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Preface

In nature, forest ecosystems contain the wonderful secrets of life. This reprint seeks to explore

a pivotal aspect of this enigmatic domain: chemical ecology. As a significant branch of ecology,

chemical ecology reveals how organisms use chemicals to communicate, compete, defend, and

reproduce. Using detailed scientific data and case studies in the literature, this reprint explains how

chemical signals generate, transmit, receive, and respond in forest ecosystems.

Chemical ecology provides us with a unique insight into the interactions of bioorganisms that

are hidden deep in the forest and invisible to the naked eye. This reprint aims to present interesting

findings in this field to a general audience through scientific language and inspire more people to

examine the chemical ecology of forests.

This reprint is suitable for all readers interested in ecology, biochemistry, and environmental

science who are seeking inspiration and useful knowledge in this field. We hope to bridge theory and

practice in chemical ecology.

This reprint is co-authored by a group of experts and scholars with extensive research experience

and profound academic achievements in the field of chemical ecology. They are enthusiastic and

have a rigorous approach to translating complex scientific issues into easily comprehensible language,

aiming to captivate readers with the allure of science while fostering a deep understanding of the

indispensable role played by chemical ecology in forest ecosystems. Throughout the writing process,

our colleagues generously shared their research findings, and we would like to express our gratitude

to them.

Chunjian Zhao, Zhi-Chao Xia, Chunying Li, and Jingle Zhu

Editors
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There is a competitive and coordinated relationship among organisms which depends
on their chemical connections. Chemical relationships are an important way for organisms
to interact with each other. Various levels of organisms and those without a nutritional
relationship are linked by chemicals, forming a vast network of chemical information. It
can be said that the relationship between organisms is actually a chemical relationship.
Forest ecosystems, which have a complex structure and diverse chemical relationships,
encompass the majority of woody plants and animals worldwide. Chemical ecology is an
important aspect of the exploration of forest ecosystems.

Plants can sense and recognize coexisting species of the same or different species,
thereby adjusting their growth, reproduction, and defense strategies. Throughout its life
cycle, a plant can interact directly or indirectly with its plant neighbors, thereby influencing
the plant population and community structure. Agroforestry is an effective method to
improve plant productivity by rationally regulating the interspecific relationships between
plants. Zhao et al. conducted a comparative analysis of the growth indicators of Camptotheca
acuminata (C. acuminata) cultivated in monoculture and intercropping systems, revealing a
significantly higher growth rate for C. acuminata in the intercropping system compared to
that in the monoculture system [1], and the soil properties in the mixed planting system
were significantly improved. The authors believe that this positive effect is probably
due to plant allelopathy. Using mass spectrometry, it was found that in C. acuminata
rhizosphere soil exists taxanes, a class of allelochemicals unique to Taxus chinensis var.
mairei. Allelopathy may be one of the important factors in promoting the growth of C.
acuminata seedlings by interplanting Taxus chinensis var. mairei, which is an important
chemical link in the interactions between plant species [1].

Plant allelopathy is a natural ecological phenomenon. When plants are ingested by
animals and infected by microorganisms, plants often respond by synthesizing and releas-
ing allelochemicals. Plants adjust their biomass distribution by recognizing information
from neighboring species to decide whether to adopt chemical defense strategies. Hong
et al. established a mixed forest of Larix olgensis and Fraxinus mandshurica, and found that
intercropping significantly increased the content of secondary metabolites (phenolic com-
pounds) in Larix olgensis, thereby enhancing its chemical defense ability [2]. The allelomic
effect of Fraxinus mandshurica on Larix olgensis was found to be related to the mixing ratio,
and the chemical defense ability of high-proportionally mixed forests was effective [2].
Secondary metabolites are the result of long-term evolutionary interactions between plants
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and their living environment, affecting the color, odor, and taste of the plant. Phenolic
compounds can inhibit the digestion and utilization of food by herbivorous insects, thus
affecting insect activity. Phenolic compounds are an important indicator for plants to resist
pests, and they play a crucial role in the process of plant resistance to pests [2].

Allelochemicals can regulate forest biodiversity, productivity, and sustainability. A
comprehensive understanding of allelochemicals can offer novel insights into the sustain-
able development of forest ecosystems. Xu et al. described allelopathy in forest ecosystems
from three levels: forest, plantation, and understory vegetation [3]. Meanwhile, the author
also summarized the main categories of allelochemicals in forest ecosystems and proposed
that the identification of allelochemicals requires accurate information on the quantity,
quality, and temporal and spatial dynamics of allelochemicals, otherwise it will be difficult
to accurately understand the functional significance of allelopathic plant–plant interactions
in forests [3]. The authors emphasize that allelochemicals can change the consequences
of underground ecological interactions, and suitable mixed tree species can enhance their
growth through underground chemical interactions [3]. Allelochemicals and signaling
chemicals work synergistically to affect the coexistence, diversity, and community structure
of forest plants. The proper use of kinship identification between plants can even help
forest regeneration.

In addition to interactions between plants, plants also produce endogenous chemical
signals to regulate their own growth. Plant hormones are active substances produced by
plant cells in response to specific environmental signals and can regulate plant physiological
responses. Zhong et al. comprehensively analyzed the mechanisms for seed dormancy
release and germination in Bretschneidera sinensis Hemsl, revealing that the ratio of GA3
(gibberellin A3)/ABA (abscisic acid) in seeds plays a pivotal role in determining seed
dormancy release and germination, and also revealing that seed germination requires
the interaction of hormones [4]. Additionally, the author points out that seeds can break
their dormancy and stimulate germination by increasing the level of soluble sugars, which
provide energy for seed dormancy to germination [4]. The increased soluble sugar levels
can also promote the removal of ROS (reactive oxygen species), protecting the seeds from
oxidative stress [4].

Chemical herbicides are often used in plantation cultivation, and the application of
herbicides can be toxic to plants, so chemical controls must be used carefully. Herbicides
have a lower selectivity for eucalyptus plantations, which may cause losses in early tree
development and lead to a loss in productivity. Indaziflam herbicide is one of the herbicides
that is relatively safe for crops. Little is known about the tolerance of indaziflam herbicide in
Eucalyptus plantations. Maciel et al. evaluated the persistent effects of indaziflam herbicide
and its impact on plant growth [5]. The results show that the content of chlorophyll a
and b, the rate of electron transport, height, and stem mass of plants in soil contaminated
by indaziflam herbicide residues were all lower [5]. Indaziflam herbicide was applied to
eucalyptus plants, and it was found that indaziflam herbicide could be leached to a depth
of 30 cm in the soil [5]. Residues of indaziflam herbicide in the soil inhibit the growth of
Eucalyptus Clone.

The mechanism by which organisms perceive information chemicals is an important
subject of study in chemoecology. Plants can respond to their surroundings by producing
chemical signaling substances, and they can also share these chemical signals with other
plants. This “communication”, dominated by chemicals, can change the microenvironment
for plant growth, regulate nutrient supply, and even affect plant yield.

Microorganisms are the executors and drivers of energy flow in soil, and plants can
influence the rhizosphere soil microbial community through root exudates or litter. In
turn, changes in soil biological characteristics can affect the host plant and its coexisting
plants. Zhong et al. established an intercropping field between Areca catechu L. and
Pandanus amaryllifolius Roxb [6]. It was found that intercropping had positive effects on soil
microbial homeostasis in plantations by comparing them with monoculture [6]. What is
more interesting is that the authors found a special correlation between the soil’s physical
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and chemical properties, enzyme activity, and microorganisms [6]. Urease and phosphatase
are the key factors that regulate the abundance of the soil’s microbial community. Compared
with fungi, the authors suggest that bacterial communities are more sensitive to interplant
relationships and that bacteria are more responsive to changes in soil environmental
factors [6].

The composition of soil microbial communities affects the availability of soil nutri-
ents. To determine the correlation between soil nutrients and microbial diversity after
the introduction of other plant species, Liu et al. conducted a mixed planting experiment
with the legume species Lespedeza bicolor Turcz. and the mulberry species Morus alba [7].
It was found that intercropping significantly increased the contents of C, N, and P in soil.
Nitrogen-fixing plants increase the productivity of plants by increasing the availability of
soil nutrients, especially nitrogen, and provide essential base metabolites for more microbial
growth [7]. Actinobacteria has a high soil abundance due to the soil’s nutrient and organic
matter content. Due to the harsh environment, Proteobacteria, which has certain resistance
in the face of extreme environment, dominates the soil [7]. By conducting 16S rRNA and
ITS sequencing on soil microorganisms, the authors found that there was a significant
change in diversity within the bacterial community compared to the fungal community [7].
Therefore, soil microbial communities serve as an important link between aboveground
plant communities and underground ecological processes, regulating the material cycling
process in forest ecosystems and the flow of energy in the soil.

Due to biological and abiotic influences, the accumulation, release, and transformation
of soil nutrients often change. No matter how environmental factors change, the ecological
stoichiometric value of a plant species usually remains relatively constant, which is called
stoichiometric homeostasis. In order to further understand the adaptability of trees under
nutrient changes, Guo et al. explored the changing rules of nutrient uptake and ecological
stoichiometric homeostasis in Pinus massoniana plantation [8]. The authors found that there
was a synergistic effect between the leaf litter and soil, and that the ecological stoichiometry
and nutrient uptake of different aged trees were variable [8]. The results showed that P
content decreased first and then increased with the increase in plantation age, which was
different from the conventional rule of increasing accumulation of nutrients alongside an
increase in the time sequence [8]. The absorption efficiency of N and P first increased and
then decreased during the growth of the Pinus massoniana plantation [8]. The increase in
nutrient element absorption promoted the growth of Pinus massoniana. The author believes
that introducing suitable tree species and planting them with Pinus massoniana can achieve
more effective artificial forest cultivation, which is an effective strategy to alleviate nutrient
limitations [8].

The pharmacological effects of plants are derived from compounds produced by
the secondary metabolism in plants. External environmental factors can regulate the
production of a plant’s active substances. Photosynthesis is the process by which plants
produce nutrients, which is crucial for the production of secondary metabolites. Zhao et al.
treated Ginkgo biloba with UVA to explore the molecular mechanism of the influence of
light on the synthesis of flavonols, the plant’s active ingredient, thereby improving the
quality of Ginkgo biloba [9]. The results showed significant differences in flavonol content
and enzyme activity in the phenylpropane pathway in plants under different intensities of
UVA [9]. Moderate UVA intensity can promote enzyme activity related to the flavonoid
synthesis pathway and flavonol accumulation in Ginkgo biloba, while excessive UVA plays
an inhibitory role [9]. The authors indicate that the enhancement of the flavonoid content’s
medicinal value in Ginkgo biloba can be achieved by stimulating the expression of related
enzyme genes (MYB (Gb_02997), bHLH (Gb_05320), bZIP (Gb_00122), and NAC (Gb_13200,
Gb_37720)) [9].

Environmental factors can also trigger plant diseases and reduce plant quality. In
Yanshan chestnut garden, there were symptoms of scorching between the leaf’s margin
and vein. Different from the previous reports of leaf burn disease, no pathogenic bacteria
were detected in the infected plants. In order to explore the main factors leading to Castanea
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mollissima leaf scorching and the effect of leaf scorching disease on the characteristics of the
nuts, Chen et al. analyzed and compared the differences in the leaf, root, and soil nutrients,
nut phenotypes, and antioxidant enzyme activities between healthy and leaf-scorched
trees [10]. Leaf scorching has a significant impact on the morphology and traits of Castanea
mollissima’ nuts [10]. The correlation analysis results show that B, Zn, Mg, and Fe have
a significant impact on the health of leaves [10]. The soil AK, K Fe, B, and Cu have a
significant impact on the leaf’s B concentration. The author believes that Castanea mollissima
leaf scorching may be caused by the high content of B in leaves and the lack of Mg, which is
related to the change in the balance of AK, B, Mg, Cu, and Fe in the soil [10]. The decrease
in Mg is most likely caused by the soil’s AK [10].

This Special Issue of the Forests journal, “Forest Chemical Ecology”, covers the study
of the chemical connection between organisms and their mechanisms. This Special Issue
covers discussions on pesticide pollution, pest resistance, and the intrinsic causes of inter-
species relationships, and provides guidance on pest control, biodiversity conservation, and
the rational utilization of biological resources in forest ecosystems. The research reports
contained in this Special Issue provide important insights for realizing the sustainable
development of forest ecological systems.

Conflicts of Interest: The author declares no conflicts of interest.
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Abstract: Plants can produce and release allelochemicals to interfere with the establishment and
growth of conspecific and interspecific plants. Such allelopathy is an important mediator among
plant species in natural and managed ecosystems. This review focuses on allelopathy and alle-
lochemicals in grasslands and forests. Allelopathy drives plant invasion, exacerbates grassland
degradation and contributes to natural forest regeneration. Furthermore, autotoxicity (intraspecific
allelopathy) frequently occurs in pastures and tree plantations. Various specialized metabolites,
including phenolics, terpenoids and nitrogen-containing compounds from herbaceous and woody
species are responsible for allelopathy in grasslands and forests. Terpenoids with a diversity of
metabolites are qualitative allelochemicals occurring in annual grasslands, while phenolics with a few
specialized metabolites are quantitative allelochemicals occurring in perennial forests. Importantly,
allelochemicals mediate below-ground ecological interactions and plant–soil feedback, subsequently
affecting the biodiversity, productivity and sustainability of grasslands and forests. Interestingly,
allelopathic plants can discriminate the identity of neighbors via signaling chemicals, adjusting the
production of allelochemicals. Therefore, allelochemicals and signaling chemicals synergistically
interact to regulate interspecific and intraspecific interactions in grasslands and forests. Allelopathy
and allelochemicals in grasslands and forests have provided fascinating insights into plant–plant
interactions and their consequences for biodiversity, productivity and sustainability, contributing to
our understanding of terrestrial ecosystems and global changes.

Keywords: allelopathic interference; autotoxicity; below-ground chemical interactions; plant
neighbor detection; plant–soil feedback; qualitative and quantitative allelochemicals

1. Introduction

Grasslands and forests are integral components of the global ecosystem, totally covering
about 70% of the earth’s terrestrial area. Both function as the crucial global pool of biodiver-
sity to supply a wide range of species, and their productivity and sustainability modulate
global changes [1–3]. Importantly, grasslands and forests play substantial roles in diverse
ecological services to generate tremendous benefits for humans, such as water conservation,
sand fixation, carbon sequestration, oxygen release and global biogeochemical cycles [4,5].
Understanding the biodiversity, productivity and sustainability of grasslands and forests and
their underlying mechanisms has been of great interest to ecologists for decades.

