018; Zushi et al., 2020),

and the contents of active oxygen species such as O·-2, H2O2,

OH- and malondialdehyde (MDA) decrease. These changes can

reduce peroxidation damage to the cell membrane and improve

the adaptability of plants to unfavorable light environments

(Ellouzi et al., 2011). Plants tolerate shade stress in a variety of

ways (Israeli et al., 1995; Koike, 2010; Modrzyński et al., 2015).

Some studies have found that moderate shade can benefit plants

not only by preventing them from being burned by light but also

by allowing them to meet their light requirements for growth

(Petritan et al., 2007). Therefore, it is important to study how

plants tolerate shade stress to more effectively establish stable,

diverse and stratified planting structures when constructing

landscape gardens.

Carpinus betulus L. is a deciduous tree belonging to the

Betulaceae family with beautiful foliage and golden leaves in

autumn. It plays an important role in forest communities in

temperate regions of Europe and Asia Minor (Sikkema et al.,

2016) and has been introduced and cultivated in many places in

China with good ecological adaptability (Shi et al., 2017). In

landscapes, C. betulus is often planted in the form of street trees

or hedgerows and is well-known in private and public green
frontiersin.org
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areas for its autumn leaves. It is a suitable species for both

ornamental and urban habitats and has been used for biological

monitoring of particulate matter (Prinz and Finkeldey, 2015).

Additional studies have shown that the antioxidant- and

anticancer-related properties of C. betulus leaf extracts are

exceptional (Cieckiewicz et al., 2012; Hofmann et al., 2016)

and that compared to other common coniferous and deciduous

trees, these extracts contain very high amounts of total phenols

and phenolic acids (Kuiters and Sarink, 1986). All these results

indicate that C. betulus leaves are a promising renewable

resource for the biorefinery and utilization of its antioxidant

extractives in the future for healthcare and medical products.

The high ornamental and economic value of C. betulus makes it

extremely popular globally. In recent years, C. betulus has been

widely used in China, and its adaptability is good. Recent studies

on C. betulus have mostly concentrated on breeding

(Chalupa, 1990), seed biology (Zhu et al., 2013), heat

resistance (Shi and Zhu, 2015), drought and salt tolerance

(Stojnić et al., 2016; Zhou et al., 2018). At present, with the

rapid development of urban construction in China, the urban

shade space is becoming larger, air pollution and smog get more

severe in big cities (Xue et al., 2022). It is of great significance to

select the plant resources with high ornamental value and shade

tolerance to carry out scientific and effective greening of the

shade space and give play to the best ecological environmental

benefits of green space. Light has a great influence on the growth

of C. betulus. However, information on the response of C.

betulus to different light intensities is scarce.

Therefore, the main objective of this study is to

comprehensively assess the influence of shade stress on C.

betulus and to determine the mechanisms of adaptation

employed by this plant to tolerate low-light stress. We

hypothesized that the growth, biomass accumulation and leaf

gas exchange rate of C. betulus seedlings would decrease under

the effects of light stress. We examined the growth and

physicochemical changes in seedlings grown under different

degrees of shading created through artificial shading

treatment, explored the adaptability of C. betulus seedlings to

different light conditions, and sought to determine the most

suitable light conditions to promote the growth and

development of C. betulus seedlings. The aim of this study was

to provide scientific data and findings related to the light

management of C. betulus and to make better use of Carpinus

species in landscaping and industrial production.
Materials and methods

Plant materials and light treatments

The tests were carried out in the Landscape Experimental

Teaching Center of Nanjing Forestry University in May, Nanjing
Frontiers in Plant Science 03
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(33° 04’ N, 118° 47’ E), Jiangsu Province. The area is characterized

by a warm and humid subtropical monsoon climate with an annual

rainfall of 1200mm. The average annual temperature is 15.7°C, the

maximum temperature is 40.7°C, and theminimum temperature is

-14°C. Two-year-old C. betulus seedlings were obtained from

Nanjing Forestry University. On April 2016, we selected well-

grown seedlings with a similar mean ground diameter (0.7-

0.8 cm) and seedling height (50-60 cm) and transplanted them

into pots (20 cm diameter × 22 cm height). The potting soil was a

soil:peat:vermiculite:pearlite (1:1:1:1, v:v:v:v, pH 6.50) mixture. The

substratewas imported with an organicmatter content of 75.5 g/kg,

total P content of 2.80 g/kg, total N content of 73.5 g/kg, and total K

content of 9.0 g/kg. The content of soil nutrients was determined by

a TFW-VI soil nutrient and moisture tester (TFW-VI, Wuhan,

China). The pots were then placed in a glasshouse at a temperature

of 25 ± 2.0°C and relative humidity of 70 ± 5%, with standardized

fertilizer and water management.

Light treatments were conducted in June 2016 outside of the

greenhouse. Four types of light treatments were administered as

follows: no shading net (T0, CK, 100% normal light), 25% shading

net (T1, 75% normal light), 50% shading net (T2, 50% normal light)

and 75% shading net (T3, 25% normal light). These four types of

shading net are common in the market; the shading net was 1.8 m

away from the ground to simulate natural shading, and a TES-

1334A was used to determine the light intensity. Each treatment

had 3 replicates with 15 plants in each replicate and one seedling per

basin (i.e., 45 seedlings per treatment). All the seedlings were

watered to field capacity twice a week during the summer

months. Weeding was carried out when needed. After 60 days of

growth, measurements were carried out, and samples were collected

for various physiological analyses, with three replicates for the

measured parameters. When sampling, we chose mature new

leaves pointing in the same direction from the upper part of C.

betulus. Fresh leaves were collected from plants, immediately frozen

in liquid nitrogen and stored at -80°C. The leaves were used for the

determination of physiological and biochemical indexes.
Plant growth measurement

Before the shading stress treatment, seedling height (H0) and

diameter (D0) were determined from three seedlings in each

group. After 60 days of treatment, the height (H1) and diameter

(D1) were determined again. Plant height increment was

calculated as H1 − H0, and ground diameter increment was

calculated as D1 − D0. Fully expanded fresh leaves (the third or

fourth leaf from the top of the shoots) were measured before

biomass harvest using a portable leaf area meter (LI-3000C, LI-

COR, Lincoln, Nebraska, USA). Then, the plants were harvested,

the samples were separated into roots, stems and leaves, and the

taproot length (roots were washed with distilled water, blotted

dry on filter paper, measured the taproot length with a ruler) was

calculated. The samples were dried at 80°C in an oven for 48 h,
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and the dry weights of the samples were recorded. The specific

leaf area (SLA) was calculated: SLA (cm2/g) = leaf area (cm2)/leaf

dry weight (g). Portions of these samples were frozen in liquid

nitrogen and stored at −80°C.
Scanning electron microscopy of leaf
stomatal and section characteristics

The third or fourth fresh leaf from the top of C. Betulus

seedlings was collected on the final day of the shading treatment

from the three seedlings in each group. The cleaned leaves were

cut into small pieces (approximately 5 × 5 mm) with a sharp

blade and then placed in formalin acetic acid (FAA). After

dehydration in a graded ethanol series, penetration with

isoamyl acetate aldehyde, and drying in a critical point drying

apparatus (K850, Emitech, London, UK), the samples were

mounted on stubs and coated with gold using an ion

sputtering apparatus (E1010, Hitachi, Tokyo, Japan). Then, a

scanning electron microscope (SEM, Quanta 200, FEI,

Hillsborough, Oregon, USA) was used to observe the blade

surface and cross-section of the leaves, and images were taken

using the same instrument. The stomatal density (number/mm2)

and stomatal size (length and width) were evaluated following

the method reported by Camposeo et al. (2011). The number of

open stomata, leaf thickness (mm) and palisade tissue thickness

(mm) for each sample were measured under a photomicroscope

system with a computer attachment. Stomatal aperture (mm) was

measured by the following method: three complete and clear

stomata in each field were randomly selected, and stomatal

opening (the maximum value of pores formed between guard

cells) was measured.
Leaf gas exchanges and chlorophyll
fluorescence parameters

Photosynthetic parameters were determined in the third to

fourth fully expanded fresh leaves of each plant from 8:00~11:00

a.m on the final day of the different light treatments using a portable

photosynthetic system (Ciras-2, Shanghai, China). The parameters

recorded included the net photosynthetic rate (Pn), transpiration

rate (Tr), stomatal conductance (Gs), and intercellular CO2

concentration (Ci). Chlorophyll fluorescence parameters were

determined by the fluorescence leaf chamber of the Ciras-2

photosynthetic system on the same day. The potential activity of

PSII (Fv/Fo),maximumphotochemical efficiency of photosystem II

(Fv/Fm), photochemical quantum efficiency (FPSII) ,

photochemical quenching parameter (qP), nonphotochemical

quenching parameter (NPQ), and electron transfer rate (ETR)

were measured on fully dark-adapted leaves. Three seedlings

were randomly selected for each treatment, and the parameter

measurements were performed on three leaves per plant.
Frontiers in Plant Science 04
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Determination of photosynthetic
pigment contents

The chlorophyll a (Chl a), chlorophyll b (Chl b), and total

carotenoid (Car) contents of the fresh leaves in the different light

treatments were measured with the spectrophotometric method

(Porra et al., 1989). Chlorophyll from 4~5 pieces of fresh leaves

was extracted with a mixture of acetone and 95% ethanol (1:1,

v:v), and the absorbance of the samples was measured at

wavelengths of 645 nm and 663 nm by ultraviolet‐visible

spectrophotometry (Lambda25, PerkinElmer, Waltham,

Massachusetts, USA). Then, the photosynthetic pigment

contents (mg/g) were calculated with three replicates.
Determination of lipid peroxidation

Lipid peroxidation of fresh leaves under the different light

conditions was assessed by malondialdehyde (MDA) content

and relative electrolytic conductivity (REC) with three replicates.