The biodiversity, productivity and sustainability of grasslands and forests are the
net outcomes of various biotic versus abiotic feedbacks between plants and their envi-
ronment. These can arise through a variety of mechanisms such as resource partitioning,
niche divergence, plant–soil and other species-specific interactions [6–8], but the central
driver must be interspecific and intraspecific plant–plant interactions that can be neutral
(consummation and recognition), positive (facilitation and kin selection) and negative
(competition and allelopathy) to allow local coexistence. The interactions, either beneficial,
harmful or commensal, eventually contribute to the biodiversity, productivity and sustain-
ability of grasslands and forests. While most studies have focused on resource competition,
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environmental factors and global changes, relatively little is known about the importance
of allelopathy in grassland and forest ecological processes [9].

A plant may interfere with the growth and establishment of neighboring plants
through competition, allelopathy or both. Differing from competition for resources,
allelopathy is an interference mechanism in which living or dead plants release
allelochemicals exerting an effect (mostly negative) on co-occurring plants [10,11], even
within a species (i.e., autotoxicity or intraspecific allelopathy). Four ecological processes,
volatilization, leaching, litter decomposition and root exudation, can bring allelochemicals
into air or soil. When allelochemicals contact or approach the associated plants, they directly
demonstrate allelopathic action by disturbing the systems of photosynthesis, respiration,
and metabolism, or indirectly affect target species by altering environmental conditions,
particularly for soil physicochemical properties and microbial communities [12–14]. In
fact, allelopathy originates from interspecific and intraspecific plant–plant interactions
in grasslands and forests. The first classical case is black walnut (Juglans nigra), which
produced and released a 1,4-naphthoquinone (juglone) to interfere with the growth of
understory plants thousands of years ago [15]. The allelopathic interference of shrubs in
grass through the release of volatile terpenes into southern California coastal grassland was
reported in the 1960s [16]. Subsequently, an increasing number of studies have shown that
many ecological events occurring in grasslands and forests are associated with allelopathy
and certain allelochemicals [9–11,17,18].

Allelopathy in grasslands and forests is key for understanding terrestrial ecosystems
and global changes. In recent decades, numerous control experiments and field investi-
gations have been conducted to estimate the functional consequences of allelopathy for
plant communities in natural and managed grasslands and forests. However, a comprehen-
sive allelopathy, particularly for allelochemical-mediated below-ground and above-ground
interactions in grasslands and forests, is rare. Understanding allelopathy with allelochemicals
and their consequences for biodiversity, productivity and sustainability in grasslands and
forests can provide new insight into terrestrial ecosystems and global changes. Hence,
capturing recent advances and applications in allelopathy and allelochemicals is becoming
valuable in advancing interdisciplinary research in grasslands and forests.

2. Allelopathy in Grasslands
2.1. Allelopathy Drives Plant Invasion in Grasslands

The occurrence of invasive plants threatens the structure and function of grassland
ecosystems, especially in biodiversity and stability [17]. Several plant species have been
confirmed to invade grasslands with an allelopathic mechanism. Spotted knapweed
(Centaurea stoebe), native to Europe and introduced into North America, is an exam-
ple of an invasive plant in western American grasslands. Spotted knapweed can take
advantage of root-secreted allelochemicals against local grassland species and alter nutri-
tion availability and underground microbial community composition [18,19]. However,
the allelopathy of spotted knapweed is conditional, and there is discrepancy between
geographical sites. Spotted knapweed does not exhibit allelopathic invasion in eastern
American grasslands [20]. Additionally, sufficient light or infection with fungal endophytes
can enhance the allelopathic invasion of spotted knapweed in American grasslands [20,21].

Allelopathic invasion of spotted knapweed in American grasslands results in the novel
weapons hypothesis (NWH) that the success of plant invasion can be attributed to the
allelochemicals of invaders [22]. Generally, allelochemicals of invasive species have little
effect on their original neighbors due to long-term mutual adaptation, but as they are novel
to the species of the invaded habitat, they exert a strongly allelopathic interference on the
native species [22]. Much evidence has demonstrated that allelochemicals appear to confer
a competitive advantage to the invasive plants [23–26]. However, some studies did not fully
support the NWH, and questioned the necessity of secondary metabolites for nonnative
species to ensure invasive success [27–29]. Another hypothesis, the biochemical recognition
hypothesis (BRH), postulates that plant seeds can adaptively detect phytochemicals re-
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leased from potential competitors and respond by extending their period of dormancy until
better establishment conditions occur [30]. Leachates from spotted knapweed reduced the
germination rate of grassland species. Importantly, they had no effect on seeding biomass,
implying that the allelochemicals in the leachates are non-phytotoxic and do not impede
plant growth [30].

Although both the NWH and BRH focus on plant-derived chemicals and predict
similar results that phytochemicals released from invasive plants inhibit the emergence of
native plants, their fundamental mechanisms are distinct. This can be explained either a
negative exposure to toxic chemicals by NWH or a positive recognition of facilitative chem-
icals by BRH [22,30]. Nevertheless, whether the success of invasive plants is attributed to
allelochemicals has been debated. Actually, allelopathy is pervasive in invasive plants [31].
Interestingly, allelopathy of native grassland communities seems to increase their resistance
to invasion by introduced plants [32], but there was no evidence that native plant com-
munities’ tolerance to allelopathy contributes to the degree of invasiveness of introduced
plants. A more vital linkage between allelopathic traits and invasive performance needs to
be explored in further studies.

2.2. Allelopathy Exacerbates Grassland Degradation

Grassland degradation is a phenomenon in which grass struggles to grow or hardly
survives, which usually leads to an irreversible reduction in grassland productivity and
biodiversity [33]. Many factors have been regarded as the drivers of grassland degradation,
of which the main factors are natural climate change and human disturbance [34,35]. One
early sign of degraded grassland is that the originally dominant species are gradually
replaced by other adaptable plants, such as toxic weeds with allelopathic traits [36–38].
Toxic weeds in degraded grassland are adapted to extremely harsh environmental condi-
tions and exhibit high aggression toward surrounding plants, even poisoning livestock or
humans [39,40].

In the process of grassland degradation, toxic weeds not only vigorously compete with
forage plants for water and nutrition resources, but also produce a wide range of secondary
metabolites to exert allelopathic effects on the establishment of the co-occurring plants,
subsequently reducing species richness and exacerbating grassland degradation [41–43].
Several studies have shown that extracts of toxic weeds, regardless of plant tissues or
growing soil, can reduce the seed germination rate and seedling biomass of the receiving
plants [38,44,45]. However, the allelopathic effects have distinct differences among the
extract concentration, extract source and tested species [44]. Many phytotoxic compounds,
such as coumarins, flavonoids and terpenoids, have been isolated and identified from toxic
weeds. These potential allelochemicals could jeopardize the photosynthesis, respiration,
and metabolic system of plants [46–48].

Stellera chamaejasme and Artemisia frigida are representatives of toxic weeds and generally
serve as bioindicators to characterize the degree of grassland degradation. S. chamaejasme is a
common toxic weed in the degraded grasslands of northern China, which can restrict the
growth of co-occurring plants via root exudates [38,49]. A. frigida, a perennial dicotyledonous
semi-shrub species, has a wide distribution range in the global temperate grasslands, covering
Eurasian steppes and northern mixed-grass prairies. Differing from the mainly allelopathic
pathway of S. chamaejasme, A. frigida can significantly decrease seed germination and seedling
growth by emitting volatile organic compounds (VOCs) as allelochemicals [50,51]. This
environmental disturbance may severely influence the composition and abundance of VOCs
emitted from A. frigida. Artificial damage can induce A. frigida to release more categories
and greater concentrations of VOCs [51]. In particular, grazing activity can enhance the
allelopathic effect on the growth of other grassland species, suggesting that allelopathy may
interact with over-grazing grassland to accelerate the grassland deterioration by frequently
simulating A. frigida [52].
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Overall, allelopathy is one of the critical factors driving grassland degradation. Compre-
hensively understanding of how allelochemicals from toxic weeds mediate intraspecific and
interspecific plant–plant interactions would be useful for rehabilitating degraded grassland.

2.3. Allelopathy in Pasture Management

A pasture is a piece of grassland that mainly grows forage grass for livestock. Its quan-
tity and quality are closely related to grassland ecosystem health and animal husbandry
development. Hence, the management of pasture, whether natural or managed, is essential
to ensure adequate forage grass and to support livestock production.

Allelopathy-based interspecific and intraspecific interactions have ecological conse-
quences for the productivity and biodiversity of a pasture. Particularly in a managed
pasture, pasture weeds can immensely decrease forage yield and quality, negatively af-
fecting livestock production. Fortunately, some forage species can take full advantage of
allelopathy and allelochemicals to retard the emergence and growth of co-occurring weeds,
from which they will obtain growing benefits [53,54]. For example, rye (Secale cereale) is a
cool-season forage species with high frost and drought resistance; it is generally planted in
infertile or acid soils due to its strong adaptability. Rye can produce and release benzoxazi-
noids to selectively inhibit broadleaf weeds, modifying the spectrum of weed species in the
pasture [55,56]. Therefore, some fine forage cultivars with allelopathic traits can be used
for weed control. In particular, natural allelochemicals released from allelopathic forage
cultivars may act as biological herbicides to a large extent, lowering the consumption of
chemical herbicides and the cost of pasture management [57,58]. Many studies have shown
that the application of allelopathic forage cultivars can effectively control pasture weeds
and increase pasture productivity [55,57,59]. Notably, allelopathic forage species such as
rye not only suppressed the pasture weeds but also succeeding forage species. To avoid
failure in rotation systems, it is warranted to select resistant succeeding forage species [60].

Autotoxicity (intraspecific allelopathy) is ubiquitous in pastures. Autotoxicity in pasture
has been well verified in alfalfa (Medicago sativa) [61–63]. Alfalfa is a major forage legume
used as a high-quality livestock feed and cultivated in pastures throughout the world. Several
phytotoxic phenolics, saponins and medicarpin in alfalfa can remarkably suppress their own
seed germination. To attenuate the autotoxicity, the most obvious solution is to develop a
new autotoxicity-tolerant alfalfa cultivar. A recent study has picked out the most autotoxicity-
tolerant alfalfa from 22 cultivars based on a technique for order of preference by similarity to
ideal solution analysis [64], which provides a theoretical basis for the breeding of autotoxicity-
tolerant alfalfa cultivars. However, a long-term and large-scale field verification is needed to
assess the tolerance of different alfalfa cultivars to autotoxicity.

A mixture of diverse forage species is considered as another option to experimen-
tally prove effectiveness in improving forage productivity [65,66]. Directly, some highly
allelopathy-tolerant forage seeds can be used as a subsequent alternative for restoring
sparse natural grassland caused by allelopathy [67]. Additionally, the pattern of mixing
species also has another benefit for pastures. The mixture of rye with berseem clover
(Trifolium alexandrinum) may promote rye pathogen-resistant capabilities [68]. In the coex-
istence system of Artemisia adamsii with Stipa krylovii, volatiles emitted by A. adamsii can
strengthen photosynthesis of S. krylovii by enhancing stomatal conductance even with water
deficiency [69]. When grown with the P-mobilizing species Filifolium sibiricum, Leymus
chinensis exhibited greater shoot and root P content [70]. These positive interactions are
prevalent in pastures and mostly attributed to plant–plant chemical communication.

3. Allelopathy in Forests
3.1. Allelopathy in Natural Forests

Natural forests usually possess plant diversity and stable productivity. The role of
allelopathy and the mechanisms underpinning it remain poorly resolved in species-rich
forests, but allelopathy does contribute to natural forest regeneration. Forest regeneration
is commonly considered as a critical ecological process that sustains resource reproduction
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through the establishment of saplings and the replacement of dead trees; it has profound
implications for the perpetuation of tree species in the temporal and spatial dimensions.
However, long-term exposure to allelochemicals from woody species may create a barrier
effect on the understory-regenerated saplings, resulting in forest regeneration failure. In
particular, endangered and rare plant species are inherently difficult to generate due to
their scarce propagules and low adaptability. Allelopathy additively reduces the likeli-
hood of the sapling establishment and probably leads to locally rare species’ extinction.
Cinnamomum migao and Metasequoia glyptostroboides are two endangered woody species.
Their regeneration is extremely restrained, and the natural population would be gradually
diminished over time without active management. Generally, most natural populations
only occasionally have 1~2 saplings in their understories [71,72]. Recent studies found
that leaf extracts or litters of C. migao and M. glyptostroboides dramatically impeded their
seedling growth by impairing the lipid structure of the cell membrane, suggesting that
autotoxicity might aggravate the obstruction of the natural forest regeneration among some
endangered tree species [72,73].

Apart from autotoxicity or self-inhibition, allelochemical-mediated interspecific in-
teractions also hinder natural forest regeneration and impact the plant community’s com-
position. In the context of forests dominated by two tree species, dominant tree species
may chemically inhibit the sapling regeneration of the others. For example, Kandelia obovate
and Aegiceras corniculatum are two dominant species in mangrove forests. Leaf litter
leachates of K. obovate are detrimental to the propagule germination and sapling growth
of A. corniculatum, ultimately modulating the natural regeneration of the whole mangrove
forest [74]. In the later successional forests of maple-beech codominance (Acer saccharum
and Fagus grandifolia), the abundance of beech progressively increases as maple decreases
with the years. This result, in part, can be explained by the allelopathic advantage of beech
leading to the regeneration failure of maple [75,76].

Monopolistic herbaceous plants grown in the floor layer may inhibit natural forest
regeneration. For example, the natural regeneration of sessile oak (Quercus petraea) is often
hampered by the dense moor grass (Molinia caerulea) understory [77]. When watered with
root exudates of moor grass, a significant decrease in oak biomass occurred, suggesting the
allelopathic interference of moor grass in oak growth. Even though this negative impact
was lower than that of resource depletion, it demonstrated the crucial contribution of
herbaceous allelopathy to natural forest regeneration [78].

Based on the understanding of the allelopathic mechanisms underlying natural forest
regeneration, some appropriate methods of forest management are proposed to alleviate
the adverse effects of allelopathy and promote long-term natural regeneration. One of
the most direct and efficient ways is to reduce the frequency of allelopathic interactions
by removing litter, or eradicating the allelopathic species. Prevention of saplings from
potential allelochemicals facilitates the sustainability of forest health [78,79]. In addition,
attempts to enhance the diversity of the shrub layer and floor layer may be an alternative
way to promote natural forest regeneration [80].

3.2. Allelopathy in Tree Plantations

A tree plantation is an artificial forest for the large-scale production of wood; usually,
easily established and fast-growing tree species are selected as a monoculture forest. The
productivity and sustainability of tree plantations intimately links the economic and ecolog-
ical benefits of forestry. However, successive rotations of some forestry species may cause
a replanting problem or soil disease, resulting in a decline in productivity and the loss of
biodiversity in plantations [81,82]. Although the underlying mechanism for this issue is
still being disentangled, a growing amount of evidence has shown that allelochemicals
enriched in soil are mainly responsible for this problem [83,84].