The MDA content was measured following the method of

Hodges et al. (1999). The relative electrolytic conductivity

(REC) was determined according to the method of Dionisio-

Sese and Tobita (1998).
Organic osmolytes

Three main types of organic osmolytes, including soluble

sugars, soluble proteins, and proline, were analyzed. The soluble

sugar content of leaves under the different light conditions was

measured by the anthrone colorimetric method according to the

method reported by Magné et al. (2006). The content of soluble

protein was measured by Coomassie brilliant blue G-250 staining

(Bradford, 1976). Prolinewas extracted from the leaves ofC. betulus

and determined by the method described by Abrahám et al. (2015).
Endogenous hormones

The contents of auxin (IAA), abscisic acid (ABA) and

gibberellin (GA3) in leaves of C. betulus under different light

treatments were detected by HPLC‐MS/MS by the method

reported by Ma et al. (2008). The mobile phase contained 0.1%

formic acid andwas eluted by gradient reversed-phaseHPLC. The

pH was adjusted to 3.2 with methanol-modified triethylamine

(TEA), and the solute was detected at a wavelength of 265 nm.
Antioxidant enzymes

0.3 g frozen leaves were ground at 4°C in a mortar in 6 mL of

a pH 7.8 phosphate buffer solution. The homogenate was
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centrifuged at 10,000 rpm at 4°C for 20 min. The supernatant

was collected as a leaf crude enzyme extract for enzyme

measurements and stored at 4°C. The activities of superoxide

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

ascorbate peroxidase (APX) were determined in the leaf

enzyme extracts of C. betulus. SOD activity was analyzed

following Beyer and Fridovich (1987). POD activity was

estimated according to the method reported by Civello et al.

(1995). CAT activity was measured following Dıáz-Vivancos

et al. (2008). APX activity was measured using the method

described by Nakano and Asada (1981).
Statistical analysis

Data were analyzed by calculating the means and standard

deviation (SD) using one-way ANOVA, and the means were

separated with Duncan’s multiple range test at the 5%

probability level using SPSS statistical package version 22.0

(IBM Corp, Amonk, New York, USA). All tables and graphs

were made using MS Excel 2019.
Results

Effects of light intensity on plant growth

Plant growth exhibits a certain adaptability to changes in

light intensity. The C. betulus seedlings could maintain basically

normal growth, and the survival rate was 100% throughout the

study. However, there were significant differences in plant

growth under different shading treatments (T1~T3), the leaf

color of C. betulus seedlings gradually darkens compared with

the CK as the degree of shading increased (Figure 1). As shown

in Table 1, the plant height growth, leaf area, and SLA of C.

betulus increased with decreasing light intensity, and those

indicators were significantly higher (P < 0.05) in the plants

grown under the shaded conditions (T1~T3) than in the control

plants (T0). However, the ground diameter increment, taproot
Frontiers in Plant Science 05
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length, root biomass, stem biomass, leaf biomass, root:shoot

ratio, and total biomass were inhibited by shade stress. The

taproot length and total biomass of the treatment group were

significantly lower than those of the control group.
Effects of light intensity on leaf stomatal
and section characteristics

The effects of light intensity on leaf stomatal and section

characteristics are shown in Table 2 and Figure 2. The stomatal

density and opened stomata of the C. betulus leaves from plants

grown under the T1 treatment were not significantly different

from those grown under the T0 treatment. However, with

increased shading (T2~T3), except for the palisade:spongy

ratio and palisade tissue thickness:leaf thickness ratio, all the

other morphological indicators of leaves (Table 2) decreased

significantly compared with those of the control group (P <

0.05). In the T3 treatment, the stomatal density was 73.27% of

that of the control, and the stomata length, stomata width,

stomatal aperture and leaf thickness were reduced to nearly

half of those of the control. Moreover, only 35.58% of the open

stomata was observed in the T3 group. Although the palisade

tissue thickness and spongy tissue thickness of the leaves of

treated plants were reduced with decreased light intensity, their

ratio increased gradually. The palisade tissue thickness:leaf

thickness ratio in T1 was lower than the control, but it was

significant higher than the control in T2 and T3 treatments.

The stomatal size, the palisade and parenchyma tissues in the

leaves of C. betulus seedlings had different degrees of change under

various levels of light intensity. The stomatal density and degree of

stomatal opening decreased with decreasing light intensity, and the

stomata were nearly closed in the T3 treatment (Figures 2A, B).

Figure 3C shows a typical scanning electron micrograph of the

cross-section of C. betulus leaves under the different shading

treatments, including the upper and lower epidermis and palisade

and spongy tissues. The palisade tissue of C. betulus was elongated

and arranged in an orderly manner in the control (Figure 3C, T0).

However, in the T1~T3 treatments, the leaf thickness decreased, the
FIGURE 1

The growth of the leaves of C. betulus seedlings under different light intensity (T0~T3) after 60 days.
frontiersin.org

https://doi.org/10.3389/fpls.2022.1055984
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Zhou et al. 10.3389/fpls.2022.1055984
palisade and spongy parenchyma tissues gradually became loosely

arranged, and the spaces between these tissues became larger.
Effects of light intensity on
photosynthetic parameters and
chlorophyll fluorescence parameters

Asshown inFigures3A–D,Pnfirst increasedand thendecreased

with increasing shading. Therewas no significant difference between

T1 and CK of Pn, while under the T2 and T3 treatments, Pn

decreased significantly (P < 0.05). The changes in Gs and Tr were

consistent and decreased with increasing shading degree. In the

treatment with minimal shading (T1), there was no significant

difference between the two groups, but under the T3 treatment, Gs

andTrdecreasedby44.08%and49.12%,respectively, comparedwith
Frontiers in Plant Science 06
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the control. However, Ci increased with increasing shading degree,

and the Ci of the T3 treatment group was significantly higher than

that of the control group (P<0.05). In conclusion, the treatmentwith

minimal shading (T1) had little effect on the photosynthetic capacity

of C. betulus seedlings, but under the moderate and severe shading

treatments (T2 and T3), the photosynthetic capacity of C. betulus

seedlings was adversely affected.

Light intensity had different degrees of influence on the

chlorophyll fluorescence parameters of C. betulus leaves

(Figures 4A–F). The potential activity of PSII (Fv/Fo) and the

maximum photochemical quantum yield of PSII (Fv/Fm) showed

similar trends, decreasing with increasing shading degree, andwere

significantly different from the control under the severe shading

treatment (T3). However, the changes in the actual photochemical

quantum yield of PSII (FPSII), photochemical quenching coefficient

(qP), nonphotochemical quenching coefficient (NPQ) and electron
TABLE 1 Effects of various light intensities on plant height increment (cm), ground diameter increment (cm), taproot length (cm), leaf area (cm2),
specific leaf area (SLA, cm2/g), roots, stems and leaf biomass (g), root:shoot ratio (R:S) and total biomass (g) after 60 days of treatment.

Treatment Plant height increment
(cm)

Ground diameter increment
(cm)

Taproot length
(cm)

Leaf area
(cm2)

Specific leaf area (SLA,
cm2/g)

T0 5.26 ± 0.32d 0.16 ± 0.011a 20.86 ± 1.82a 12.58 ± 1.67c 299.52 ± 8.16d

T1 6.52 ± 0.58c 0.12 ± 0.019ab 18.15 ± 1.25b 13.98 ± 1.26b 367.89 ± 12.08c

T2 7.82 ± 1.48b 0.10 ± 0.012b 16.91 ± 0.83c 14.22 ± 1.58ab 406.28 ± 15.15b

T3 8.54 ± 1.76a 0.08 ± 0.008c 14.45 ± 1.06d 14.98 ± 1.42a 447.27 ± 16.32a

Treatment Root biomass (g) Stem biomass (g) Leaf biomass (g) Root:shoot ratio
(R:S)

Total biomass (g)

T0 4.25 ± 0.24a 3.38 ± 0.18a 3.46 ± 0.17a 0.62 ± 0.021a 11.09 ± 0.32a

T1 3.73 ± 0.32ab 3.06 ± 0.21ab 3.15 ± 0.21ab 0.60 ± 0.015ab 9.94 ± 0.45b

T2 3.32 ± 0.19bc 2.89 ± 0.15b 2.87 ± 0.25b 0.58 ± 0.018b 9.08 ± 0.22bc

T3 2.92 ± 0.12c 2.58 ± 0.13c 2.63 ± 0.16c 0.56 ± 0.017b 8.13 ± 0.13c
Data in the table are the means ± SDs (n = 3); different lowercase letters in each column indicate significant differences among treatments (P < 0.05).
TABLE 2 The main effects of light intensity on leaf stomata and leaf section characteristics of C. betulus.