Eucalyptus is one of the most widely planted forestry genera on the planet, but it has
suffered from autotoxicity for a long time. Most studies have demonstrated that allelochem-
icals of Eucalyptus penetrate into the soil through the decomposition of litter and leachates,

9



Forests 2023, 14, 562

exerting an allelopathic effect on understory plants, thus limiting the regeneration of na-
tive vegetation [85,86]. However, Zhang et al. (2016) argued that the poor establishment
of indigenous vegetation on plantations mainly arose from Eucalyptus roots rather than
Eucalyptus litter. Retention of understory litter is more likely to facilitate the performance of
native species [87]. Whatever the case is, a consensus is that allelopathy is more crucial than
resource competition in the replanting problem of Eucalyptus plantations [88]. Chinese fir
(Cunninghamia lanceolata) is another tree plantation severely disrupted by autotoxicity. Re-
generation failure and poor establishment have remained critical problems in monocultural
plantations of this species [89]. However, root exudates contribute more to soil allelochemi-
cals than the litter in Chinese fir plantations. Root-secreted allelochemicals, therefore, are
considered a primary source leading to the decline in the plantation of Chinese fir [90].

The mixture of multiple tree species is an effective way to improve the self-inhibition
and soil deterioration caused by allelopathy and allelochemicals in plantations [91–93]. In
Eucalyptus plantations, Albizia lebbeck, an introduced N-fixing species, has been regarded as a
’good partner’ to Eucalyptus. Mixed-species plantations of Eucalyptus with A. lebbeck increase
productivity and maintain soil fertility compared with pure Eucalyptus stands [91]. Similarly,
the establishment and productivity of autotoxic Manchurian walnut (Juglans mandshurica)
can be improved in the presence of larch (Larix gmelini). Larch root exudates and soil in
mixed-species plantations greatly stimulated the growth of Manchurian walnut seedlings
and rapidly degraded the allelochemical juglone [92]. The growth and regeneration of
Chinese fir is improved in Michelia macclurei and Chinese fir mixed-species plantations. One
of the explanations for this beneficial promotion is that there may be interspecific facilitation
mediated by the root exudates from M. macclurei, which not only attenuate the release
of allelochemicals from Chinese fir roots but also induce a microbial shift to accelerate
the decomposition rates of allelochemicals [93]. These studies illustrate the importance of
mixed-species stands in plantations. However, most successful mixtures were empirically
established from traditional practices, or were assessed from haphazard experimental
combinations. We lack effective strategies for a priori selection of mixtures to achieve
relevant benefits. Therefore, understanding intraspecific or interspecific allelopathy will be
a key step in screening appropriate combinations of tree species to design plantations.

3.3. Tree-Understory Vegetation Allelopathic Interactions

The canopy position and soil occupancy of dominant forest trees remarkably reduce
light and soil nutrient availability for understory vegetation. Even so, some shrub and
herbaceous species in understory vegetation can adapt to these diverse conditions and
coexist with trees. Apart from competition for resources, the allelopathy of the trees is an
interference mechanism for the growth of understory vegetation [94,95]. The allelopathic
trait of some trees is highly associated with forest abundance and biodiversity, particularly
for woody invasive species. The presence of allelopathic tree species in forests can reduce
the abundance of understory vegetation, ultimately becoming dense monospecific stands
and extending to the whole forests [96–98]. In this process, allelochemicals may act as a
meditator [99].

For the allelopathic effect of trees on understory plants, leaf litter and leachates have
long been considered the main source [100,101]. Leaf litter and leachates from trees
falling into the ground may prevent the colonization and development of understory
vegetation [102,103]. This suppression is mainly attributed to their physical and chemical
effects [104,105]. However, allelochemicals from leaf litter and leachates also have a mea-
surable effect on understory vegetation [106–108]. Through the decomposition of leaf litter,
allelochemicals can be gradually liberated into the soil and come into effect by altering soil
pH, nutrient availability, the nitrogen cycle and microbial community structures [109,110].
Especially intriguing is leaf litter and leachates that may modify plant coexistence in the
grass layer. For example, spotted knapweed and Bromus tectorum exhibit strong compe-
tition with each other, while leaf litter and leachates of Pinus ponderosa can mitigate the
competitive effect of spotted knapweed on B. tectorum. In other words, the presence of
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P. ponderosa shifted competitive outcomes through physical and allelopathic effects, thereby
indirectly facilitating B. tectorum by more strongly inhibiting spotted knapweed [111].

In some cases, leaf litter and leachates cannot solely show allelopathic potential. It
must unite other biotic or abiotic factors to jointly impact the ecological process [102,112].
Prosopis juliflora is one of the world’s most aggressive invasive species, the leaf litter of which
causes the increase of total phenolics in soil and toxifies understory vegetation [113]. When
incubated with similar levels of leaf leachate from P. juliflora, the content of allelochemicals
varies in different soil textures. Sandy soil accumulates higher levels of phenolics than
sandy loam soil due to the greater absorption of inactive phenolics fettered in sandy loam
soil [112]. In addition, the allelopathic effect of P. juliflora is also limited by soil moisture
because their water-soluble allelochemicals in the soil are more likely to be washed away by
rain. Therefore, P. juliflora could not manifest their allelopathic potential in humid soil. Only
in dry environments, P. juliflora can create a depressive impact on understory plants [114].

Dense understory species with highly allelopathic potential, in turn, may directly
slow the growth of trees and indirectly cause trouble by dissolving the fungal hyphae of
trees. Garlic mustard (Alliaria petiolata) is a typical understory invasive species that may
suppress fungal mutualists via allelochemicals, leading to significant declines in a series
of physiological and metabolic functions [115–117]. Nevertheless, arbuscular mycorrhizal
fungi (AMF) strains can be quickly selected by the allelopathic stress from garlic mustard.
After the initial decline in AMF abundance, resistant AMF strains gradually displace
sensitive AMF strains and the abundance rises again after the long-term invasion of garlic
mustard [118,119]. Moreover, as an invader, the novelty of allelochemicals to resident
species, regardless of the plant or microorganism, diminishes over time. Ultimately, garlic
mustard may enter a new coevolutionary relationship with native competitors and slowly
be integrated into the native community [120,121].

4. Allelochemicals in Grasslands and Forests
4.1. Category of Allelochemicals

All the occurrences of allelopathic phenomena can be attributed to a certain or a set
of allelochemicals. Allelochemicals and their properties largely determine the allelopathic
effectiveness. In the past decades, numerous old and new allelochemicals have been
detected and identified from herbaceous and woody species in grasslands and forests.
These allelochemicals involve a diversity of plant secondary metabolites, but are mainly
divided into three categories of phenolics, terpenoids and nitrogen-containing compounds.

Phenolics have a wide distribution in plants and represent a diverse group of com-
pounds with an aromatic ring possessing at least one hydroxyl group and possibly other
substituents, including simple phenolic acids, coumarins, flavonoids and quinones. In
forests, a tremendous amount of lignin from litter is decomposed into a variety of phenolic
acids. These lignin-derived phenolic acids are main allelochemicals in forest soil, leading
to a decline in forest species’ abundance and biodiversity. For example, the soil of the
Eucalyptus urograndis plantation contains high levels of hydroxybenzoic, vanillic, coumaric
and ferulic acids (Figure 1), resulting in autotoxicity of E. urograndis [85]. However, the
allelopathic effect of phenolic acids is concentration-dependent. In particular, individual
phenolic acids are insufficient to effectively suppress the growth of co-occurring plants, but
their mixtures exhibit phytotoxic effects [122].
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Many coumarins possess phytotoxicity and act as potential allelochemicals in grass-
lands and forests. Coumarin exacted from the leaf of Gliricidia sepium was identified as
an allelochemical to inhibit the growth of plants [123]. Umbelliferone and daphnoretin
(Figure 1) are two coumarin allelochemicals in Stellera chamaejasme [38]. Umbelliferone can
inhibit plant growth by inducing membrane lipid peroxidation and retarding cell division,
while daphnoretin inhibits plant growth by arresting the mitosis process [124].

Flavonoids generally perform a broad range of ecological functions. Several flavonoids
have proved to be allelochemicals in grasslands and forests. Isoliquiritigenin (Figure 1) is
a flavonoid allelochemical in Glycyrrhiza uralensis. It is able to trigger a chain of reactions
in plant cells, including the overproduction of reactive oxygen species, lipid peroxidation,
and a decline in cell vitality and chlorophyll content, ultimately resulting in seedling
growth inhibition [125]. Another flavonoid, kaempferol-3-O-β-D-glucoside (Figure 1), is an
allelochemical of Solidago canadensis [126]. Catechin (Figure 1) is a controversial flavonoid
allelochemical secreted by spotted knapweed. Many studies have found high catechin
concentrations in spotted knapweed soils [127,128] and proposed that catechin acts as a
novel allelochemical of spotted knapweed, which contributes to growth limitation of the
native plants [18]. However, several studies pointed out that catechin was hardly present
in the bulk soils of spotted knapweed, and possessed low phytotoxicity to a variety of plant
species [27,28].

Quinones are the classical allelochemicals in forests. Juglone (Figure 1) is an exclusive
allelochemical of Juglandaceae family and represents one of the best-known members of
quinones [129]. Initially, juglone is stored in leaves, barks and roots in the form of non-toxic
naphthol O-glycoside. When released from plant living tissues to the environment, it is
hydrolyzed into a less phytotoxic naphthol, and subsequently oxidized into phytotoxic
juglone. The allelopathic mechanisms of juglone are associate with the disruption of leaf
photosynthesis, transpiration, respiration and stomatal conductance. Additionally, juglone
has high stability in soil. The toxicity of juglone can maintain for up to a year in spite of the
removal of the walnut trees [130].

Terpenoids, including monoterpenes, sesquiterpenes, diterpenes, triterpenes and
steroids, are a class of compounds derived from the 5-carbon isoprene. Monoterpenes
and their derivatives possess strong volatility and may interact with neighboring plants
in their gaseous phase. Volatile allelochemicals emitted by donor plants generally impact
surrounding plants through two main pathways, either forming ’terpene clouds’ of directly
impacted target plants [16], or leaching into the soil of indirectly affected target plants. The
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volatiles of A. frigida contain a copious quantity of terpenoids, among which monoterpene
camphor is a key allelochemical affecting the neighboring species [36]. Another monoter-
pene, (−)-α-thujone, emitted from Thuja occidentalis (Figure 2), can display phytotoxic
activities against seed germination and seedling growth of Taraxacum mongolicum and
Arabidopsis thaliana [131]. β-Caryophyllene (Figure 2), a sesquiterpene within the needle
litter of Pinus halepensis, exerts a deleterious effect on the germination and growth of
herbaceous target species [132]. Dihydromikanolide (Figure 2) is another sesquiterpene
allelochemical from Mikania micrantha, which contributes to promoting soil bacterial diver-
sity but reduces fungal diversity [133]. Two diterpenes, ent-kaurene and phyllocladane
(Figure 2), isolated from senescent needles of Araucaria angustifolia can act as allelochemi-
cals to inhibit the germination and seedling growth of neighboring plants [134]. Similarly,
diterpene allelochemicals, 7-oxodehydroabietic acid and 15-hydroxy-7-oxodehydroabietate
(Figure 2), were found in the understory soil of Pinus densiflora. Both allelochemicals may be
the underlying cause of sparse understory vegetation within the P. densiflora canopy [135].
Besides, some pentacyclic triterpenoids may function as allelochemicals, such as betulinic,
oleanolic and ursolic acids (Figure 2) within the litter of Alstonia scholaris, limiting the
growth of co-occurring species by inhibiting seed germination, radicle growth and the
functioning of photosystem II [136].

Forests 2023, 14, x FOR PEER REVIEW 9 of 23 
 

 

their derivatives possess strong volatility and may interact with neighboring plants in 

their gaseous phase. Volatile allelochemicals emitted by donor plants generally impact 

surrounding plants through two main pathways, either forming ’terpene clouds’ of di-

rectly impacted target plants [16], or leaching into the soil of indirectly affected target 

plants. The volatiles of A. frigida contain a copious quantity of terpenoids, among which 

monoterpene camphor is a key allelochemical affecting the neighboring species [36]. An-

other monoterpene, (−)-α-thujone, emitted from Thuja occidentalis (Figure 2), can display 

phytotoxic activities against seed germination and seedling growth of Taraxacum mongol-

icum and Arabidopsis thaliana [131]. β-Caryophyllene (Figure 2), a sesquiterpene within the 

needle litter of Pinus halepensis, exerts a deleterious effect on the germination and growth 

of herbaceous target species [132]. Dihydromikanolide (Figure 2) is another sesquiterpene 

allelochemical from Mikania micrantha, which contributes to promoting soil bacterial di-

versity but reduces fungal diversity [133]. Two diterpenes, ent-kaurene and phyllocladane 

(Figure 2), isolated from senescent needles of Araucaria angustifolia can act as allelochemi-

cals to inhibit the germination and seedling growth of neighboring plants [134]. Similarly, 

diterpene allelochemicals, 7-oxodehydroabietic acid and 15-hydroxy-7-oxodehydroabie-

tate (Figure 2), were found in the understory soil of Pinus densiflora. Both allelochemicals 

may be the underlying cause of sparse understory vegetation within the P. densiflora can-

opy [135]. Besides, some pentacyclic triterpenoids may function as allelochemicals, such 

as betulinic, oleanolic and ursolic acids (Figure 2) within the litter of Alstonia scholaris, 

limiting the growth of co-occurring species by inhibiting seed germination, radicle growth 

and the functioning of photosystem II [136]. 

 

Figure 2. Allelopathic terpenoids from herbaceous and woody species in grasslands and forests. 