Treatment Stomatal density
(number/mm2)

Stomatal length
(mm)

Stomatal width
(mm)

Stomatal aperture
(mm)

Open stomata (%)

T0 245.69 ± 23.46a 16.28 ± 2.24a 10.82 ± 1.33a 2.28 ± 0.31a 98.25 ± 6.08a

T1 238.58 ± 21.12ab 12.53 ± 1.48b 9.02 ± 1.58b 1.92 ± 0.27b 90.36 ± 4.64ab

T2 215.46 ± 18.28b 10.65 ± 1.82bc 7.35 ± 1.66c 1.70 ± 0.23bc 75.85 ± 5.86b

T3 180.01 ± 16.53c 8.07 ± 1.56c 4.56 ± 1.02d 1.31 ± 0.12c 35.58 ± 3.62c

Treatment Leaf thickness (mm) Palisade tissue
thickness (mm)

Spongy tissue thickness
(mm)

Palisade/spongy (%) Palisade tissue thickness/leaf
thickness (%)

T0 86.21 ± 4.88a 20.69 ± 2.32a 27.58 ± 3.06a 75.02 ± 3.06c 24.00 ± 3.68c

T1 77.58 ± 7.54b 17.24 ± 2.54b 20.69 ± 2.68b 83.33 ± 2.82b 22.22 ± 2.84d

T2 60.34 ± 5.72c 15.51 ± 1.68c 17.35 ± 1.50c 89.39 ± 3.52b 25.70 ± 2.55b

T3 44.83 ± 6.68d 14.10 ± 1.22c 14.82 ± 1.69d 95.14 ± 4.03a 31.45 ± 3.26a
The data in the table are the means ± SDs (n=3); different lowercase letters in each column indicate significant differences between treatments (P < 0.05). The parameters measured included
stomatal density (number/mm2), stomatal length (mm), stomatal width (mm), stomatal aperture (mm), open stomata (%), leaf thickness (mm), palisade tissue thickness (mm), spongy tissue
thickness (mm), palisade tissue thickness/spongy tissue thickness (%) and palisade tissue thickness/leaf thickness (%).
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transport rate (ETR) were different from those of other indexes,

which first increased and then decreased with increasing shading

degree. Among these parameters, FPSII, qP and ETR were

significantly higher in the T2 treatment than in the control, and

NPQ was significantly higher in the T1 treatment than in the

control (P < 0.05). In the T3 treatment, qP and NPQ were 17.59%

and 52.94% lower, respectively, than in the control.
Effects of light intensity on
photosynthetic pigment contents

As shown in Table 3, shading had a significant impact on the

contents of photosynthetic pigments in the leaves of C. betulus. The
Frontiers in Plant Science 07
158
contents of chlorophyll a, b and total chlorophyll increased

significantly compared with the CK (P < 0.05), as the degree of

shading increased. The total chlorophyll content in the T1, T2 and

T3 treatments was 1.22, 1.41 and 1.91 times that in the control (T0),

respectively. These results indicated that the light capture ability of

C. betulus seedlings under low light could be improved by increasing

the chlorophyll content, thus improving the utilization efficiency of

light energy. In contrast, the chlorophyll a/b value decreased with

increasing shading degree, and the difference between each shade

treatment and the control reached a significant level (P < 0.05),

indicating that the increase in chlorophyll b contentwas greater than

that in chlorophyll a content. The carotenoid content also increased

as the degree of shading increased, and the difference with T0 was

significant (P < 0.05).
A B C

FIGURE 2

Stomatal structure on the leaf surface (A, B) and leaf cross-section (C) from C. betulus leaves under different light intensity treatments (T0~T3).
E, epidermis; PT, palisade tissue; ST, spongy tissue. Scale: 100 mm (A), 10 mm (B), 50 mm (C).
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Effects of light intensity on
lipid peroxidation

The changes in MDA content and relative electrical

conductivity (REC) in leaves of C. betulus are shown in

Figures 5A, B. With the decrease in light intensity, MDA

content and REC showed a gradually increasing trend.

ANOVA showed that MDA content in leaves was significantly

different among different treatments (P < 0.05), indicating that

shading affected MDA accumulation in leaves of C. betulus. The

REC under the T1 treatment was not significantly different from

that under the control, but in the T2 and T3 treatments, it was

significantly higher than that of the control (P < 0.05).
Effects of light intensity on
organic osmolytes

The soluble sugar content did not change significantly in

leaves under the T1 and T2 treatments, but in the high shading

treatment (T3), it was significantly lower than that in the control

(Figure 6A). Compared with the control, the soluble protein

content was significantly affected by different shading treatments

(P < 0.05). In the T1 treatment, the content of soluble proteins

was higher than that in the control, and a great reduction in

protein content was found in the T2 and T3 treatments
Frontiers in Plant Science 08
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(Figure 6B). We observed that the proline content increased

obviously in leaves under the T1~T2 treatments; however, the

proline content was significantly lower in the high shading

treatment (T3) than in the control group (Figure 6C).
Effects of light intensity on
endogenous hormones

The contents of endogenous hormones in leaves of C. betulus

under different light treatments were significantly different from

those in the control (P < 0.05, Figures 6D–F). The content of

IAA decreased with decreasing light intensity and reached the

minimum value (50.52 ng·g-1) in the T3 treatment, with a value

that was 41.16% lower than that in the control. However, the

contents of GA3 and ABA increased gradually with decreasing

light intensity under different light conditions and reached their

maximum values in the T3 treatment.
Effects of light intensity on antioxidant
enzyme activities

The effect of light intensity on antioxidant enzyme activities

in leaves of C. betulus is shown in Figures 7A-D. ANOVA results

indicated that the antioxidant enzyme activities were
A B

DC

FIGURE 3

Effects of various light intensities on photosynthesis parameters in C. betulus after 60 days. Pn, net photosynthetic rate (A); Tr, transpiration rate
(B); Gs, stomatal conductance (C); Ci, intercellular CO2 concentration (D). Different lowercase letters indicate significant differences between
treatments (P < 0.05), n = 3.
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significantly different between the different treatments and the

control (P < 0.05). The SOD, POD and CAT activities of C.

betulus leaves increased in the T1 and T2 treatments, reached a

maximum value in the T2 treatment, and then decreased in the

T3 treatment. The shading treatments caused a significant
Frontiers in Plant Science 09
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increase in the activity of APX after 60 days, and the

maximum value (388.58 U·g-1 min-1) was found in the T1

treatment. Although the activity of APX decreased under the

T2 and T3 treatments, it was still significantly higher than that in

the control, by 29.37% and 14.41%, respectively.
A B

D

E F

C

FIGURE 4

Effects of various light intensity on chlorophyll fluorescence parameters in C. betulus after 60 days. Fv/Fo, potential activity of PSII (A); Fv/Fm,
maximum quantum yield of photosystem II (B);FPSII, photochemical quantum efficiency (C); qP, photochemical quenching parameter (D); NPQ,
nonphotochemical quenching parameter (E); ETR, electron transfer rate (F). Different lowercase letters indicate significant differences between
treatments (P < 0.05), n = 3.
TABLE 3 The main effects of light intensity on chlorophyll a content, chlorophyll b content, total chlorophyll content, chlorophyll a/b and
carotenoid content of C. betulus.

Treatment Chl a content (mg/g) Chl b content (mg/g) Total chlorophyll content (mg/g) Chlorophyll a/b Car content (mg/g)

T0 2.52 ± 0.18c 0.61 ± 0.04c 3.13 ± 0.32d 4.13 ± 0.68a 0.65 ± 0.06c

T1 3.04 ± 0.11b 0.78 ± 0.03b 3.82 ± 0.25c 3.89 ± 0.56b 0.98 ± 0.08b

T2 3.38 ± 0.22b 1.02 ± 0.05ab 4.40 ± 0.84b 3.31 ± 0.72c 1.25 ± 0.15ab

T3 4.54 ± 0.34a 1.25 ± 0.12a 5.99 ± 0.96a 3.13 ± 0.34c 1.48 ± 0.12a
The data in the table are the means ± SDs (n = 3); different lowercase letters in each column indicate significant differences between treatments (P < 0.05).
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Discussion

Light intensity is an important environmental factor that is

closely related to plant growth and development. When the

external light environment changes, the growth, biomass and

material distribution of plants will be affected to a certain extent.

Under normal circumstances, the biomass and relative growth

rate of plants will become lower in low-light environments (Pik

et al., 2020). To adapt to shaded environments, plants usually

undergo growth and morphological adjustments, a process

called morphological plasticity, to adapt to the complex light

environment. Some studies have shown that when plants are

exposed to shade stress, they tend to have a decreasing base

diameter and increasing plant height; that is, they show the

characteristics of being ‘slender’. This may be because to obtain

the maximum amount of light, the plant reduces the carbon used

for basal diameter growth and allocates more assimilated carbon

to vertical plant growth to capture more light energy (Liu C.

et al., 2018). It was found in this study that with the decrease in

light intensity, the plant height growth increased, but the ground

diameter increment, taproot length, root, stem, leaf and total

biomass decreased continuously. These results indicated that

shading had a great effect on the growth of C. betulus, and the

lower the light intensity was, the more restricted the growth.

Biomass allocation patterns and their changes in aboveground

and belowground parts are important representations of tree

adaptation strategies to the environment (Guenni et al., 2018).

Usually, when restricted by light conditions, trees allocate more

resources to aboveground plant parts (Xue et al., 2022). By

reducing the allocation of resources to root biomass and

increasing the allocation of resources to leaf and stem biomass,

trees will obtain more light resources, which is conducive to

improving their ability to compete for light and therefore survive

(Ma et al., 2014). The study of Toledo-Aceves and Swaine (2007)

showed that with the weakening of light intensity, the allocation
Frontiers in Plant Science 10
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ratio of the root biomass of pioneer tree species in tropical

rainforests decreased, while the allocation ratio of aboveground

biomass increased. In this study, we found that the root:shoot

ratio of C. betulus decreased with decreasing light intensity,

which supported the above view. This finding indicated that the

biomass allocation of the underground plant parts gradually

became lower than that of the aboveground parts with the

weakening of light to improve the ability of the plant to

capture light and maintain plant growth.

Since leaves are the largest organ by which plants interact

with the external environment, their morphological structure is

very sensitive to changes in the ecological environment;

therefore, changes in morphological and physiological

characteristics can best reflect the influence of the light

environment on plants and the ability of plants to adapt to the

light environment (Fan et al., 2013; Yao et al., 2017). Studies

have shown that most plants in a weak light environment can

change blade shape, such as by increasing leaf length, leaf width,

leaf area, leaf number and plant height to adapt to an

environment with insufficient light intensity; in bright light,

plants will adapt by increasing blade thickness, secreting a

waxy layer and increasing leaf area to cope with strong light

inhibition (Mokany et al., 2006; Klavins and Klavins, 2020). This

study found that the leaf area and SLA of C. betulus increased

with decreasing light intensity. This result showed that when the

outside light intensity weakened, in order to capture more

limited energy, plant height increased and the leaf area

enlarged, thus reducing the consumption of plant nutrient

substances by increasing the SLA, reducing the leaf thickness

within a limited scope, and expanding the leaf area. These

changes allowed the plant to more efficiently capture light

energy and lower the compensation to the decline in the

photosynthetic rate of the photon flux density phenomenon,

thus enabling survival in the weak light environment, which is

consistent with the view of Moreira et al. (2009). Leaves are the
A B

FIGURE 5

Effects of various light intensity levels on MDA content (A) and relative electrolytic conductivity (REC, B) in C. betulus after 60 days. Different
lowercase letters indicate significant differences between treatments (P < 0.05), n = 3.
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main site of photosynthesis, and changes in the anatomical

characteristics of leaves will inevitably affect the photosynthetic

efficiency of plants (Jumrani and Bhatia, 2020; Knauer et al.,

2020). It was found that the thinness of the upper and lower

epidermis and palisade tissues, the presence of palisade tissue

cells with a low aspect:axis ratio, and the loose arrangement of

the spongy tissue cells could improve light transmission and

chloroplast light capture ability (Barbosa et al., 2021). This

conclusion was further confirmed by the anatomical

observation of leaves of C. betulus under different light

intensities; that is, with the decrease in light intensity, the leaf

thickness and presence of palisade tissue and spongy tissue of C.

betulus decreased significantly, and the arrangement of cells in

the spongy tissue gradually loosened, gradually increasing the

gap between cells. This finding suggested that plants can adapt to
Frontiers in Plant Science 11
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different light environments by adjusting their leaf structures.

The plasticity of plant leaf anatomical characteristics in response

to changes in the light environment has been widely studied and

has been confirmed in Corylus avellana (Catoni et al., 2015),

Sesleria nitida (Puglielli et al., 2015) and other plants, and the

patterns are basically consistent across species.

Photosynthesis by plants is a physiological process that is

sensitive to environmental factors, and light intensity is one of

the main factors affecting photosynthesis. Chlorophyll content,

chlorophyll fluorescence parameters and photosynthetic

parameters are important indexes for measuring the strength of

plant photosynthesis (Dai et al., 2009; Zhang et al., 2017). Although

different plants have different characteristics in response to changes

in the light environment, under adversity and stress, plants will

develop in the direction that is conducive to photosynthesis
A B

D

E F

C

FIGURE 6

Effects of various light intensities on the soluble sugar content (A), soluble protein content (B), proline content (C), IAA content (D), GA3 content (E) and
ABA content (F) in leaves of C. betulus after 60 days. Different lowercase letters indicate significant differences between treatments (P < 0.05), n = 3.
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A B

DC

FIGURE 7

Effects of various light intensities on SOD activity (A), POD activity (B), CAT activity (C), and APX activity (D) in leaves of C. betulus after 60 days.
Different lowercase letters indicate significant differences between treatments (P < 0.05), n = 3.
FIGURE 8

The mechanism of shading response of C. betulus seedlings.
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(Jutamanee and Rungwattana, 2017). In general, the decrease in the

photosynthetic rate among plants under stress is mainly caused by

stomatal limitation and nonstomatal limitation (Rezai et al., 2018).

Stomatal limitation is due to the decrease in stomatal conductance,

and CO2 from the external environment is restricted from entering

the plant through the leaf stomata, which leads to a decrease in the

photosynthetic rate. However, the reduction in the photosynthetic

rate caused by nonstomatal limitation is mainly caused by the

reduction in photosynthesis-related enzyme activities and the

damage to photosynthetic organs caused by stress, and

intercellular carbon dioxide may still be maintained at a high

level at this time. Ci is an important basis for judging whether

stomatal factors cause changes in the photosynthetic rate (Takeda

and Maruta, 2008). Ci is positively correlated with Pn, Tr and Gs,

indicating that the decline in photosynthesis is caused by stomatal

factors hindering CO2 utilization; otherwise, it is caused by

nonstomatal factors. The results of this study showed that with

the decrease in shading, the trend of Pn in C. betulus was basically

consistent with that of Gs and Tr, which showed overall decreasing

trends, and the lowest value was reached at 25% light intensity.

However, the content of Ci was negatively correlated with the Pn,

Tr and Gs, which indicated that photosynthesis in C. betulus was

affected by nonstomatal factors, and the decrease in the leaf

photosynthetic rate was caused by the restriction of Rubp

carboxylation and photochemistry. A similar phenomenon has

been observed in Asarum forbesii (Lu et al., 2022) and

Emmenopterys henryi (Li et al., 2020). This further indicated that

when the light intensity was too low, the plants had a light deficit

and could not obtain the necessary light energy for life-sustaining

activities, resulting in the lowest photosynthetic rate.

Chlorophyll fluorescence, part of the photosynthetic process,

mainly reflects the efficiency of light absorption, transmission

and utilization by plants and is commonly used to characterize

the level of photosynthetic efficiency of plants (Genty et al., 1989;

Pashkovskiy et al., 2018). Fv/Fm is an indicator of the

photoconversion efficiency of PSII, while Fv/Fo indicates the

potential activity of the PSII photoreaction center. The higher the

Fv/Fm and Fv/Fo are, the higher the photoconversion efficiency

of PSII (Zhang, 1999). Baker (2013) found that the Fv/Fm of

plants is generally 0.75~0.85 under normal conditions. In this

experiment, the Fv/Fm and Fv/Fo in the treatment groups were

lower than those in the control group with the increase of shading

degree (P < 0.05), indicating that the open proportion of the PSII

reaction center in C. betulus under the shading treatment

decreased and the light energy utilization efficiency was

reduced. NPQ reflects nonphotochemically dissipated energy,

which is one of the photoprotective mechanisms of plants

(Heraud and Beardall, 2000). In this experiment, FPSII, qP,

ETR and NPQ of C. betulus leaves increased first and then

decreased with increasing shading degree, and under the severe

shading treatment (T3), FPSII, qP, ETR and NPQ were

significantly lower than those under the other shading

treatment groups, indicating that the photosynthetic apparatus
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of C. betulus leaves may be partially inactivated or damaged

under severe shading conditions. The primary photochemical

activity of PSII decreased, the photosynthetic electron transport

rate was inhibited, the proportion of heat energy dissipation in

the absorbed light energy increased, and the utilization efficiency

of absorbed light energy of PSII decreased, resulting in a decrease

in the photosynthetic rate. These results indicated that C. betulus

had a certain adaptability to low light, but this ability was limited.

Light intensity that is too low reduces the photosynthetic

efficiency of plants and affects the normal growth of plants.

Chlorophyll has the function of absorbing and transferring

light photons and is an important component in the maintenance

of normal photosynthesis of plants. Its content is closely related to

the site conditions of plant growth and the characteristics of plants

(Agathokleous et al., 2020). Chl a and Chl b are the main

photosynthetic pigments, and carotenoids can absorb light energy

and transfer it to chlorophyll to assist plants in photosynthesis (Liu

et al., 2014). The content and proportion of these pigments are

important indicators for plants to cope with environmental stress

(Chai et al., 2018). In this study, the contents of Chl a, Chl b, Chl (a

+b) and carotenoids in C. betulus increased gradually compared

with the CK with decreasing light intensity, which indicated that

low light intensitymay beneficial to the synthesis of chlorophyll and

carotenoid, andmade the treatment groups show greener leaf color

than the control (Figure 1). C. betulus seedlings could improve the

efficiency with which it captured light radiation by increasing the

chlorophyll content in low-light environments, thus adapting to

different low-light environments. The chlorophyll a/b value is one

of the important indexes to measure the shade tolerance of plants,

and plants can adapt to shading by reducing chlorophyll a/b (Dai

et al., 2009). Some studies have suggested that the chlorophyll a/b

value of shade plants is below 3.0 (Lichtenthaler et al., 1981;

Hoflacher and Bauer, 1982). The Chl a/b of C. betulus was

positively correlated with light intensity, decreasing with the

decrease in light intensity, and the Chl a/b values were all higher

than 3.0, indicating that C. betulus is a typical plant with high

requirements for light intensity in the growing environment.

Osmotic regulatory substances play an important role in

plant resistance to abiotic stress. When reactive oxygen species

are produced rather than antioxidants, the cytoplasmic

membrane can perform substantial membrane lipid

peroxidation; at this time, the permeability of the plant cell

membrane will increase, leading to cytoplasmic extravasation

and physiological and metabolic plant disorders (Ramanjulu and

Bartels, 2002). Then, the plants will reduce the cell water loss

caused by stress by adjusting the contents of osmotic regulatory

substances such as SS, SP and Pro to maintain the balance of cell

osmotic pressure and thus reduce the degree of damage caused

by stress (Hamouda et al., 2015). SS and SP are not only

important nutrients but also participate in the osmoregulation

process of plant cells, and SS can also remove ROS in vacuoles

and chloroplasts and indirectly activate the antioxidant enzyme

system (Van and Valluru, 2009). Pro has been shown to be an
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effective free radical scavenger that plays an important role in

stabilizing protoplasmic colloids and cell metabolic processes

and maintaining osmoregulatory balance (Mutava et al., 2015).