Nitrogen-containing compounds mainly include alkaloids, non-protein amino acids, 

benzoxazinoids and cyanogenic glycosides. Compared with phenolics and terpenoids, ni-

trogen-containing allelochemicals are relatively unknown. However, several specialized 

nitrogen-containing metabolites have been identified as allelochemicals that have signifi-

cant ecological implications for grasslands and forests. Hexadecahydro-1-azachrysen-8-yl 

ester (Figure 3), identified as a potential alkaloid allelochemical in Imperata cylindrica, can 

reduce root growth and mycorrhizal colonization [137]. There are many non-protein 

amino acids involving allelopathic interferences with co-occurring species in grasslands 
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Nitrogen-containing compounds mainly include alkaloids, non-protein amino acids,
benzoxazinoids and cyanogenic glycosides. Compared with phenolics and terpenoids,
nitrogen-containing allelochemicals are relatively unknown. However, several specialized
nitrogen-containing metabolites have been identified as allelochemicals that have signifi-
cant ecological implications for grasslands and forests. Hexadecahydro-1-azachrysen-8-yl
ester (Figure 3), identified as a potential alkaloid allelochemical in Imperata cylindrica, can
reduce root growth and mycorrhizal colonization [137]. There are many non-protein amino
acids involving allelopathic interferences with co-occurring species in grasslands (Figure 3).
meta-Tyrosine of fine fescue grasses (Festuca rubra) can interfere with the root development
of competing plants [138]. Mimosine of Leucaena leucocephala can retard plant growth
by blocking the cell division of protoplasts and disturbing the associated enzyme activ-
ity [139]. L-Canavanine of Vicia villosa not only exerts the phytotoxic effect by disrupting
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the arginine metabolism in the plants but also significantly alters the microbial community
composition and diversity in soil [140,141]. A novel cyclic dipeptide (6-Hydroxy-1,3-
dimethyl-8-nonadecyl-[1,4]-diazocane-2,5-diketone) (Figure 3) has been found in Chinese
fir; it is a highly active allelochemical to be responsible for serious replanting problems
in plantations [142]. Benzoxazinoids are a class of well-known nitrogen-containing al-
lelochemicals, among which 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOA)
and 2,4-dihydroxy-(2H)-1,4-benzoxazin-3(4H)-one (DIBOA) (Figure 3) can be released by
rye and exert strong suppression of plant growth [143,144]. Cyanogenic glycosides are
specialized metabolites derived from amino acids. Sinigrin (Figure 3), as an allelochemical
of cyanogenic glycosides from garlic mustard and broccoli (Brassica oleracea); it can lead to
the poor establishment of North American forests by disrupting the AMF symbionts [145].
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4.2. Identification and Detection of Allelochemicals

Allelochemicals can be either unknown or known in plants and their environments.
Unknown allelochemicals have to be identified by non-targeted analysis, while known
allelochemicals can be detected by targeted analysis. The identification of unknown allelo-
chemicals first isolates pure individuals from sample components, and then the individuals
can be determined and analyzed by mass spectrum, infrared spectrum and nuclear mag-
netic resonance [11]. Such non-targeted analysis may investigate which allelochemicals
are responsible for the allelopathic interactions in a given system. Therefore, applying
non-targeted analysis for identification of unknown allelochemicals has been key to under-
standing the ecological role of allelopathy in grasslands and forests.

Compared with the identification of unknown allelochemicals, detection of known
allelochemicals is straight forward. Targeted analysis of known allelochemicals is usu-
ally conducted by means of gas or liquid chromatography coupled with tandem mass
spectrometry (GC-MS/MS, LC-MS/MS). GC-MS/MS is the most preferred technique for
qualitative and quantitative assessment of volatile allelochemicals. In contrast, non-volatile
allelochemicals with relatively high molecular weight, mainly produced and released from
root exudation and plant decomposition, can be analyzed with LC-MS/MS.

Understanding the functional significance of allelopathic plant–plant interactions
and processes occurring in grasslands and forests requires accurate information about the
quantity, quality and spatiotemporal dynamics of allelochemicals. The best way to trap and
detect allelochemicals in vivo, in situ and real time from living plants and their environ-
ments remains a problem. Accordingly, it is warranted to develop analytical methods that
are more realistic or closer to the actual field situation [146]. Phillips et al. (2008) designed
an experimental system employed to trap root exudates from intact tree roots in situ. This
method can account for the spatial heterogeneity and temporal dynamics of forest soils and
root systems [147]. A recent study has developed quick and in situ detection of allelochem-
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icals in Taxus soil by microdialysis combined with UPLC-MS/MS [148], providing a more
finely tuned picture of allelochemical dynamics in grasslands and forests.

4.3. Activity-Concentration Relationship of Allelochemicals

The action of allelochemicals is concentration-dependent. Thus, the activity–concentration
relationship is crucial for allelochemical interference, particularly for their presence at the
phytotoxic level in the soil. Although soil abiotic factors such as pH, enzyme activities, organic
matter and nutrient availability contribute to the change of allelopathic activity, microbial effects
are undoubtedly the most crucial factor that affect allelochemicals in the soil. Soil microbes
determine the below-ground transportation and intensity of allelochemicals. Accordingly, the
fate and dynamics of allelochemicals are mainly attributed to soil biological processes, and
potential abiotic controls. For instance, flavonoid allelochemicals have high persistence in soil
because they are decomposed very slowly and last a long time in soil, which favors suppression
of the emergence and growth of plants and modification of the soil’s properties, even at the low
levels [149]. However, a recent study has found that soil organic carbon decreases the lifetime
of flavonoids underlying plant–microbe interactions. In particular, the dissolved organic carbon
in soils can repress flavonoid bioavailability and attenuates the efficacy of flavonoid-based
plant–microbe communication [150].

Allelochemicals in grasslands and forests have differential concentrations, activi-
ties and categories. Most phenolics at a high concentration show allelopathic activities.
Terpenoids and nitrogen-containing allelochemicals may impact plant species at a low con-
centration (Table 1). Accordingly, the action of phenolics involved in allelopathy requires a
considerable amount of them, representing quantitative allelochemicals. In contrast, the act
of terpenoids and nitrogen-containing allelochemicals greatly depends on their category
rather than their amounts, representing qualitative allelochemicals. In addition, qualita-
tive terpenoids with a diversity of allelochemicals frequently occur in annual grasslands,
while quantitative phenolics with a few specialized allelochemicals occur in perennial
forests. This is due to the production and release of allelochemicals in perennial forests by
large-scale litter decomposition.

Table 1. The phytotoxic level of important allelochemicals in grasslands and forests.

Allelochemicals Class Targeted Species IC50/µM * Sources

Vanillic acid Phenolic acids Lactuca sativa 950.2 [151]
Hydroxybenzoic acid Phenolic acids Lactuca sativa 2470.0 [152]

Coumaric acid Phenolic acids Lepidum sativum 1120.0 [153]
Ferulic acid Phenolic acids Arabidopsis thaliana 1099.0 [154]

Juglone Quinones Lactuca sativa 50.0 [155]
Coumarin Coumarins Lactuca sativa 23.3 [55]

Umbelliferone Coumarins Lactuca sativa 430.0 [124]
Daphnoretin Coumarins Lactuca sativa 1558.3 [124]

Isoliquiritigenin Flavonoids Lactuca sativa 823.4 [125]
Camphor Monoterpenes Lactuca sativa 50.0 [156]

(−)-α-Thujone Monoterpenes Taraxacum
mongolicum 140.2 [131]

Betulinic acid Triterpenes Lactuca sativa 78.8 [136]
Oleanolic acid Triterpenes Lactuca sativa 94.2 [136]

Ursolic acid Triterpenes Lactuca sativa 101.6 [136]

Cyclic dipeptide Nonprotein amino acids Cunninghamia
lanceolata 12.5 [141]

meta-Tyrosine Nonprotein amino acids Lactuca sativa 17.0 [138]
Mimosine Nonprotein amino acids Lactuca sativa 300.0 [155]
DIMBOA Benzoxazinoids Lepidium sativum 542.3 [157]
DIBOA Benzoxazinoids Lepidium sativum 493.1 [157]

* Half-maximal inhibitory concentrations.

In many studies, the applied concentrations of allelochemicals were greater than those
detected in the environment. This issue was because the concentrations of allelochemicals
detected would be locally much higher in intact soils. Extractions would have diluted the
allelochemicals over large soil volumes. Additionally, frequent allelochemicals provided
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over a long term at low concentrations can have powerful effects. Thus, even if the actual
concentration of allelochemicals in the environment was still substantially lower than
the necessary concentration to impact neighboring plant species, an effect would still be
expected, because in the environment, there would be a constant release of allelochemicals.

5. Allelochemicals Mediate Below-Ground Interactions and Plant–Soil Feedback
5.1. Below-Ground Chemical Interactions

The action of allelochemicals requires their presence in the environment. Environmental
factors such as temperature, light, soil nutrients and microorganisms may strengthen or alle-
viate the allelochemical activity. This adjustment of the action of allelochemicals in response
to the environment reflects the adaptability of the allelopathic plants [9]. Most allelochemi-
cals shift from plants into the soil following root exudation, decomposition, volatilization
and leaching. These allelochemicals dispersing in the soil inevitably interact with a variety
of below-ground components particularly for root placement pattern [158], soil nutrient
availability, microbial community structure, mycorrhizal fungi colonization, and subsequent
plant–soil feedback [8]. Therefore, the biodiversity, productivity and sustainability of grass-
lands and forests may be driven by allelochemical-mediated below-ground interactions and
plant–soil feedback. Such a conceptual framework is outlined in Figure 4.
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The root is a vital organ interacted with soil. In response to the soil environment, a
plant may place its roots in intrusive (approaching), avoidant (repelling) or unresponsive
patterns [159]. Such root placement patterns, particularly for intrusive and avoidant
patterns, may be driven by allelochemicals [160,161], altering below-ground ecological
interactions and ultimately affecting plant performance and productivity (Figure 4). A
recent study has revealed that pairwise allelopathic plant–plant interactions generate
all possible combinations of intrusive, avoidant and unresponsive root placement [158].
Allelopathic species showed a general tendency toward root intrusion, while most target
species adjusted root placement to avoid root-secreted allelochemicals from allelopathic
species [158]. Similar allelochemical-mediated root responses have been observed in forage
grass and tree species, such as avoidant response of annual ryegrass (Lolium rigidum) roots to
neighboring allelopathic canola (Brassica napus) [162], and root avoidance in mixed-species
plantations of Chinese fir and Michelia macclurei [93].
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Allelochemical-mediated root placement patterns may contribute to plant–microbe
interactions that control vital below-ground processes [158,163]. Allelochemicals are im-
portant carbon sources of soil microorganisms that determine the changes in microbial
composition and community, and then affect the activation and circulation of soil nutrients
(Figure 4). Cinnamic acid can significantly alter soil microbial community functional diver-
sity and genetic diversity [164]. The hyphal branching of AMF is induced and stimulated
by flavonoids, and flavonoid-associated microorganisms can colonize the roots of a very
wide range of plants in order to increase nutrient uptake, especially that of P, and enhance
the plant health [165]. Allelochemicals also directly participate in the activation and cycling
of soil nutrients. p-Hydroxybenzoic acid can alter the form of soil N, causing Chinese fir
seedlings to shift their N uptake preference from NO3

− to NH4
+ [166].

In grassland ecosystems, allelochemicals exuded by toxic weeds may trigger a series
of changes in soil enzyme activities, pH, nutrient availability and mycorrhizal fungal
colonization [12,13,167]. In particular, the exudate-induced alteration of the soil microbial
community heavily promotes the expansion of toxic weeds by supplying higher rhizosphere
nutrients [14,45]. Compared with the soil free of toxic weed Stellera chamaejasme, the
soil infested with S. chamaejasme exhibited lower nutrition, organic matter, fungal alpha
diversity, and relative abundance of AMF, but a higher abundance of pathogenic fungi [13].
Moreover, S. chamaejasme root exudates were alkalescent (pH = 9.28) and had a negative
effect on the rate of mycorrhiza infection and spore density of the AMF [167]. Together,
allelochemicals exuded from S. chamaejasme might increase the soil pH, reduce the soil
nutrient availability, damage the AMF of other plants and recruit more pathogenic fungi,
thereby posing a great threat to grassland vegetation [167].

In forest ecosystems, the roots of most tree species are extensively infested with obli-
gately soil-borne fungi and mycorrhizas that assist plants in nutrient acquisition, pathogen
resistance and carbon transportation [168,169]. Several studies found the critical role of
soil microorganisms in the maintenance of Eucalyptus plantations, which may mitigate
the allelopathic effect of E. grandisis leachates [170]. Specifically, a lower content of total
phenolics occurred in nonsterile soils than in sterile soils when both were exposed to the
E. grandisis leachates [171]. In addition, root-associated fungi probably utilize Eucalyptus
allelochemicals as a carbon source to decompose, ultimately alleviating the allelopathic
effect of Eucalyptus. AMF colonized in Eucalyptus roots could better protect woody species
from the allelopathic interference of Eucalyptus [172,173]. Allelochemicals of Chinese fir not
only exert a direct phytotoxic effect on plant roots but also indirectly disturb the soil micro-
bial community’s composition and structure. Compared with the first rotation plantation,
allelochemicals of Chinese fir probably suppress beneficial mycorrhizal species while pro-
moting harmful fungi in the second rotation plantation, resulting in the deterioration of the
soil microbial community [174]. Interestingly, the hyphal network enables allelochemicals
of Juglans nigra to extend their bioactive zone and promote the effectiveness of allelopathy,
indicating the importance of AMF in the movement of allelochemicals [175,176]. In another
example, the leaf litter of nonmycorrhizal willows (Salix glauca and Salix brachycarpa) cannot
reduce AMF colonization of understory herbaceous plants, but transplanted ectomycor-
rhizal willows can suppress AMF colonization of herbaceous hosts through the interaction
of leaf litter and ectomycorrhizal fungi [177]. In addition, some soil fungi function as a
’shield’ to protect plant roots from the attack of allelochemicals. E. urophylla root-associated
fungi have the ability to partly offset the autotoxicity of phenolic acids [172].

On the other hand, allelochemicals are able to either promote or reduce the abundance
and diversity of soil microbes. The leachate of Acacia dealbata can modify the soil microbial
community’s assembly, leading particularly to a prominent decline in bacterial richness and
diversity in pine forest soil [109]. Likewise, extracts of Eupatorium adenophorum, especially
from its leaves, can reduce bacterial richness and diversity in soils, [178]. Additionally, root
exudates of V. villosa can shift the soil microbial community’s composition, particularly
increasing the abundance of Firmicutes and Actinobacteria while decreasing that of Pro-
teobacteria and Acidobacteria [141]. In contrast, the litter of P. juliflora benefits the growth
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and reproduction of some soil microbes and can stimulate the soil microbial biomass carbon
and soil metabolic quotient [179]. Similarly, the litter of Mikania micrantha can increase
soil bacterial richness, yet decrease fungal richness, which enhances immediate nutrient
availability and provides ecological advantages to M. micrantha [133]. Plus, allelochemicals
may facilitate the reduction of soil pathogens. Aqueous root extracts of Diplotaxis tenuifolia
can inhibit the activity of Phytophthora cinnamomi [180], illustrating that D. tenuifolia can
be exploited for biological control in pathogen suppression. These studies indicate a shift
in bacterial diversity, or a shift from fungal richness toward bacterial richness. However,
there is a lack of data on the functional shifts’ impact on the affected grasslands and forests,
which calls for further studies.