This study found that the contents of SS and SP in C. betulus

leaves first increased and then decreased with decreasing light

intensity, suggesting that under mild shade stress, C. betulus can

remove ROS from vacuoles and chloroplasts by increasing SS

and SP contents and maintain turgor pressure by osmotic

regulation through the synergistic effect of carbon and

nitrogen metabolism pathways. However, under moderate and

severe shading stress, the SS and SP contents gradually decreased

to their lowest levels in the T3 treatment, which may be due to

the lack of light. The rate of photosynthesis in the leaves

decreased sharply, and the synthesis of SS and SP was blocked;

these effects will lead to a shortage of nutrients in plants, causing

adverse effects on growth. The Pro content in C. betulus

increased under mild and moderate levels of shade (i.e., the T1

and T2 treatments) but decreased significantly under heavy

shade conditions (the T3 treatment), suggesting that the Pro

content of C. betulus can still be maintained at a relatively high

content under appropriate shading conditions, scavenging free

radicals in plant cells and counteracting the effect of light

intensity factors on cell osmoregulation, while its synthesis is

blocked in extremely low light, thus limiting the effect

of osmoregulation.

ROS are one-electron reduction products of a class of

oxygen, which are important signal transduction substances in

plants (Kaushik and Aryadeep, 2014). A study found that when

plants suffer adversity stress, on the one hand, ROS material will

stimulate plants to produce a series of physiological and

biochemical reactions and resistance to environmental stresses

of the outside world; on the other hand, when the generation and

removal of ROS in plant cells are in an unbalanced state,

membrane lipid peroxidation will occur in the cell membrane,

and protein oxidation will cause damage to the cell membrane,

resulting in the imbalance of normal physiological metabolism

of plants and even leading to the death of plants (Pareek et al.,

2017). MDA is the final product of membrane lipid peroxidation

and one of the important signs of membrane system damage

(Sofo et al., 2004). This study found that the MDA content and

relative conductivity of C. betulus leaves increased with

decreasing light intensity, which was the lowest under natural

light intensity and the highest under the T3 condition. These

results indicated that shading caused low-light stress in C.

betulus, which led to damage to membrane function or

membrane structure, an increase in membrane permeability,

and serious membrane lipid peroxidation, and the same

phenomenon was also found in Quercus wutaishanica (Zhang

et al., 2021). SOD, POD and CAT are important antioxidant

enzymes (Zhao et al., 2019). When plants are under

environmental stress, ROS can induce their activity to increase

and remove the accumulated O·-2 and H2O2 in the cells, thus

playing a protective role for plant cells (Koca et al., 2006). SOD
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first converts O·-2 into H2O2 and O2 and then dissociates the

generated H2O2 and endogenous H2O2 to stimulate POD and

CAT activities, and the three synergistic processes eliminate

excessive reactive oxygen species in plants (Neto et al., 2006).

Studies have found that shading, drought, salinity and other

stresses can induce the activities of SOD, POD, CAT and other

antioxidant enzymes and increase the ability of plants to remove

reactive oxygen species, but this process is species-specific and

varies with different stress types (Favaretto et al., 2011; Bharuth

et al., 2020; Liu et al., 2022). This study found that the activities

of SOD, POD, CAT and APX in leaves of C. betulus first

increased and then decreased with increasing shading

intensity, but the activities of protective enzymes were higher

than those of the control under different shading conditions.

This indicated that under a low-light environment, C. betulus

can regulate the activity of protective enzymes in the body to

remove the O·-2 and H2O2 produced by shading stress. However,

under severe shading conditions, the metabolic balance in plants

was disrupted, and the enzyme activity and free radical

scavenging function were irreversibly decreased, resulting in

severe membrane lipid peroxidation in C. betulus. With the

decrease in light intensity, the protective enzyme activities of C.

betulus showed the same trend, indicating that there was an

obvious synergistic effect of antioxidant enzymes in vivo.

Auxin (IAA), gibberellin (GA3) and abscisic acid (ABA) are

important endogenous hormones in plants. Studies have shown

that light is not only an important environmental factor for plant

photosynthesis but can also regulate plant growth and

development through endogenous hormones by using genes

related to photoreceptor signaling (Jiang et al., 2021). Cui et al.

(2014) found that shading decreased the contents of IAA and

GA3 and increased the contents of ABA in the leaves of summer

maize. In this study, the content of IAA decreased with

decreasing light intensity, but the contents of GA3 and ABA

showed the opposite trend, which differed from the above

research results. ABA mainly inhibits cell division and

elongation and inhibits the growth of roots, stems, leaves and

other organs (Khorshidi and Nojavan, 2006). The ABA content

in leaves of C. betulus increased under shaded conditions, which

strengthened the inhibitory effect of shading on leaf growth. GA3

can promote leaf growth and maintain leaf function, and an

increase in GA3 content can promote the growth of leaves (Ulger

et al., 2004). GA3 would also promote the seedling height, the

increase of plant height increment in low light conditions may be

due to the increase of GA3 content. What’s more, studies have

also shown that GA3 in leaves can inhibit chlorophyll

decomposition, and the two have a synergistic effect (Li et al.,

2010), that may be the reason of why chlorophyll content in C.

betulus increased as the degree of shading increased. Therefore,

on the one hand, low light intensity increased GA3 and

maintained leaf development. On the other hand, reducing the

IAA content and increasing the ABA content resulted in leaf

thinning and reduced dry matter accumulation. Therefore, the
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synergistic effect of different endogenous hormones promoted

the elongation and broadening of leaves and increased the leaf

area of C. betulus under low light conditions.

Shade tolerance is determined by genetic characteristics of

plants and many biological and abiotic factors. In this study, the

morphological, physiological and ecological response of C.

betulus seedlings under different light intensities were studied

(Figure 8). In the future, further studies can be conducted from

the perspective of proteins and molecules levels to

comprehensively analyze the mechanism of shade tolerance

in plants.
Conclusions

This study presents new information on the growth and

ecophysiological responses of C. betulus seedlings to different

light intensities. C. betulus was affected by shading stress through

the inhibition of plant biomass accumulation, photosynthetic

capacity and stomatal behavior, and increas ing MDA content

and relative electrolytic conductivity, suggesting a limited degree

of shade tolerance. Our results found that C. betulus seedlings

can activate relevant mechanisms to adapt to low light stress,

such as adjusting growth and leaf morphology, accumulating

relatively high concentrations of organic solutes to maintain

cellular osmotic balance and improving the activity of

antioxidant enzymes as a defense against shading stress. A

reduction in the growth of C. betulus seedlings was observed

under severe shading conditions (T3). C. betulus seedlings can

adapt to sunlight, grow best in natural light, and can tolerate

certain degrees of shading, which is capable of growing under

shading with 75% or 50% light transmittance. However, under

heavy shading (25% light transmittance), C. betulus develops

insufficient resistance to low-light environments and has a

difficult time growing. Our study provides a better

understanding of the responses of C. betulus to low-light stress

at the physiological and biochemical levels. This ornamental tree

species has the potential to be cultivated in the middle and upper

layers of landscape gardens in China.
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Divergent adaptations of leaf
functional traits to light
intensity across common urban
plant species in Lanzhou,
northwestern China

Ketong Yang1, Guopeng Chen1*, Junren Xian2

and Hailong Chang3

1College of Forestry, Gansu Agricultural University, Lanzhou, China, 2College of Environmental Sciences,
Sichuan Agricultural University, Chendu, China, 3College of Land Resources and Environment, Jiangxi
Agricultural University, Nanchang, China
Leaves are the most important photosynthetic organs in plants. Understanding the

growth strategy of leaves in different habitats is crucial for elucidating the

mechanisms underlying plant response and adaptation to the environment

change. This study investigated the scaling relationships of the laminar area (LA),

leaf fresh mass (LFM), leaf dry mass (LDM), and explored leaf nitrogen (N) and

phosphorus (P) content in leaves, and the relative benefits of these pairwise traits in

three common urban plants (Yulania denudata, Parthenocissus quinquefolia, and

Wisteria sinensis) under different light conditions, including (full-sun and canopy-

shade). The results showed that: the scaling exponent of LDM vs LA (> 1, p < 0.05)

meant that the LDM increased faster than LA, and supported the hypothesis of

diminishing returns. The LFM and LDM had isometric relationships in all the three

species, suggesting that the leaf water content of the leaves was nearly unaltered

during laminar growth. Y. denudata andW. sinensis had higher relative benefit in full-

sun habitats, while the reverse was observed in P. quinquefolia. The N and P content

and the N:P ratio in full-sun leaves were generally higher than those of canopy-

shade leaves. The leaves of the three urban plants exhibited a shift in strategy during

transfer from the canopy shaded to the sunny habitat for adapting to the lower light

conditions. The response of plant leaves to the environment shapes the rich

variations at the leaf level, and quantification of the relative benefits of plants in

different habitats provides novel insights into the response and adaptation strategies

of plants.

KEYWORDS

light environment, relative benefit, scaling relationship, phenotypic plasticity,
stoichiometry, urban plants
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1 Introduction

Leaves represent the primary light harvesting organs in vascular

plants, and are the main components responsible for energy transfer

between plants and the external environment (Milla and Reich, 2007;

Sun et al., 2017). It is therefore important to understand how plants

adapt to environmental var iat ions by adjustment and

complementation for ensuring survival and seeking maximum

benefits. Despite differences, leaf sizes, laminar area (LA), and mass

of lamina are closely related to each other (Wright et al., 2004; Li et al.,

2008; Shi et al., 2020). Therefore, analyses of the relationship between

LA and mass of lamina can aid in effective evaluation of the

photosynthetic capacity, terrestrial biomass, and even ecosystem

functions (Zhang and Feng, 2004; Niklas et al., 2007).

In scaling relationships, any two traits can be expressed by the

scaling equation y = b x a, where x and y are pairwise traits, b is the

scaling (normalization) constant, and a is the scaling exponent

(Niklas et al., 2007; Sun et al., 2017). In practical applications, this

power function is often transformed to a logarithmic function, in

which case the scaling equation takes the form log y = log b + a log x

(Milla and Reich, 2007; Cheng et al., 2009). In this context, the

hypothesis of diminishing returns predicts that the relationship

between LA and laminar mass is greater than unity (that is, a > 1),

indicating that despite incremental gains in laminar mass, the LA

does not increase proportionally (Huang et al., 2019; Shi et al., 2020).

If this hypothesis is true, the specific leaf area (SLA), which is a crucial

index of photosynthetic efficiency and determined using the equation

SLA = LA/leaf dry mass (LDM), would decrease with increasing LA.

In previous studies, researchers have often considered LA and

LDM as benefits and costs, respectively, and they can calculate SLA

(Milla and Reich, 2007; Li et al., 2008; Dinesh et al., 2019). Numerous

empirical studies have demonstrated that specific areas of leaves are

positively correlated with the net photosynthetic rate (Niklas et al.,

2007), and the underlying message here is that LA and LDM are

closely related to photosynthesis (Huang et al., 2019; Shi et al., 2020).

As aforementioned, the formula can be used for theoretically

determining the fresh and dry mass of laminae, and the

relationship between the dry mass and fresh mass reflects the

dynamic characteristics of the water content of leaves. Therefore,

elucidating the complex relationship among laminar fresh mass, dry

mass, and area by analyzing their scaling relationship is important for

understanding the structural relationship of leaves.

When exposed to habitat stress, plants frequently employ

phenotypic plasticity for adapting to the environment (Lusk, 2004;

Kelsey and Jason, 2018; Esperón et al., 2020). When the levels of stress

are extremely high, plants may induce a shift in ecological strategy, as

described in the leaf economics spectrum (LES) (Wright et al., 2004).

Apart from leaf morphology, alterations are also observed in leaf

inclusions (water content or enzyme activity, for instance), including

the LA, nitrogen (N) and phosphorus (P) content, and other

parameters, in heterogeneous habitats (Liu et al., 2007; Dinesh

et al., 2019). Light is an abiotic factor that is necessary for the

survival of plants, and alterations in the intensity of light affect the

normal growth and photosynthetic rate of plants, especially for

understory species (Aleric and Kirkman, 2005; Selaya et al., 2008;

Valladares and Niinemets, 2008; Liu et al., 2016). A previous study

demonstrated that the presence of shade significantly decreases leaf
Frontiers in Plant Science 02171
size and laminar mass per unit area (reciprocal of SLA) in rainforest

plants (Meng et al., 2014). Some other studies have confirmed that

nitrogen concentration per unit leaf area was greater in current-year

foliage from high-light environments than in current-year foliage

from low-light environments (Zhang and Feng, 2004; Katahata et al.,

2007). Unfortunately, quantitative comparisons are not effective in

clarifying whether there has been a shift in plant adaptation strategies.

It is therefore necessary to determine whether plants gain more

relative benefits in shaded or unshaded habitats, and whether the

alterations in different functional traits result from phenotypic

plasticity or a shift in ecological strategy.

To this end, we selected three urban plants, namely, Yulania

denudata, Parthenocissus quinquefolia, and Wisteria sinensis, and

determined seven major functional traits of the leaves under

different light intensities (full sun and canopy shade). We

subsequently calculated the relative benefits in the different habitats,

and proposed the following hypotheses: (1) the scaling relationship

between the LA and laminar mass supports the hypothesis of

diminishing returns; and (2) the adaptation strategy of leaves

shifted under different conditions of light.
2 Materials and methods

2.1 Study site

The study was conducted in and around the campus of Gansu

Agricultural University, Lanzhou, China. Lanzhou city is located in

the north-west of the Loess plateau, and has a dominant subtropical

continental monsoon climate with four distinct seasons. Summer is

hot and rainy, with rainfall accounting for more than 60% of the year,

while winter is cold and dry. The lowest and highest temperatures are

-10°C (in February) and 36°C (in July), respectively. The annual mean

temperature is 10.3°C and the annual mean precipitation is 357 mm.

The soil types are primarily calcareous, chestnut, and cinnamon, and

are nutrient barren with scarce natural vegetation.
2.2 Plant material

Urban plants are the main vegetation cover in cities, which are

watered on a regular basis every month. In this study, we selected

three common plants, namely, Y. denudata, P. quinquefolia, and W.

sinensis. Y. denudata is a deciduous tree, P. quinquefolia and W.

sinensis are deciduous lianas. Some of them were growing under the

canopy of large trees or on the north side of tall buildings, while some

were completely exposed to the sun. Based on the differences in light

exposure, the habitats were classified as shaded and unshaded, or low

light and high light habitats (Table 1).

The sampling was conducted in the month of July in 2021. A total

of 20 individuals (10 individuals each under low and high light) were

selected for each of the three species, and at least 80~150 leaves were

collected from different habitats. The leaves were collected at the

height of 1.8 m and the light intensity at the corresponding position

was simultaneously measured with a handheld illuminometer (TES-

1334A, Taiwan, China). All the collected leaves were subsequently

placed in plastic self-sealing bags in a portable incubator with ice bags
frontiersin.org
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for preventing the leaf blades from deforming and losing water. The

leaf samples were then transferred to the laboratory for

subsequent measurements.
2.3 Leaf traits measurement

The collected leaf samples were individually scanned using a

scanner (EPSON V39, Indonesia), and the images were saved in

bitmap format at a resolution of 300 dpi. The ImageJ software

(version 1.48, National Institutes of Mental Health, Maryland,

America) was used to generate the leaf profiles as black and white

images. The length, width, and area (LA, cm2) of the leaf blades were

measured using the ImageJ software. The leaf fresh mass (LFM, g) was

determined, following which the leaves were dried in a ventilated oven

(Taisite, WHL45B, Tianjin, China) at 105°C for 20 min, and the

temperature was reduced to 75°C until a constant dry mass was

reached, which represented the leaf dry mass (LDM, g) (Pérez et al.,

2013; Huang et al., 2019). The LFM and LDM were measured using

an electronic balance (0.0001 g, Zhuojing Experimental Equipment

Co. Ltd., BMS, Shanghai, China). Specific leaf area (SLA, cm2/g) was

calculated by LA/LDM. The dried leaves were finally crushed and

passed through a fine 800 mesh sieve for analyzing the total N and P

content. The total N content was determined by the H2SO4-H2O2

method, and the total P was determined using the molybdenum

antimony scandium colorimetric method. Finally, the phenotypic

plasticity index (PPI) was calculated according to Valladares et al.

(2006) method, i.e. PPI = [(max - min)/max], and it was a

dimensionless parameter, the greater value indicated stronger

phenotypic plasticity.
2.4 Scaling relationship analysis

The relationships among LA, LFM, and LDM (namely, LDM vs.

LFM, LFM vs. LA, and LDM vs. LA) can be described by a

mathematical equation of the type y = b x a, which can be linearized

as log (y) = log (b) + a log (x), where x and y determine whether the

relationship is isometric (a = 1) or allometric (a > 1 or a < 1). The b
term represents the y-intercept of the relationship, and its value does

not determine the nature of the relationship. If two lines with the same

slope are compared, the difference between their respective b values
Frontiers in Plant Science 03172
indicates the difference between the indices. The 95% confidence

intervals (95% CI) of a and b were calculated by Standardized Major

Axis (SMA) regression (i.e. Model type II) using the Standardized

Major Axis Tests and Routines (SMATR) software, version 2.0 (Falster

et al., 2006). In order to make the data more closely to the normal

distribution, the leaf trait values were analyzed by scaling after lg10

conversion. Additionally, the significant difference between the slope

and unity was calculated for all the parameters for assessing the

relationship between the allometric growth index and unity by Wald

significance test (Warton et al., 2006). If the difference between the

slope and unity was not significant, the relationship between the two

indices was considered to be isometric; however, if the slope was greater

than or less than unity, the relationship between the two indices was

considered to be allometric.
2.5 Relative benefit analysis

The trade-offs between pairwise traits (A vs B) were calculated as

described hereafter. The benefit for a single object (A or B) is defined

as the relative deviation from the mean for a given observation. Given

the observations for an individual object A, the magnitude of benefit

for object A (BA, A/B) is calculated as: BA = (AOBS-Amin)/(Amax-Amin)

(Bradford and D’Amato, 2012), where AOBS represents the observed

value of A/B, while Amax and Amin are calculated from all the observed

values of A/B (Sun andWang, 2016). The trade-offs range from 0 to 1,

and can be conceptualized as the proportion of possible benefits in

object A (A/B). In cases where certain objects are considered to be

more valuable or important than others, individual objects (A/B) can

be weighted for incorporating these differences during the calculation

of overall benefits and trade-offs. A simple strategy for quantifying the

magnitude of the trade-offs between A and B involves calculating the

root mean square error (RMSE) of the individual benefits of A or B

(Lu et al., 2014; Sun and Wang, 2016). The RMSE approximates the

average deviation from the mean benefit, and is calculated in two

dimensions by determining the distance between the coordinates of

the paired traits and the “1:1 line” where the trade-off is zero

(Bradford and D’Amato, 2012). This method represents an effective

strategy for quantifying the relationship between A and B. A

preliminary definition of relative benefit has been provided by

Bradford and D’Amato (2012), and studies by Lu et al. (2014) and

Sun and Wang (2016) have provided detailed descriptions.
TABLE 1 Light intensity of urban plants in different habitats.