5.2. Below-Ground Chemical Interactions Drive Plant–Soil Feedback

Plant–soil feedbacks (PSFs) are interactions among plants, soil organisms, and abiotic
soil conditions that influence plant performance, plant species diversity and community
structure, ultimately driving ecosystem processes [8]. Allelochemical-mediated below-
ground interactions may alter PSFs and their potential consequences for ecosystem func-
tioning. Allelochemicals influence PSFs through the performance of interacting species and
altered community composition resulting from changes in species distributions. Allelo-
chemicals affect plant inputs into the soil subsystem via litter and rhizodeposits. Further,
root-exuded and litter-decomposed allelochemicals modulate microbial succession. These
interactive effects may cause specific PSFs where the match between the species identity of
living roots and litter can modify decomposition and feed back to plant nutrition [7,8].

Allelochemical-mediated below-ground interactions drive plant–soil feedback in grass-
lands and forests (Figure 4). In grasslands, S. chamaejasme exudes allelochemicals that incur
the change of soil pH and nutrient availability, which partly contributes to the inhibition of
adjacent L. chinensis [165]. Similarly, spotted knapweed can reduce the total soil carbon and
nitrogen content and alter the soil elemental composition via allelochemicals, subsequently
impacting soil ecosystem function and impeding the native plant growth [181]. Allelochem-
icals of M. micrantha can enhance the abundance of soil ammonia-oxidizing bacteria and
promote the N cycling process. This plant–soil feedback by which M. micrantha improves
soil N transformation facilitates its invasion in natural environments [182]. In forests, litter
of Robinia pseudoacacia through allelopathy decrease understory soil nutrient availability,
especially of P, and then hinder the growth of Phytolacca americana. This negative plant–soil
feedback might underlie the limiting factors in the invasion of exotic plants [183]. Likewise,
Juniperus virginiana exudes allelochemicals into the soil that allow the collapse or transfor-
mation of soil microbial communities, followed by inhibiting the growth of certain grass
species through negative plant–soil feedback [184].

Importantly, many of these plant–soil feedback are species-specific and are greatly
affected by the identity of co-occurring plant species. The presence of co-occurring plant
species can alter the direction of plant–soil feedback as a result of long-lasting effects on
below-ground interactions and plant responses to subsequent allelochemicals (Figure 4). In
successful mixed-species tree plantations, an appropriate species can enhance autotoxic
species growth through below-ground chemical interactions. For example, the presence
of larch and M. macclurei can improve the establishment and productivity of autotoxic
Manchurian walnut and Chinese fir in their mixed-species plantations. This is due to the fact
that root exudates of larch and M. macclurei can facilitate the growth of autotoxic species and
increase the degradation of allelochemicals from autotoxic species [92,93]. Accordingly, the
allelochemical context alters the consequences of the below-ground ecological interactions,
resulting in positive plant–soil feedback in mixed-species plantations.

6. Challenges and Opportunities

The importance of allelopathy and allelochemicals cannot be overemphasized in grass-
lands and forests. Recent efforts have made considerable progress toward understanding
allelopathy and allelochemicals in grasslands and forests. Nevertheless, the functional
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consequences of allelopathy for plant communities in natural and managed grasslands and
forests remain unsolved.

To confirm whether plant–plant allelopathic interactions occur in a grassland or a
forest, there are four steps: (1) to find and select ecologically relevant plant species through
field observation and investigation; (2) to determine that the selected plant species can
produce and release allelochemicals into the environment through appropriate pathways
(volatilization, leaching, root exudation or/and residues decomposition); (3) to qualify and
quantify allelochemicals and their migration and transformation in soil; (4) to verify the
effect of allelochemicals at effective states and concentrations on neighboring plants. These
steps and processes involve multiple biotic and abiotic factors, but the focus and central
driver must be allelochemicals. However, identifying when and how plant species produce
and release allelochemicals is challenging.

An increasing number of studies have shown that the production of allelochemi-
cals depends on the identity of neighboring plants. Allelopathic plants are capable of
discriminating between their neighboring competitors and collaborators, adjusting their
production of allelochemicals accordingly [185]. In particular, allelopathic plants may
detect competing neighbors and respond by increasing allelochemicals to inhibit them,
thereby maximizing their own growth. Accordingly, allelopathic interference involves two
inseparable processes of plant neighbor detection and allelochemical response via signaling
interactions [185], and even intraspecific kin recognition [186,187]. Particularly intriguing
is intraspecific kin recognition’s contribution to interspecific allelopathy and improving
plant productivity [188]. (–)-Loliolide, jasmonic acid and several chemicals are responsible
for these signaling interactions [161,189–191]. Importantly, these signaling chemicals are
ubiquitous in plant species. Such plant neighbor detection and allelochemical response, as
well as their underlying mechanisms, will provide a wealth of research opportunities in
grasslands and forests.

In fact, plant species occurring in grasslands and forests can take advantage of both
allelochemicals and signaling chemicals released by neighbors, regulating intraspecific
and interspecific interactions. Allelochemicals and signaling chemicals synergistically
interact to influence plant coexistence, diversity and community structure in grasslands
and forests. Plant neighbor detection and allelochemical response have been found in sev-
eral mixed-species tree plantations [90,91]. Interestingly, kin recognition could even help
forests regenerate. A family of firs may grow faster than unrelated trees by tracing flows of
nutrients and chemical signals between trees connected by underground fungi [186,192].
Therefore, revealing the intraspecific and interspecific interactions mediated by allelochem-
icals and signaling chemicals in grasslands and forests can not only broaden our insight
into the key processes and mechanisms of the land surface, but also enhance our ability to
predict terrestrial ecosystems’ responses to global changes.
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Abstract: Ginkgo is an economic tree species with high medicinal value, and flavonols are its
main medicinal components. This research was conducted to investigate the molecular mechanism
underlying the influence of Ultraviolet A (UVA) treatment on the synthesis of ginkgo flavonols with
the aim of increasing their content. Ginkgo full-sib hybrid offspring were used as test materials. The
phenylalanine ammonialyase (PAL), cinnamate 4-hydroxylase (C4H), and 4-coumarate: CoA ligase
(4CL) enzyme activities, as well as flavonol contents, were measured under the same intensity of
white light (300 µmol·m−2·s−1) with the addition of 20, 40, and 60 µmol·m−2·s−1 UVA separately
after 20 days of treatment. The control check (CK) and treatment with the highest flavonol content
were chosen for transcriptome sequencing analysis. The results showed that the PAL, C4H, and
4CL enzyme activities, as well as the flavonol and totalflavonol glycoside contents, of ginkgo hybrid
progeny differed significantly under different UVA treatments. They showed a tendency to increase
and then decrease, reaching a maximum value under UVA-4 (40 µmol·m−2·s−1 ultraviolet UVA
light intensity) treatment. Ribonucleic acid (RNA) sequencing revealed the presence of 4165 genes
with differential expression, and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis revealed that the metabolic pathways commonly enriched across all four comparison groups
included ‘phenylpropanoid biosynthesis’, while the pathways commonly enriched in green-leaf
ginkgo UVA-4 treatment (TL), yellow-leaf ginkgo mutant CK treatment (CKY), and green-leaf ginkgo
CK treatment (CKL) were related to ‘flavonoid biosynthesis’. Treatment with UVA light led to the
increased expression of PAL and 4CL enzymes in the phenylpropanoid biosynthesis pathway, as well
as increased expression of chalcone synthase (CHS), Flavanone 3-hydroxylase (F3H), and flavonol
synthase (FLS) enzymes in the flavonoid biosynthesis pathway, thereby promoting the synthesis of
ginkgo flavonols. In summary, the use of 40 µmol·m−2·s−1 UVA treatment for 20 days significantly
increased the flavonol content and the expression of related enzyme genes in ginkgo hybrid offspring,
enhancing ginkgo flavonoids and increasing the medicinal value of ginkgo.

Keywords: UVA; Ginkgo biloba; flavonol

1. Introduction

Ginkgo biloba L., revered as a “living fossil” in China [1], boasts remarkable medicinal
value, particularly in treating cardiovascular and cerebrovascular diseases, owing to its
abundant flavonoids [2]. Ginkgo biloba ‘Wannianjin’ is a budding variety of ordinary
G. biloba. Its leaves are golden in spring, turn green in summer, and turn yellow in autumn,
possessing good ornamental value and medicinal value [3]. Compared with common
ginkgo, the yellow coloration of the yellow-leaf ginkgo mutant is due to chlorophyll
degradation and an abnormal chloroplast ultrastructure [4]. It has been shown that a high
ratio of carotenoids to chlorophyll b is the main reason for the yellowing of the leaves [5].
Except for leaf color, the phenotype of yellow-leaf ginkgo mutant is similar to that of
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common ginkgo. China has unique advantages in terms of ginkgo drug sourcing, but the
quality standard of G. biloba extracts in China needs to be improved [6]. Therefore, taking
certain measures to improve the total flavonoid content of G. biloba is of great significance.

These flavonoids, which are pivotal secondary metabolites in plants, are essential for
growth, development, and stress resilience [7]. The synthesis of flavonoids first occurs
through the phenylalanine metabolism pathway; PAL, C4H, and 4CL are the key enzymes
of the phenylalanine metabolism pathway, and they play a critical role in the synthesis
of flavonoid precursor substances [8]. Enzyme genes such as CHS, chalcone isomerase
(CHI), and F3H are also essential for the biosynthesis of flavonols. Under stress conditions,
plants promote the synthesis of secondary metabolites by increasing the gene expression of
the phenylalanine metabolism pathway and enzymes related to the flavonoid synthesis
pathway in order to protect themselves from damage [9,10]. It has been shown that the
flavonoid content of G. biloba significantly increases to resist adversity stresses such as
ultraviolet B (UVB) [11] and NaCl [12]. MYB constitutes one of the most extensive families
of plant transcription factors, exerting significant influence on the pathways involved in
the flavonoid synthesis pathway [13]. Premathilake et al. found that MYB transcription
factors positively regulate flavonoid biosynthesis in pears (Pyrus spp.) by stimulating key
enzyme genes in flavonoid biosynthesis pathways, such as CHS, CHI, F3H, and FLS [14].

Light serves as the primary energy source required for growth through photosynthe-
sis, the process by which plants produce nutrients that are essential for the production
of flavonoid secondary metabolites [15]. Ultraviolet (UV) radiation is a crucial element
of solar radiation, consisting of UVA (320–400 nm), UVB (ultraviolet B, 280–320 nm), and
UVC (ultraviolet C, 200–280 nm), of which UVA accounts for 95% [16,17]. UV radiation
is often considered an abiotic stress, and plants can rapidly synthesize antioxidant en-
zymes and antioxidants such as flavonoids to prevent cellular damage caused by reactive
oxygen species [18,19]. He et al. [20] showed that UVA significantly increased the total
flavonoid content of kale (Brassica oleracea L.). Lim et al. [21] found that UVA treatment
favored the accumulation of flavonoids in soybean sprouts (Glycine max). Zhao et al. [11]
demonstrated that prolonged irradiation with UVB was beneficial to the ginkgo flavonoid
content. At present, there is a solid foundation of research on increasing the flavonoid
content of G. biloba. This mainly focuses on fertilization [22], salt stress [12], drought [23],
temperature [24], and the intensity of illumination [25]. However, studies on the effect
of UVA radiation on ginkgo are limited; most of the studies on yellow-leaf ginkgo mu-
tant are based on grafted seedlings, and few studies focus on real seedlings. Taking this
issue as the starting point, this study used different intensities of UVA under the same
intensity of white light to investigate its impact on flavonol accumulation in G. biloba. We
mined the relevant functional genes using RNA sequencing (RNA-seq) and quantitative
real-time polymerase chain reaction (qRT-PCR) analysis and initially probed the molecular
mechanism of flavonol biosynthesis in G. biloba under UVA to provide certain bases for the
cultivation and management of G. biloba.

2. Materials and Methods
2.1. Experimental Materials

On 20 September 2021, seeds of the full-sib hybrid offspring of G. biloba were col-
lected from the Xiashu Forest Farm of Nanjing Forestry University (118◦58′–119◦58′ E,
31◦37′–32◦19′ N). The mother was a Ginkgo biloba ‘Wannianjin’ tree from Anlu, Hubei
province, and the father was a healthy green-leaf ginkgo tree from Nanjing Forestry Uni-
versity. The seeds were stripped of their hulls and placed in a cold freezer at 4 ◦C for sand
storage. On March 20 of the subsequent year, the seeds were immersed in clean water
for 48 h and then transferred to a light incubator, set at a temperature of 25 ◦C, to induce
germination. After germination, they were differentiated into yellow-leaf and green-leaf
phenotypes and planted in non-woven bags. The substrate consisted of a blend of peat,
vermiculite, and perlite in equal volumes (1:1:1 ratio).
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2.2. Experimental Design

On 1 June 2023, second-year ginkgo full-sib hybrid progeny seedlings with uniform
growth and good performance were selected and placed in an artificial climate chamber
for one month for acclimatization and then treated with UVA. White light (8 white light
tubes, 300 µmol·m−2·s−1) was used as the control, and 2, 4, and 6 UVA tubes (395~405 nm)
were uniformly added to the 8 white light tubes, respectively. The intensities of UVA were
20, 40, and 60 µmol·m−2·s−1, and the three treatments were denoted by UVA-2, UVA-4,
and UVA-6, respectively, with the control noted as CK. The experimental setup included
a 12 h light and 12 h dark cycle within an artificial climate chamber, and the incubation
temperature was 25 ◦C. Each treatment group consisted of 18 yellow-leaf ginkgo mutants
and 18 green-leaf ginkgo plants. A completely randomized trial was conducted, with three
biological replicates used for each treatment, and samples were taken for the determination
of the relevant indexes after 20 days of treatment with different intensities of UVA. From
the treatments, CK and UVA-4 (with the highest total flavonol glycoside content) were
identified from both yellow-leaf ginkgo mutant and green-leaf G. biloba samples. These
selected samples were carefully preserved in RNase-free cryopreservation tubes. They
were initially flash-frozen in liquid nitrogen for 30 min, and subsequently stored at −80 ◦C
until further analysis. The leaves were labeled as yellow-leaf ginkgo mutant CK treatment
(CKY), green-leaf ginkgo CK treatment (CKL), yellow-leaf ginkgo mutant UVA-4 treatment
(TY), and green-leaf ginkgo UVA-4 treatment (TL), respectively. LED UVA lamps were
provided by Xiamen Sannonghui Photoelectric Technology Limited, Xiamen, China. The
spectra of UVA treatments at different intensities were determined using an OHSP-350 UV
spectrometer (Hangzhou Hongpu Photochromic Technology Co. Ltd., Hangzhou, China),
as shown in Figure 1.
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2.3. Test Method
2.3.1. Determination of the Metabolic Enzyme Activity of Phenylpropane

The activities of PAL, C4H, and 4CL were determined using the method outlined by
Wang et al. [26]. PAL is expressed as 1 unit (U) of enzyme activity for every 0.1 change
in OD per minute. C4H and 4CL are expressed as 1 unit (U) of enzyme activity for every
0.01 change in OD per minute.

2.3.2. Determination of the Flavonol Content

The quercetin, kaempferol, and isorhamnetin contents were determined using high-
performance liquid chromatography (HPLC) (Alliance e2695, Waters, Milford, MA, USA),
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following the method outlined by Zhang et al. [27]. The contents of quercetin, kaempferol,
and isorhamnetin were calculated based on the peak areas in the liquid chromatograms.

2.3.3. RNA Extraction, Transcriptome Sequencing, and Library Construction

RNA extraction, transcriptome sequencing, and cDNA library construction were
conducted by Shanghai Meiji Biomedical Technology Co., Ltd. (Shanghai, China). The
raw transcriptome sequencing data can be viewed in the Sequence Read Archive (SRA) at
the National Center for Biotechnology Information (NCBI) under the following Bioproject
number: PRJNA1097839.

2.3.4. Real-Time Quantitative PCR (qRT-PCR)

In order to validate the transcriptome sequencing results, 8 genes of the flavonoid
synthesis pathway and 5 related transcription factors were randomly selected for validation.
RNA reverse transcription was performed with an EvoM-MLV RT Mix Kit. Real-time
quantitative fluorescence PCR (qRT-PCR) was measured by an SYBR Green Premix Pro
Taq HS qPCR Kit (ROX Plus) kit. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used as the internal reference gene, and the design and synthesis of primers were
performed by Sangon Bioengineering (Shanghai, China) Co. The specific primer sequences
are shown in Table 1.

Table 1. Primer sequences for the qRT-PCR test.

Gene ID Forward Primer (5′-3′) Reverse Primer (3′-5′)

GAPDH ATCCACGGGAGTATTCAC CTCATTCACGCCAACAAC
PAL (Gb_09812) TCCTGACCTCGGCGTAGATTATGG GGTGACTGGGTTTGCGAGATACTG
4CL (Gb_40571) AACAGAAGCGGATGAGAGCGAATG TGTGAGTTAGCATGACGCCCTTTG
CHS (Gb_20355) GCATGTGCCACCACTGGAGAAG CGCTTCGCAAGACAACAGTTTCG
F3H (Gb_05058) GGCGGCGTGCGAGGAATG CTGGCGGGAGGGCAAAGAAATC
FLS (Gb_14030) TGCCATCTCTCCCTCGCTCTTC CATGCCAGTTTAGTGCCGTAGCC
DFR (Gb_26458) GGCTGGTTATGCGTTTGCTTCAAC TTCATCGTCCAAGTCGGCTTTCC
LAR (Gb_08481) ATTGGTAATCGCAGCAGCAGAGTC TGAGCGTACAAGAGCGTAAGTTGG
ANS (Gb_21859) GTGCCTGGTCTCCAACTCTTCAAG GCCCACTCTTGTATTTGCCATTGC
MYB (Gb_39081) ATGGAGAATGGAAACACGGACTTG ACCACGCCACTGCCTTGAG
MYB (Gb_06451) AGCACAAGAAGCACGCACAAG GATGGTAAGGCAGTTGGAGTGAAG
b ZIP (Gb_28107) GCCAGCTTGTGCAGACTTTGAC TTCAGCATTCGAGACCTCCCATC
bHLH (Gb_35908) TCAGCAACAGATACAGTCACATTCC AGCAGATTTGATGATCCACACTCAG
ERF (Gb_12588) ATCGGCGGCGTCTGTAGC TTGGGTCGTGCTTGATTCTTGAG

3. Result Analysis
3.1. Effects of Different UVA Intensities on Phenylpropane Metabolizing Enzyme Activities in
Ginkgo Hybrid Offspring

PAL, C4H, and 4CL are key enzymes in the flavonoid synthesis pathway. The enzyme
activities of PAL, C4H, and 4CL in the yellow-leaf ginkgo mutant differed significantly
(p < 0.05) under different intensities of UVA treatments. As shown in Figure 2, the en-
zyme activities significantly increased (p < 0.05) under UVA treatment compared with
CK and reached a maximum level under UVA-4 treatment. The maximum PAL, C4H,
and 4CL enzyme activities in the yellow-leaf ginkgo mutant were 35.57 µmol/min·g,
162.95 µmol/min·g, and 295.05 µmol/min·g, which were 44.58%, 51.94%, and 307.24%
higher than the levels seen in CK treatment, respectively. There were highly significant
differences (p < 0.01) in PAL, C4H, and 4CL enzyme activities under different intensi-
ties of UVA treatment in green-leaf ginkgo. The enzyme activities of PAL, C4H, and
4CL were significantly increased (p < 0.05) under UVA treatment compared with CK and
reached a maximum level under UVA-4 treatment. The maximum PAL, C4H, and 4CL
enzyme activities in the green-leaf ginkgo were 45.34 µmol/min·g, 193.77 µmol/min·g, and
353.5 µmol/min·g, which were 80.43%, 71.28%, and 144.55% higher than those in the CK
treatment, respectively. This suggests that moderate amounts of UVA are beneficial in
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increasing PAL, C4H, and 4CL enzyme activity, whereas excessive amounts of UVA lead to
enzyme inactivation. The overall PAL, C4H, and 4CL enzyme activities were lower in the
yellow-leaf ginkgo mutant than in green-leaf ginkgo.

Forests 2024, 15, x FOR PEER REVIEW 5 of 17 
 

 

treatment in green-leaf ginkgo. The enzyme activities of PAL, C4H, and 4CL were signif-
icantly increased (p < 0.05) under UVA treatment compared with CK and reached a max-
imum level under UVA-4 treatment. The maximum PAL, C4H, and 4CL enzyme activities 
in the green-leaf ginkgo were 45.34 µmol/min·g, 193.77 µmol/min·g, and 353.5 
µmol/min·g, which were 80.43%, 71.28%, and 144.55% higher than those in the CK treat-
ment, respectively. This suggests that moderate amounts of UVA are beneficial in increas-
ing PAL, C4H, and 4CL enzyme activity, whereas excessive amounts of UVA lead to en-
zyme inactivation. The overall PAL, C4H, and 4CL enzyme activities were lower in the 
yellow-leaf ginkgo mutant than in green-leaf ginkgo. 

 
Figure 2. Phenylpropane-metabolizing enzyme activities of G. biloba under different intensities of 
UVA. (A) PAL enzyme activity. (B) C4H enzyme activity. (C) 4CL enzyme activity. Different lower-
case letters in the graphs indicate significant differences (p < 0.05) at different UVA intensities for the 
gingko of the same leaf color. 

3.2. Effects of Different Intensities of UVA on Flavonol Content of G. biloba Hybrid Offspring 
The effect of UVA of different intensities on flavonols of ginkgo sibling hybrid prog-

eny was significant (p < 0.05). As shown in Figure 3, the contents of quercetin, kaempferol, 
and isorhamnetin of yellow-leaf ginkgo mutant under UVA treatment were significantly 
higher than those of CK treatment (p < 0.05). Their contents reached their maximum values 
under UVA-4 treatment, which were 61.92%, 115.50%, and 98.28% higher than those of 
CK, respectively. The contents of quercetin, kaempferol, and isorhamnetin in green-leaf 
ginkgo under UVA treatment were significantly (p < 0.01) higher than those of CK treat-
ment and reached their maximum values under UVA-4 treatment, which were 56.46%, 
53.97%, and 40.71% higher than those of CK, respectively. This indicates that UVA-4 treat-
ment significantly increased the ginkgo flavonol contents, and that excessive UVA inhib-
ited the synthesis of ginkgo flavonol. The overall contents of quercetin, kaempferol, and 
isorhamnetin were lower in gold-leaved ginkgo than in green-leaf ginkgo. 

 
Figure 3. Flavonol content of G. biloba under different UVA intensities. (A) Quercetin content. (B) 
Kaempferol content. (C) Isorhamnetin content. Different lowercase letters in the graphs indicate sig-
nificant differences (p < 0.05) at different UVA intensities for the gingko of the same leaf color. 

Figure 2. Phenylpropane-metabolizing enzyme activities of G. biloba under different intensities of
UVA. (A) PAL enzyme activity. (B) C4H enzyme activity. (C) 4CL enzyme activity. Different lowercase
letters in the graphs indicate significant differences (p < 0.05) at different UVA intensities for the
gingko of the same leaf color.

3.2. Effects of Different Intensities of UVA on Flavonol Content of G. biloba Hybrid Offspring

The effect of UVA of different intensities on flavonols of ginkgo sibling hybrid progeny
was significant (p < 0.05). As shown in Figure 3, the contents of quercetin, kaempferol,
and isorhamnetin of yellow-leaf ginkgo mutant under UVA treatment were significantly
higher than those of CK treatment (p < 0.05). Their contents reached their maximum
values under UVA-4 treatment, which were 61.92%, 115.50%, and 98.28% higher than
those of CK, respectively. The contents of quercetin, kaempferol, and isorhamnetin in
green-leaf ginkgo under UVA treatment were significantly (p < 0.01) higher than those of
CK treatment and reached their maximum values under UVA-4 treatment, which were
56.46%, 53.97%, and 40.71% higher than those of CK, respectively. This indicates that UVA-4
treatment significantly increased the ginkgo flavonol contents, and that excessive UVA
inhibited the synthesis of ginkgo flavonol. The overall contents of quercetin, kaempferol,
and isorhamnetin were lower in gold-leaved ginkgo than in green-leaf ginkgo.
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significant differences (p < 0.05) at different UVA intensities for the gingko of the same leaf color.

3.3. Transcriptome Sequencing Statistics and Quality Evaluation

Using Illumina second-generation sequencing technology, RNA sequencing of samples
from CK-treated and UVA-4-treated yellow-leaf ginkgo mutants and green-leaf G. biloba
was performed, and a total of 12 cDNA libraries were created. After quality control, the
average Cleanreads of CKY, CKL, TY, and TL were 47,779,668, 46,278,104.67, 48,858,654,
and 55,623,168, respectively. The Cleanreads of the samples were aligned with the reference
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genome (http://gigadb.org/dataset/100613, accessed on 4 June 2019) of G. biloba. The total
alignment rate was above 92.88%, and the unique position alignment rate ranged from
87.26% to 88.69%, which was high. The percentage of Q30 bases was above 94.94%, and the
percentage of GC bases ranged from 45.76% to 46.31%, which indicated that this sequencing
had a low error rate and a high overall quality and could be used for the analysis of the
subsequent data. Detailed sequencing information is shown in Table 2.

Table 2. Statistics table of sequencing data.

Sample Raw Reads Clean Reads Total
Mapped

Multiple
Mapped

Uniquely
Mapped Q30 (%) GC Content (%)

CKY_1 45,408,162 44,808,992 42,120,429
(94.0%)

2,378,996
(5.31%)

39,741,433
(88.69%) 95.14 46.19

CKY_2 54,468,294 53,771,538 50,289,981
(93.53%)

2,810,629
(5.23%)

47,479,352
(88.3%) 94.94 46.25

CKY_3 45,184,742 44,758,474 41,882,169
(93.57%)

2,322,728
(5.19%)

39,559,441
(88.38%) 95.13 46.09

CKL_1 49,435,520 48,592,064 45,742,011
(94.13%)

2,952,929
(6.08%)

42,789,082
(88.06%) 95.09 46.31

CKL_2 44,788,866 44,100,438 41,473,752
(94.04%)

2,571,246
(5.83%)

38,902,506
(88.21%) 94.97 46.28

CKL_3 46,647,470 46,141,812 43,506,464
(94.29%)

2,767,065
(6.0%)

40,739,399
(88.29%) 95.72 46.12

TY_1 41,700,364 41,246,156 38,580,392
(93.54%)

2,113,162
(5.12%)

36,467,230
(88.41%) 95.83 45.81

TY_2 52,013,850 51,369,770 48,034,026
(93.51%)

2,681,649
(5.22%)

45,352,377
(88.29%) 95.76 45.88

TY_3 54,527,510 53,960,036 50,488,323
(93.57%)

2,847,049
(5.28%)

47,641,274
(88.29%) 95.76 45.9

TL_1 46,585,016 46,059,222 42,780,240
(92.88%)

2,588,474
(5.62%)

40,191,766
(87.26%) 95.67 45.87

TL_2 60,566,890 59,865,396 55,681,034
(93.01%)

3,426,978
(5.72%)

52,254,056
(87.29%) 95.96 45.85

TL_3 61,495,202 60,944,886 56,738,281
(93.1%)

3,509,698
(5.76%)

53,228,583
(87.34%) 95.96 45.76

3.4. Functional Annotation of the Six Major Databases

All the expressed genes (31,695 genes in total) were annotated using six functional
databases, namely, GO, KEGG, EggCOG, NR, Swiss-Prot, and Pfam, and a total of
28,360 genes were annotated, which accounted for 88.18% of the total number of genes.
As shown in Figure 4, 24,577 (0.7641), 11,848 (0.3684), 25,792 (0.8019), 28,171 (0.8759),
22,582 (0.7021), and 18,903 (0.5877) genes were annotated in the six databases, respec-
tively. Among them, the number of functional genes annotated in the six major functional
databases was 8017, accounting for 28.27%.
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3.5. Differential Expression Analysis of Ginkgo Genes under Different Intensities of UVA Treatment

Using the RPKM values, the variations in gene expression under various levels of
UVA treatment were analyzed. The screening conditions were as follows: p-adjust < 0.05
and |log2FC| ≥ 1. A total of 4165 differentially expressed genes (DEGs) were screened
in the four comparison groups, and 102 genes were found to be significantly different
among the four groups, accounting for 2.45% of the total number of differentially expressed
genes (Figure 5A). Among them, there were 1328 DEGs between CKY and CKL, including
670 significantly up-regulated genes and 658 down-regulated genes (Figure 5B); there were
1088 DEGs between TY and TL, including 495 significantly up-regulated and 593 down-
regulated genes (Figure 5C); and there were 1983 DEGs between TY and CKY, including
1263 significantly up-regulated and 675 down-regulated genes (Figure 5D). There were a
total of 2406 DEGs between TL and CKL, of which 1674 were significantly up-regulated
and 832 were significantly down-regulated (Figure 5E).
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Figure 5. Differential gene expression map. (A) Differential gene Venn diagram. (B) Differential
gene volcano map between CKY and CKL. (C) Differential gene volcano map between TY and TL.
(D) Differential gene volcano map between TY and CKY. (E) Differential gene volcano map between
TL and CKL.