Plant species Light intensity Mean ± SD (Lux)

Y. denudata Low 4088.80 ± 968.40a

High 100319.07 ± 3585.41b

P. quinquefolia Low 3012.80 ± 215.20a

High 102865.60 ± 6670.33b

W. sinensis Low 2080.27 ± 1150.53a

High 106990.27 ± 4926.55b
The different lowercase letters indicate significant differences at the 0.05 level.
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2.6 Statistical analysis

The differences in the N and P contents and the N:P ratio across

the different habitats were determined by one-way analyses of

variance (ANOVA). Light habitats and species difference and their

interaction were conducted by two-ways ANOVA analysis. Principal

component analysis (PCA) was performed for investigating the shifts

in adaptation strategy across different conditions of light. Data

analyses were performed using SPSS 20.0 (Chicago, IBM Corp,

USA), and the graphs were prepared using Origin 2019 (https://

www.originlab.com). The measurements obtained for the different

parameters are presented as the mean ± standard deviation (SD).
3 Results

3.1 Variations in leaf traits and PPI under
different light habitats

The intensity of light significantly altered all the leaf traits with the

exception of the LFM of P. quinquefolia and the LA ofW. sinensis. The

LFM, LDM, and LA of Y. denudata were 1.48 ± 0.47 g, 0.33 ± 0.11 g,

and 76.67 ± 20.05 cm2, respectively, under conditions of low light

(Table 2); which significantly decreased to 0.91 ± 0.24 g, 0.26 ± 0.07 g,

and 41.45 ± 10.01 cm2, respectively, as the intensity of light increased.

The LDM and LA of P. quinquefolia were 0.19 ± 0.07 g and 59.75 ±

19.70 cm2, respectively, under conditions of low light; which changed to

0.23 ± 0.10 g and 47.58 ± 16.27 cm2, respectively, when the intensity of

light increased, while the LFM remained unaltered. The LFM and LDM

of W. sinensis increased significantly from 0.31 ± 0.18 g and 0.08 ±

0.05 g, respectively, to 0.45 ± 0.16 g and 0.17 ± 0.06 g, respectively, as

the intensity of light increased, while the LA remained unaltered. For

the three urban plants, the SLA in low light habitat was significantly

larger than that in high light habitat (p<0.05). Interestingly, we
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observed that the PPI of Y. denudata and P. quinquefolia for the leaf

traits were 0.52–0.77 and 0.54–0.84, respectively, under conditions of

low light; and were 0.41–0.77 and 0.70–0.91, respectively, under

conditions of high light. However, the PPI of W. sinensis was higher

under low light condition (0.49–0.93) and lower (0.54–0.80) under high

light condition. We found that the PPI of SLA was always the smallest

for all kinds of plants and light habitats.
3.2 Scaling relationship between leaf traits
and their relative benefits

For Y. denudata, the slopes between leaf traits were significantly

higher than 1 (p<0.05) (Figure 1; Table 3), except that the slope of

LDM vs LFM was not significant in the high light habitat (p=0.319).

Similarly, the slope of LDM vs LFM for P. quinquefolia did not show

markedly significant differences from unity under conditions of both

low and high light habitats, while the slopes of the other pairwise

traits, namely, LFM vs LA and LDM vs LA, were significantly different

from unity (p<0.001). ForW. sinensis, the slopes of only LDM vs LFM

under both conditions of light, and LFM vs LA under conditions of

low light were not statistically different from unity, while the slopes of

the other pairwise traits were significantly different from unity

(p<0.001). By summarizing the relative benefits for the three

species, we observed that Y. denudata had higher relative benefits

under low light habitat for all the pairwise traits (Figure 2), while the

reverse was observed for P. quinquefolia and W. sinensis.
3.3 N and P content of leaves under
different light habitats

The plants that grew under high light intensity had higher N, P

content and N:P ratios compared to low light intensity (Figure 3). The
TABLE 2 The difference and phenotypic plasticity index (PPI) of urban plant leaf traits in different light habitats.

Plant species Traits
Low light High light

Mean ± SD PPI Mean ± SD PPI

Y. denudata LFM (g) 1.48 ± 0.47 0.73 0.91 ± 0.24 * 0.77

LDM (g) 0.33 ± 0.11 0.77 0.26 ± 0.07 * 0.77

LA (cm2) 76.67 ± 20.05 0.64 41.45 ± 10.01 * 0.71

SLA (cm2/g) 236.47 ± 36.37 0.52 160.54 ± 16.37 * 0.41

P. quinquefolia LFM (g) 0.89 ± 0.34 0.83 0.89 ± 0.39 ns 0.90

LDM (g) 0.19 ± 0.07 0.84 0.23 ± 0.10 * 0.91

LA (cm2) 59.75 ± 19.70 0.77 47.58 ± 16.27 * 0.83

SLA (cm2/g) 325.58 ± 47.73 0.54 219.35 ± 34.49 * 0.70

W. sinensis LFM (g) 0.31 ± 0.18 0.92 0.45 ± 0.16 * 0.79

LDM (g) 0.08 ± 0.05 0.93 0.17 ± 0.06 * 0.80

LA (cm2) 30.88 ± 16.47 0.90 28.63 ± 9.23 ns 0.78

SLA (cm2/g) 399.81 ± 46.82 0.49 171.51 ± 21.39 * 0.54
frontiers
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B C

D E F

G H I
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FIGURE 1

Scaling relationships between leaf traits in different urban plants. (A–C) represent the fitting relationship between LDM with LFM, LFM with LA, and LDM
with LA of Y. denudata leaves, respectively. (D–F) represent the fitting relationship between LDM with LFM, LFM with LA, and LDM with LA of P.
quinquefolia leaves, respectively. (G–I) represent the fitting relationship between LDM with LFM, LFM with LA, and LDM with LA of W. sinensis leaves,
respectively. Circles represent the observed values; the blue and red solid lines represent SMA fitting lines between leaf traits under low and high light
habitats, respectively; and dotted lines represent 1:1 line. Some 1:1 lines are not shown due to the proportional value of the axes.
TABLE 3 Scaling relationships of leaf traits in urban plants under different light habitats.

Plant species Traits Habitats R2 p
Slope Intercept Isometric

a b p

Y. denudata LDM vs LFM LL 0.96 < 0.01 1.07 -0.66 < 0.050

HL 0.83 < 0.01 0.95 -0.54 0.319

LFM vs LA LL 0.92 < 0.01 1.24 -2.16 < 0.001

HL 0.75 < 0.01 1.14 -1.89 < 0.050

LDM vs LA LL 0.86 < 0.01 1.32 -2.97 < 0.001

HL 0.86 < 0.01 1.09 -2.35 < 0.050

P. quinquefolia LDM vs LFM LL 0.93 < 0.01 1.00 -0.68 0.850

HL 0.97 < 0.01 1.01 -0.60 0.514

LFM vs LA LL 0.96 < 0.01 1.17 -2.13 < 0.001

HL 0.92 < 0.01 1.23 -2.11 < 0.001

LDM vs LA LL 0.87 < 0.01 1.17 -2.80 < 0.001

HL 0.89 < 0.01 1.24 -2.73 < 0.001

(Continued)
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TABLE 3 Continued

Plant species Traits Habitats R2 p
Slope Intercept Isometric

a b p

W. sinensis LDM vs LFM LL 0.96 < 0.01 1.01 -0.56 0.608

HL 0.49 < 0.01 1.02 -0.41 0.722

LFM vs LA LL 0.99 < 0.01 1.10 -2.17 < 0.001

HL 0.41 < 0.01 1.11 -1.97 0.111

LDM vs LA LL 0.95 < 0.01 1.11 -2.75 < 0.001

HL 0.88 < 0.01 1.13 -2.42 < 0.001
F
rontiers in Plant Science
 06175
 fr
LFM and LDM are represented in g; LA is represented in cm2. LL, low light; HL, high light. a is the slope or the scaling exponent; b is the intercept or scaling constant; the first p indicates linear
correlation; the isometric p indicates whether the slope is significantly different from 1, and p < 0.05 indicates that the slope is significantly different from 1.
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FIGURE 2

Relative benefits between paired leaf traits of different urban plant. (A–C) represent the relative benefit between LDM with LFM, LFM with LA, and LDM
with LA of Y. denudata leaves, respectively. (D–F) represent the relative benefit between LDM with LFM, LFM with LA, and LDM with LA of P. quinquefolia
leaves, respectively. (G–I) represent the relative benefit between LDM with LFM, LFM with LA, and LDM with LA of W. sinensis leaves, respectively. The
blue and red points indicate low light and high light habitats, respectively. The relative benefit is represented by the RMSE of paired traits. The RMSE
represents the distance from the coordinate of the paired traits to the diagonal 1:1 line where the trade-off is zero. The farther the distance, the larger
the relative benefit.
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N and P contents of Y. denudata were 6.25 ± 0.15 mg·g-1 and 1.21 ±

0.04 mg·g-1, respectively, under low light conditions, and were

significantly lower than those under high light intensity, which

were 8.29 ± 0.39 mg·g-1 and 1.38 ± 0.06 mg·g-1, respectively. The N:

P ratio under low and high light intensities were 5.18 ± 0.20 and 6.04

± 0.56 (p=0.068), respectively. The N, P, and N:P ratio were 8.27 ±

1.07 mg·g-1, 1.23 ± 0.02 mg·g-1, and 6.74 ± 0.81, respectively, for P.

quinquefolia under low light condition, and 10.01 ± 0.64 mg·g-1, 1.31

± 0.07mg·g-1, and 7.68 ± 0.90, respectively, under high light intensity.

W. sinensis had different N content and N:P ratios under different

light intensities, which were 11.13 ± 2.11mg·g-1 and 8.60 ± 0.31,

respectively, under high light intensity, and 12.55 ± 0.20 mg·g-1 and

9.28 ± 1.41, respectively, under low light intensity. The P content in

the leaves ofW. sinensis was high, being 1.46 ± 0.04mg·g-1, which was

significantly higher than that under conditions of low light, which was

1.21 ± 0.03mg·g-1.
3.4 Combined effects of light and species on
leaf traits

Two-ways ANOVA analysis showed that light habitats had

significant effect on all traits except N:P (F=0.772, p > 0.05)
Frontiers in Plant Science 07176
(Table 4). Species differences had significant effects on all traits

except LDM (F=2.799, p > 0.05). In addition, the interaction of the

light habitats and species difference had significant impact on LFM,

LDM, LA, SLA, and P content (p < 0.05). These results further

supplemented and explained the results of one-way ANOVA analysis

for element content.
3.5 Shift in the adaptation strategies of
leaves under different light habitats

PCA of the six leaf traits demonstrated that the explanatory

rates of the first and second principal components were 77.7% and

19.2%, respectively (Figure 4). The absolute value of LFM, LDM,

LA, N content, and N:P ratio were greater than 0.3 on the PC1 axis,

while the absolute value of the LDM and P content were greater

than 0.3 on PC2 axis, which indicated that these six traits can

effectively explain the variation in leaf traits under different light

habitats in different dimensions. Lastly, the results of PCA

revealed an obvious shift in the adaptation strategy from a larger

LA and lower N and P contents under low light habitat to a smaller

LA and higher N and P contents under high light habitat in the

three plants.
B C

D E F

G H I

A

FIGURE 3

The N and P contents and N:P ratios under conditions of different light habitats. (A–C) represent the N, P content and N:P of Y. denudata leaves under different
light habitats, respectively. (D–F) represent the N, P content and N:P of P. quinquefolia leaves under different light habitats, respectively. (G–I) represent the N,
P content and N:P of W. sinensis leaves under different light habitats, respectively. The blue and red circles represent low light and high light, respectively. The
numerical values in the figures represent the mean ± SD. p < 0.05 indicates a significant difference between the two light environments.
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4 Discussion

Plants show different traits in different light habitats. Consistent

with our hypothesis, light significantly changed leaf morphological

traits and element content. The relationship between LDM and LA of

all plants in different light habitats showed diminishing returns, that
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is, with the increase of leaf dry mass, the increase of leaf area gradually

decreased. Except for Y. denudata, most LDM and LFM showed

isomeric relationship, that is, leaf water content gradually increased

with leaf mass. From low light to high light, the leaves tended to have

higher P content. In conclusion, the plants growth strategies changed

under different light habitats.
B

C D

A

FIGURE 4

PCA analysis of leaf traits of urban plants in different light habitats. (A) Scree plot; (B) Loading plot; (C) Loadings of plant traits on the first and second
axes; (D) Score plot and strategy shifts of the different plants under different light habitats.
TABLE 4 Results of two-ways ANOVA for the effects of light conditions, species and their interactions on functional traits of urban plants.

Morphological trait Factor df
LFM LDM LA SLA

F F F F

Light 1
37.854
***

9.959
**

189.92
***

2394.029
***

Species 2
438.488
***

271.936
***

248.150
***

304.924
***

Light×Species 2
75.412
***

59.954
***

56.778
***

300.128
***

Chemical trait Factor df
N P N:P

F F F

Light 1
13.256
**

61.765
***

0.772
ns

Species 2
30.919
***

2.799
ns

20.714
**

Light×Species 2
0.141
ns

5.552
*

1.549
ns
fron
* p < 0.05; ** p < 0.01; *** p < 0.001; ns, no significant.
tiersin.org

https://doi.org/10.3389/fpls.2023.1000647
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Yang et al. 10.3389/fpls.2023.1000647
4.1 Scaling relationships between leaf traits
and relative benefits

The scaling relationships of leaf traits has been confirmed by a

number of empirical studies, which demonstrated that the habitat,

developmental factors, and phylogeny affect the relationships between

leaf traits (Niklas et al., 2007; Shi et al., 2020). A previous study by Sun

et al. (2017) on five species of bamboos demonstrated a scaling

relationship between LDM and LA under different conditions of

light. Similarly, our results indicated that there was a scaling

relationship between LDM and LA under different light condition,

which supported the law of diminishing returns. Briefly, as the LA

increased, the LDM increased more rapidly, which consequently

decreased the SLA. Interestingly, the scaling exponent (a) of the

LDM and LA of Y. denudata under low light (a = 1.32) was larger

than that of high light intensity (a = 1.09), whereas the scaling

exponents of P. quinquefolia (a = 1.17 and 1.24, respectively, under

low and high light) and W. sinensis (a = 1.11 and 1.13, respectively,

under low and high light) showed a reverse trend. We speculated that

this could be attributed to the differences in plant life forms and leaf

forms (for instance simple and compound leaves). Y. denudata is a

small tree, while the other two plants are woody lianas. There are

significant differences in the hydraulic structures of these plants,

which may lead to differences in laminar and petiolar investment

(Maréchaux et al., 2017). A considerable portion of the biomass of Y.

denudata is contributed to strengthening the support system and

petiolar transportation. In terms of leaf forms, both P. quinquefolia

and W. sinensis have compound leaves, implying that apart from

petioles, the laminar biomass of these plants is also invested in

rachides (Xu et al., 2009). If a scaling relationship exists between

petioles (rachides) and laminar biomass, plants with different leaf

forms may have significant differences in the investment of laminar

biomass (Yang et al., 2009).

In general, regions with high light intensity have lower water

content in soils than regions with low light intensity; therefore, trade-

offs between laminar water content and LDM during plant growth are

more likely under high light intensity than under low light (Meng

et al., 2014; Umaña and Swenson, 2019; Li et al., 2020). The

relationship between LDM and LFM may reflect the variations in

laminar water content, which is the basis of photosynthesis (Santiago

et al, 2018; Dinesh et al., 2019). Our study also demonstrated the

LDM and LFM increased at an equal rate (nearly 1:1) under almost all

conditions, indicating that when the LFM increased, the LDM also

increased gradually, while the water content of the leaves remained

constant. These findings are inconsistent with the results of the study

by Shi et al. (2020) on Fallopia multiflora. These variations are

attributed to differences in the environment between these studies.

Natural rainfall is the only source of water for wild plants; however,

water is not a limiting factor for urban plants. Therefore, urban plants

do not have a very strong demand for water storage during growth

(Song et al., 2021).

Plant SLA in low light habitat was significantly larger than that in

high light habitat, which was consistent with most other studies

(Baird et al., 2017; Power et al., 2019). Plants in high light

environments need to invest more in defense against heat and

damage than shaded plants. Plants under shade may increase their

LA to gain more light, which is consistent with the significant
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difference in LA between different light habitats. We also observed

that the PPI of SLA was the smallest compared with other traits,

which also indicated that SLA was stable and could be used to refer to

the photosynthetic capacity of plants (Liu et al., 2016; Dinesh

et al., 2019).

The trade-offs between pairwise traits in different habitats can

more clearly illustrate the adaptation of plants to the environment.

Only rarely studies have quantified plant habitat preferences using

relative benefits (Cheng et al., 2021; Wang et al., 2021). In general, P.

quinquefolia andW. sinensis have greater relative benefits under high

light habitat, while Y. denudata have greater relative benefits under

low light conditions. This indicates that P. quinquefolia and W.

sinensis can maximize the advantages of functional traits under

high light conditions, while the reverse is observed in Y. denudata.

This may also be the underlying reason why Y. denudata has a higher

slope in low light. In contrast, the slope of the P. quinquefolia andW.

sinensis varied little in different light conditions.
4.2 Stoichiometric characteristics and
strategy shift in leaves

The adaptation of plants to different habitats not only manifests in

leaf morphology but is also observed in the alterations in leaf

inclusions. The results of this study confirmed that the leaves of

plants growing under conditions of low light had lower N and P

contents and N:P ratios. However, this finding was not consistent

with the results of the study by Niinemets et al. (2006), which reported

that plants with larger SLA, corresponding to plants under conditions

of low light in this study, have higher N and P content. Nevertheless,

some studies have suggested that the N and P content of leaves are

expected to increase with increasing light (Katahata et al., 2007;

Puglielli et al., 2020). Compared to conditions of low light, high

light conditions enhance photosynthesis to a certain extent, and also

promote plant growth and development, thereby gradually increasing

the N and P content in leaves. The N:P ratio of the three plants

studied herein was less than 14 or 20 under different light conditions,

indicating that the growth of these plants was restricted by N

availability (Koerselman and Meuleman, 1996; Güsewell, 2004; Yan

et al., 2017). The plants growing under conditions of low light were

more severely restricted by N deficiency, compared to those growing

under conditions of high light. We hypothesized that the lower light

intensity restricted photosynthesis and leaf growth, and that the

canopy intercepted most of the atmospheric N deposition in the

soil. Low N deposition in the soil in which plants are growing can be

an important factor limiting N uptake, especially for urban plants.

The relationships between leaf traits enhance plant adaptability to

the heterogeneous environment. As predicted by the LES (Wright

et al., 2004), the dimensions of LFM, LDM, and LA are different from

the N, P contents and N:P ratios, and their coordination may ensure

the normal growth of plants under different conditions of light (Baird

et al., 2017; Puglielli et al., 2020). It is worth mentioning that the three

urban plants studied herein employed adaptive strategy shifting in

environments with different conditions of light. The relative

displacement of P. quinquefolia was found to be minimal,

suggesting that it has a higher tolerance to conditions of low light

than W. sinensis and Y. denudta. While certain plants are naturally
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capable of tolerating shade, most plants require sufficient light for

carbon gains. Among the six traits, P content appeared to be

independent of the others, and the contribution of P to the PC2

axis was high. This is consistent with the result of significant

difference of P content in leaves under different light habitats, and

also suggests that future research should pay attention to the change

of P content.
5 Conclusion

Adaptive strategy shifting is an important mechanism ensuring

the survival of plants in heterogeneous environments. This study

evaluated plant tendencies under different conditions of light by

incorporating the relative benefits of pairwise leaf traits, and the

results demonstrated that plants perform adaptative strategy shifting

in environments under different conditions of light. In general, the

relationship between LA and LDM under different conditions of light

supported the law of diminishing returns without exception, and

there were significant differences in the stoichiometric characteristics

of leaves under different conditions of light. In future studies, the

coupling relationship between leaf traits and elements should be

clarified, and the adaptation of plants to habitat changes should be

more fully understood in combination with plant biomass and root or

other traits.
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