3.6. GO Annotation Analysis of DEGs

All the above DEGs were analyzed using GO annotation, and a total of 49 metabolic
processes were annotated. Among them, 14 metabolic processes belonged to ‘molecular
function’, 13 belonged to ‘cellular component’, and 22 belonged to ‘biological process’.
Regarding the top 20 entries in terms of abundance, it can be seen from Figure 6 that there
were more entries annotated by DEGs related to ‘biological processes’, such as ‘cellular
process’ and ‘metabolic process’. The entries with more DEGs annotated in terms of ‘cellular
process’ included the ‘membrane part’ and ‘cell part’. The most frequently annotated DEGs
in terms of molecular functions were catalytic activity and binding.
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3.7. KEGG Enrichment Analysis of Differentially Expressed Genes

With padjust ≤ 0.05, the top 10 metabolic pathways were selected for KEGG en-
richment analysis, and 17 metabolic pathways were enriched in the DEGs of the four
comparison groups (Figure 7). Among the comparisons made, 10 metabolic pathways
exhibited enrichment in DEGs between TL and CKL. Similarly, when comparing TY and
CKY, seven metabolic pathways showed enrichment in DEGs, with photosynthesis-antenna
proteins being the most highly enriched pathways. For the comparison between CKY and
CKL, 10 metabolic pathways displayed enrichment in DEGs, with those relating to monoter-
penoid biosynthesis being the most highly enriched pathways. When comparing TY and
TL, four metabolic pathways exhibited enrichment in DEGs, with cutin, suberine, and wax
biosynthesis being the most highly enriched pathways. Notably, the phenylpropanoid
biosynthesis pathway emerged as a commonly enriched metabolic pathway among all four
comparison groups. The metabolic pathway co-enriched by TL, CKL, and CKY was the
flavonoid biosynthesis pathway.
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3.8. Differential Expression of Genes Related to Flavonoid Biosynthesis

Based on the KEGG enrichment outcomes, we conducted the integration and analysis
of the phenylalanine biosynthesis pathway and flavonoid biosynthesis, and a metabolic
pathway map of flavonol biosynthesis was obtained (Figure 8). The PAL enzyme was
enriched to six DEGs, and, except for Gb_10949 and Gb_21115, gene expression was signif-
icantly up-regulated under UVA treatment. The 4CL enzyme gene Gb_34525 was signif-
icantly down-regulated under UVA treatment, while Gb_40571 was up-regulated under
UVA treatment. Chalcone synthase (CHS) genes (except for Gb_20355) were significantly
up-regulated by UVA, and Flavanone 3-hydroxylase (F3H) genes (except Gb_29563) were
up-regulated under UVA treatment. Flavonol synthase (FLS) Gb_11130 and Gb_06006
enzyme genes were significantly up-regulated under UVA treatment. Dihydroflavonol
reductase (DFR) and anthocyanin synthase (ANS) enzyme genes were significantly up-
regulated under UVA treatment. Leucoanthocyanidin reductase (LAR) enzyme genes
(except Gb_40651) were significantly up-regulated under UVA treatment.
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3.9. Validation of qRT-PCR for Key Differential Enzyme Genes of the Ginkgo Flavonoid
Synthesis Pathway

To ensure the precision of the RNA-seq data, eight differentially expressed genes
in the phenylpropane and flavonoid biosynthesis pathways were randomly selected for
qRT-PCR experiments. The qRT-PCR relative expression levels of 4CL (Figure 9B) and LAR
(Figure 9G) enzymes were consistent with the trends seen in their RNA-seq FPKM values.
The relative expression levels of the PAL (Figure 9A), CHS (Figure 9C), F3H (Figure 9D),
FLS (Figure 9E), DFR (Figure 9F), and ANS (Figure 9H) enzyme genes were consistent with
the trends in their RNA-seq FPKM values, which, to a large extent, verified the credibility
of the sequencing results.
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Figure 9. Validation of qRT-PCR for key differential enzyme genes of the ginkgo flavonoid synthesis
pathway. The left ordinate represents the relative expression level in qRT-PCR, and the right ordinate
represents the FPKM value in RNA-seq. (A) Validation of the PAL enzyme gene. (B) Validation of the
4CL enzyme gene. (C) Validation of the CHS enzyme gene. (D) Validation of the F3H enzyme gene.
(E) Validation of the FLS enzyme gene. (F) Validation of the DFR enzyme gene. (G) Validation of the
LAR enzyme gene. (H) Validation of the ANS enzyme gene.

3.10. Differential Expression of Transcription Factors

Transcription factor prediction was performed for all DEGs (1840) using the Transcrip-
tion Factor Database (PlantTFDB) with a set E-value ≤ 1.0 × 10−5 (Figure 10). A total of
121 differentially expressed transcription factors were identified, involving 26 transcription
factor families. Among these, the proportions of ERF, MYB, and bHLH family transcription
factors were highest, accounting for 15%, 14%, and 13%, respectively. As shown in Figure 11,
most of the MYB family transcription factors (except for Gb_09986, Gb_34386, Gb_06045,
and Gb_08692) were up-regulated under UVA treatment. Two transcription factors of
the MYB-related family (Gb_38499, Gb_23424) were up-regulated under UVA treatment.
All transcription factors of the bHLH family were up-regulated, except for Gb_32351 and
Gb_39758, which were significantly down-regulated under UVA treatment. The bZIP family
transcription factors Gb_00122 and Gb_29784 were significantly up-regulated under UVA
treatment, and Gb_28107 was significantly down-regulated under UVA treatment. Six tran-
scription factors (Gb_36136, Gb_12588, Gb_08437, Gb_36842, Gb_26438, and Gb_26738) of the
stress-associated ERF family were significantly up-regulated under UVA treatment. The
NAC family was up-regulated, except for three transcription factors (Gb_33280, Gb_02849,
and Gb_22607), which were significantly down-regulated under UVA treatment. The WRKY
family was significantly up-regulated under UVA treatment, except for the Gb_05026 tran-
scription factor.
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genes are shown.

3.11. Validation of qRT-PCR for Key Transcription Factors of Ginkgo Flavonoid Synthesis

The outcomes from qRT-PCR validation of the pivotal transcription factors in the
ginkgo flavonoid synthesis pathway are presented in Figure 12. The expression of
two transcription factors belonging to the MYB family, Gb_39081 and Gb_06451, was
significantly up-regulated under UVA treatment relative to white light treatment, as shown
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by TY > CKY > TL > CKL. Regarding the expression of bZIP family transcription factors,
Gb_28107 was significantly down-regulated under UVA treatment relative to white light,
while the expression of Gb_00122 was significantly up-regulated under UVA treatment
relative to white light. The expression of bHLH family Gb_35908 was significantly up-
regulated under UVA treatment relative to white light, as shown by TY > CKY > TL > CKL.
The expression of the ERF family Gb_12588 was significantly up-regulated under UVA
treatment relative to white light, as shown by TY > CKY > TL > CKL. Except for the bZIP
family’s transcription factor Gb_28107, whose qRT-PCR relative expression level was more
consistent with the trend in its RNA-seq FPKM value, the relative qRT-PCR expression
levels of the other transcription factors were completely consistent with the trend in the
RNA-seq FPKM values, which, to a large extent, verified the credibility of the sequencing
results presented.
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Figure 12. Validation of qRT-PCR for key transcription factors of ginkgo flavonoid synthesis. The left
ordinate represents the relative expression level in qRT-PCR, and the right ordinate represents the FPKM
value in RNA-seq. (A,B) Validation of MYB transcription factors. (C,D) Validation of bZIP transcription
factors. (E) Validation of bHLH transcription factors. (F) Validation of EFR transcription factors.

4. Discussion
4.1. Effects of Different Intensities of UVA on the Enzyme Activity of the Phenylpropane Pathway
in Hybrid Ginkgo Offspring

PAL, C4H, and 4CL play crucial roles in the phenylpropane pathway [26,28]. Their
activities can influence the synthesis of secondary metabolites in plants, thereby enhancing
plant stress tolerance [29]. Lee et al. [30] demonstrated that continuous UVA radiation
induced PAL enzyme activity and gene expression in sowthistle (Ixeris dentata Nakai). Miao
et al. [31] observed an increase in PAL, C4H, and 4CL enzyme activities in the above-ground
parts of scutellaria (Scutellaria baicalensis Georgi) under UVA radiation. Kang et al. [32]
showed that sweet basil (Ocimum basilicum L.) exhibited the highest PAL enzyme activity
when treated with UVA (20 W·m−2) for 14 days. In the present study, it was found that
different intensities of UVA had significant effects on the PAL, C4H, and 4CL enzyme
activities of G. biloba, and that the enzyme activities were greatest under UVA-4 treatment.

38



Forests 2024, 15, 909

This suggests that moderate amounts of UVA are beneficial for increasing PAL, C4H, and
4CL enzyme activity, whereas excessive amounts of UVA lead to enzyme inactivation.

4.2. Effects of Different Intensities of UVA on Flavonols in Ginkgo Hybrid Offspring

UVA can be absorbed by substances such as flavonoids in the epidermis of plant leaves,
and flavonoids can mitigate cellular damage induced by UVA [33]. Fu et al. [34] found that a
high proportion of UVA could increase the activity of flavonoid glycosyltransferase and the
content of quercetin and kaempferol derivatives. Chen et al. [35] found that supplemental
UVA (365 nm) could augment the overall flavonoid content in lettuce (Lactuca sativa L.)
leaves, with a corresponding increase in total flavonoid content with the increase in UVA
intensity. Li et al. [36] found that UVA treatment increased the flavonol content of quercetin
and kaempferol in brassicaceae (Brassicaceae Burnett) baby leaves. Miao et al. [37] showed
that the total flavonoid content of postharvest scutellaria (Scutellaria baicalensis Georgi)
roots increased with the duration of UVA radiation. In the present study, UVA-4 treatment
was found to significantly increase the content of ginkgo flavonols, which suggests that
moderate UVA irradiation can promote the synthesis of ginkgo flavonols, with excessive
UVA irradiation having an inhibitory effect.

4.3. Effects of Different Intensities of UVA on Enzyme Genes Related to Flavonoid Metabolism of
Hybrid G. biloba

Flavonoids are biosynthesized by the phenylpropane metabolic pathway, and PAL,
C4H, 4CL, and CHS are the key enzyme genes of the flavonoid synthesis pathway, regu-
lating and controlling the biosynthesis of secondary metabolites [38]. Lee et al. [39] found
that short-term irradiation of kale (Brassica oleracea L.) leaves with UVA promoted the
expression of PAL, CHS, and F3H genes, and Qian et al. [40] found that UVA growth
light led to a significant rise in PAL and CHS gene expression in basil (Ocimum basilicum)
leaves. Li et al. [41] observed the up-regulation of structural genes such as F3H, DFR, and
ANS in the dark-purple tea cultivar ‘Ziyan’ (Camellia sinensis) under UVA treatment. Liu
et al. [42] demonstrated that many photoreceptors and potential genes implicated in UVB
signaling (UVR8_L, HY5, COP1, and RUP1/2) exhibited decreased expression patterns
consistent with those of structural genes (flavonoid 3′-hydroxylase (F3′H), FLS, antho-
cyanin synthase (ANS), anthocyanidin reductase (ANR), leucoanthocyanidin reductase
(LAR), Dihydroflavonol 4-reductase (DFR), and CHSs), as well as potential TFs (MYB4,
MYB12, MYB14, and MYB111) involved in flavonoid biosynthesis. The transcriptome
sequencing results of this experiment identified six differentially expressed PAL genes and
two 4CL genes, of which the PAL enzyme genes (except Gb_10949 and Gb_21115) were up-
regulated and expressed under UVA treatment, while the 4CL enzyme gene Gb_34525 was
significantly down-regulated under UVA treatment, and the expression of Gb_40571 was
up-regulated under UVA treatment. UVA treatment enhanced the expression of CHS, F3H,
FLS, DFR, ANS, LAR, and other structural genes in the flavonoid biosynthetic pathway.

4.4. Analysis of the Transcriptional Regulation Mechanism of Ginkgo biloba Flavonoid Synthesis by
Different Intensities of UVA

MYB transcription factors play a pivotal role in modulating the expression of key genes
involved in plant flavonoid metabolism, thus effectively regulating flavonoid biosynthe-
sis [43]. It has been shown that the heterologous expression of AtMYB11, a flavonol-specific
transcription factor from Arabidopsis thaliana, in tobacco (Nicotiana tabacum L.) is favorable
for flavonoid biosynthesis [44]. The q-PCR validation results of this experiment showed
that MYB (Gb_39081 and Gb_06451), bZIP (Gb_00122 and Gb_28107), bHLH (Gb_35908),
and ERF (Gb_12588) transcription factors were up-regulated and expressed in response
to UVA treatment. Guo et al. [45] investigated the flavonoid accumulation of highly re-
lated modules in which GbERFs (Gb_12588) were positive in the regulation of upstream
structural genes, consistent with the results of this experiment. In recent years, MYB bind-
ing sites have been successively identified in the promoter regions of Ginkgo flavonoid
metabolism functional genes such as GbFLS, GbCHS, GbANS, and GbCHI [46–48]. MYB
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and bHLH transcription factors form a complex and regulate the expression of structural
genes through the binding of MYB to the promoter regions of the structural genes, regu-
lating the biosynthesis of flavonols in the legume Entada phaseoloides [49]. In addition to
MYB and bHLH, three transcription factors, ERF, WRKY, and bZIP, are also significant
contributors to the light-mediated regulation of flavonoid biosynthesis in mango (Mangifera
indica L.) [50]. The BHLH gene can bind directly to the DFR promoter, thereby triggering
anthocyanin accumulation [51]. Hartmann et al. [52] showed that the bZIP transcription
factor induces expression of FLS gene by binding to other transcription factors, which
enhances flavonol production. Morishita et al. [53] found that the NAC transcription factor
(ANAC078) is crucial for regulating flavonoid biosynthesis in Arabidopsis thaliana under
high light intensity. In this experiment, we found that the expression levels of transcription
factors such as MYB (Gb_02997), bHLH (Gb_05320), bZIP (Gb_00122), and NAC (Gb_13200,
Gb_37720) were consistent with the trend of the total flavonol glycoside contents of
G. biloba. These contents were all arranged in the order of TY > TL > CKY > CKL, and
they could positively regulate the synthesis of ginkgo flavonols, while MYB (Gb_09986),
bHLH (Gb_32351), and ERF (Gb_10817, Gb_34849) transcription factors showed the opposite
trend to total ginkgo flavonol glycoside and could negatively regulate the synthesis of
ginkgo flavonols.

5. Conclusions

The enzyme activities of the phenylpropane pathway and the flavonol contents of the
whole sibling hybrid offspring of G. biloba showed significant differences under different
intensities of UVA treatment and reached the maximum level in the UVA-4 treatment. This
indicates that moderate UVA intensity can promote the enzyme activities related to the
flavonoid synthesis pathway and the accumulation of flavonol in ginkgo, while excessive
UVA expression play an inhibitory role. UVA treatment promoted the expression of PAL
(Gb_01672, Gb_25608) and 4CL (Gb_40571) enzymes in the phenylpropane biosynthesis
pathway, alongside the expression of CHS (Gb_35771, Gb_01520), F3H (Gb_05058, Gb_05056),
and FLS (Gb_11130) enzymes in the flavonoid synthesis pathway, which in turn promoted
the synthesis of ginkgo flavonols. Transcription factors such as MYB (Gb_02997), bHLH
(Gb_05320), bZIP (Gb_00122), and NAC (Gb_13200, Gb_37720) likely exert positive regula-
tory effects on ginkgo flavonol synthesis, while the MYB (Gb_09986), bHLH (Gb_32351), and
ERF (Gb_10817, Gb_34849) transcription factors may negatively regulate ginkgo flavonol
synthesis. In conclusion, 20 days of UVA-4 treatment significantly increased the flavonol
content and the expression of related enzyme genes in the ginkgo hybrid offspring,
which was favorable for the accumulation of ginkgo flavonol and the improvement of
medicinal value.
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Abstract: Bretschneidera sinensis, the sole species of Bretschneidera, belonging to the family Akaniaceae,
is a tertiary paleotropical flora. It is considered an endangered species by the International Union
for Conservation of Nature (IUCN). It has an important protective and scientific value. The study
of its seed dormancy and germination mechanisms contributes to better protection. In this study,
the dormancy of fresh mature B. sinensis seeds released via low-temperature wet stratification was
studied. In addition, the endogenous phytohormone levels, antioxidant enzyme activity, soluble
sugar content, and the key metabolic enzyme activities of seeds at different stratification time nodes
were determined. The goal was to analyze the mechanisms of seed dormancy release and germination
comprehensively. Results show that low-temperature wet stratification under 5 ◦C can release seed
dormancy effectively. During the seed dormancy release, the seed germination rate was positively
correlated with soluble sugar, GA3, and IAA levels, as well as G-6-PDH, SOD, POD, CAT, and APX
activity, but it was negatively correlated with MDH activity and ABA content. These imply that
dormancy release might be attributed to the degradation of endogenous ABA and the oxidation of
reactive oxygen species induced by low-temperature wet stratification. GA3, IAA, and the metabolism
of energy substrates may be correlated with the induction and promotion of germination.

Keywords: Bretschneidera sinensis; seed dormancy and germination; cold stratification; endogenous
hormones; enzyme activity

1. Introduction

Seed dormancy refers to the inability of viable seeds (or other germination units)
to germinate under favorable environmental conditions (e.g., water, temperature, light)
during a specific period [1,2]. Dormancy enables plant seeds to time germination until
environmental conditions become favorable for seedling survival and growth. The dor-
mancy characteristics of seeds are of important ecological adaptive significance and notable
agricultural value [3,4].

Dormancy is a characteristic of many seed plants. Seeds exhibit a diverse range and
degree of dormancy for environmental adaptation [5]. Further, seed dormancy release and
the physiological mechanism of germination vary among different species. Until now, seed
dormancy release and the physiological mechanisms of germination have been mainly
attributed to endogenous phytohormone regulation, reactive oxygen substance production,
and antioxidant generation, as well as energy metabolism.

The phytohormone regulation hypothesis states that GA3, cytokinin, ABA, and IAA col-
lectively regulate seed dormancy and germination [6–9]. However, the regulation mechanisms
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are highly complex. Many studies have shown that abscisic acid (ABA) and gibberellin (GA)
are the key factors for seed dormancy and germination. Mature seeds in a dormancy state
contain high levels of ABA and low levels of GA. ABA induces and maintains seed dormancy,
while GA antagonizes ABA and promotes seed germination [10–13]. Numerous studies have
confirmed that the maintenance of seed dormancy depends on the ratio of ABA and GA3 in
seeds, and the release of dormancy is closely related to the decrease in ABA and the increase
in GA3 [14]. Studies also reported the role of other phytohormones in seed dormancy and
germination directly or indirectly mediated via signaling of ABA and GA [15,16].

However, the role of IAA in seed dormancy remains controversial because IAA has
shown opposite effects on seed germination. For example, IAA at low concentrations
promoted the germination rate of unstratified and stratified Arabidopsis thaliana seeds,
whereas IAA at high concentrations inhibited seed germination [9,17]. SA has been ex-
tensively reported to participate in the regulation of seed dormancy and germination. At
low concentrations, SA can effectively inhibit oxidative damage to the cell membrane,
protect membrane integrity, and promote seed dormancy release and germination under
low-temperature stress [18,19]. Moreover, the interactions between phytohormones have a
much stronger influence on seed dormancy and germination as compared with individual
phytohormones [20].

Reactive oxygen species (ROS) production and antioxidant theory state that under
normal conditions, plants maintain a balance between ROS production and elimination.
However, plant cells under stress accumulate high levels of ROS, thereby disrupting the
balance. The cellular antioxidant defense system rapidly eliminates surplus ROS at low
levels. However, oxidative stress occurs when ROS production exceeds the short-period
scavenging capacity, causing damage to the cytoplasmic membrane. The antioxidant
defense system, which includes non-enzymatic antioxidants and antioxidant enzymes,
scavenges excessive ROS through the water–water cycle, the ascorbate–glutathione cycle,
the glutathione peroxidase cycle, and CAT [21,22]. Among these, SOD plays a pivotal role in
the defense against oxidative damage caused by oxygen free radicals, effectively scavenging
oxygen free radicals and protecting cells from oxidative damage [23]. Due to its high affinity
for H2O2, APX is sensitive to minor changes in H2O2 content, thereby enabling the precise
modulation of H2O2, which is of considerable importance in signal transduction [24]. CAT
functions in scavenging high levels of ROS under oxidative stress [25,26].

According to the theory of energy metabolism, the release of plant seed dormancy is
related to the internal respiratory metabolism of seeds and plant respiratory metabolism,
including the Embden–Meyerhof Pathway (EMP), tricarboxylic acid cycle (TCA), and
pentose phosphate pathway (PPP) [27]. A preliminary study reported that the process from
seed dormancy release to germination depends on the transition from EMP to PPP and
changes from NADH to NADPH [28]. PPP is an important pathway that is inhibited by
TCA. Hence, seed dormancy release or germination is closely related to changes in the
internal energy of seeds and the transformation of such internal energy into energy needed
for seed germination via various metabolic pathways [29].

Bretschneidera sinensis Hemsl., the sole species in the genus Bretschneidera and the
family Bretschneideraceae, is a perennial deciduous tree species endemic to China. As
a paleotropical relict tree species that originated in the Tertiary Period, B. sinensis has
considerable significance in the study of angiosperm phylogeny, flora, paleogeography,
and paleoclimate [30]. However, B. sinensis is a critically endangered species due to habitat
destruction and its difficulty in natural reproduction caused by a low growth rate, limited
female tree flowering, and a low seed setting rate. Moreover, seed dormancy and a low
natural germination rate seriously affect the regeneration of this species in vegetation
communities and seedling production [31,32]. Therefore, it is important to clarify the
physiological mechanisms underlying the release of their seed dormancy.
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2. Materials and Methods
2.1. Materials

In October 2020 and 2021, seeds were collected from female trees aged 40 years in
a natural B. sinensis population located in the Wufeng Houhe National Nature Reserve
in Hubei Province, China (110◦30′9.97′′ E, 30◦08′55.01′′ N). Fruits with cracked skin were
harvested and brought back to the laboratory. The red exocarp and endocarp were quickly
removed. The seeds were rinsed with water and dried in the shade for 2 d at 25 ◦C.

2.2. Determination of Moisture Content

Test samples were crushed mechanically and mixed evenly. Four replicates (50 g each)
were collected and recorded as G1. The samples were stored in a sample box with a diameter
larger than 8 cm. The contents of the box were then dried in an oven, which was preheated
to 110 ◦C for about (17 ± 1) h under (103 ± 2) ◦C. The box was covered before the samples
were removed from the oven. The samples were transferred to a dryer, cooled, and weighed.
This processed sample was recorded as G2. The mean of four replicate samples was used to
calculate the water content (%) using the formula (G1 − G2)/G1 × 100%. Water content was
calculated using fresh weight as the cardinal number.

2.3. Stratification Treatment

Fresh seeds were subjected to flotation, and the selected seeds were naturally dried.
The seeds were mixed with moist perlite (Wperlite/Wseed = 3:1). Stratification was performed
at 5 ◦C and 15 ◦C in the dark. Two portions of seeds were collected at 10, 20, 30, 40, 50,
and 60 d. One portion was used for the germination experiment according to the method
described in Section 2.4. Four replicates were conducted, and each replicate contained
30 seeds. The seeds that germinated during stratification were excluded from the calculation
of the germination rate. The other portion was sealed in tin foil and stored in liquid nitrogen
for 24 h. Then, the seeds were quickly ground in liquid nitrogen and stored in an ultra-
low-temperature refrigerator at −80 ◦C. Measurements were performed according to the
methods described in Sections 2.5–2.7.

2.4. Germination Experiment

Seed viability at different stages of stratification was determined using a seed germi-
nation experiment. Seeds were evenly placed in a glass box containing moist perlite. The
seeds were covered with a 3 cm layer of moist perlite (approximately 85% moisture content)
and cultured at 25 ◦C under light conditions. Seed germination was observed, and the seed
germination rate was calculated at 30 d of cultivation. Germination was defined as the
emergence of the radicle through the seed coat for a distance of 2 mm.

2.5. Determination of Soluble Sugar Content

Seeds obtained after different durations of stratification were stored in liquid nitrogen
and pulverized. Later, 0.15 g samples were collected and treated with 1 mL distilled water
to obtain a homogenate. The homogenate was transferred to a centrifuge tube with a cover,
followed by heating in a water bath for 10 min at 95 ◦C. After cooling, the homogenate was
centrifuged for 10 min at 25 ◦C and 8000× g. The supernatant (10 mL) was collected in a
test tube and dissolved in distilled water to 10 mL, and vortexed for later use. The soluble
sugar content was determined using visible spectrophotometry with an assay kit (Comin,
Suzhou, China). Four biological replicates were performed for each sample.

2.6. Determination of Antioxidant Enzyme Activity

Seeds obtained after different periods of stratification were transferred to liquid nitro-
gen and pulverized. Later, 0.15 g samples were collected, and each sample was treated with
1 mL distilled water to prepare an ice-bath homogenate. The samples were centrifuged at
the rate of 8000× g for 10 min at 4 ◦C. The supernatant was collected and placed on ice for
the determination of antioxidant enzyme activity. The catalase (CAT), peroxidase (POD),
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superoxide dismutase (SOD), ascorbate peroxidase (APX), malate dehydrogenase (MDH),
and glucose-6-phosphate dehydrogenase (G-6-PDH) activities were measured using visible
spectrophotometry according to the methods of Li et al. [33]. Four biological replicates
were performed for each sample.

2.7. Determination of Endogenous Hormone Contents

Samples at different stratification levels treated with liquid nitrogen were collected
from the ultra-low-temperature freezer and then pulverized. A total of 50 mg powder was
collected and treated with the appropriate internal standard. The samples were extracted
using 500 µL acetonitrile aqueous solution, and then centrifuged. The supernatant was
used for secondary extraction. The supernatant was mixed. Later, 10 µL TEA and 10
µL BPTAB were added to the sample supernatant for 1 h at 90 ◦C and then dried under
nitrogen. Samples were dissolved again with 100 µL acetonitrile aqueous solution, filtered
through a 0.22 µm film, and then transferred to the sample bottle. According to the methods
of Su et al. [34], the endogenous phytohormone contents were determined using high-
performance liquid chromatography–mass spectrometry. Four biological replicates were
performed for each sample.

2.8. Statistical Analysis

The calculated data were expressed as the mean ± standard error. To ensure the
homogeneity of variance, seed germination data were subjected to arcsine transformation,
followed by one-way analysis of variance and the Student–Newman–Keuls test for multiple
comparisons (p = 0.05). Data processing was performed using WPS 13.0.503.101. Statistical
analysis and plotting were conducted in R i386 3.5.2.

3. Results and Analysis
3.1. Effects of Cold Stratification on Seed Dormancy Release and Germination

As shown in Figure 1, cold stratification at 5 ◦C significantly promoted the seed ger-
mination rate (F = 700.46, p < 0.05). Under cold stratification (5 ◦C), the germination rate
increased significantly with the extension of the treatment time. The seed coat gradually
cracked and the maximum germination rate was 92.7 ± 0.3% at 50 d. Under warm stratifi-
cation (15 ◦C), the maximum seed germination rate was 44 ± 1.1%, which was significantly
lower than that under cold stratification (p < 0.05). These results suggest that stratification
at 5 ◦C can effectively release the dormancy of B. sinensis seeds.
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Figure 1. Changes in the seed germination rate of Bretschneidera sinensis during cold stratification. The
5 ◦C and 15 ◦C represent cold and warm stratification, respectively. On the x axis, 0 is the control
(CK, CK represents control unstratified seeds) and the numbers 10, 20, 30, 40, 50, and 60 represent
the duration (days) of stratification. Each treatment had four replicates, and each replicate contained
30 seeds. Germination was performed at 25 ◦C under light conditions. The germination rate is expressed
as the mean ± standard error. The same lowercase letters indicate insignificant differences (p = 0.05).
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3.2. Changes in Endogenous Hormone Content during Cold Stratification

The GA3 content showed a trend of decreasing, increasing, and then decreasing during
seed stratification (F = 1083.03, p < 0.05, Figure 2A). The GA3 content was 0.03 ng/g DW
in unstratified seeds, which significantly decreased to a minimum value of 0.01 ng/g DW
at 10 d of stratification. The GA3 content then increased sharply and reached a maximum
value of 6.1 ng/g DW at 40 d of stratification. After that, the value decreased, but was
always higher than that of the CK group. The GA3 content remained at 3.81 ng/g DW at
the end of stratification (60 d).
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Figure 2. Changes in endogenous hormone content in Bretschneidera sinensis seeds during cold
stratification. (A–D) represent gibberellic acid (GA3), abscisic acid (ABA), indole-3-acetic acid (IAA),
and salicylic acid (SA), respectively. Each treatment had four replicates. On the x axis, 0 is the control
(CK) and the numbers 10, 20, 30, 40, 50, and 60 represent the duration (days) of stratification. The
same lowercase letters indicate insignificant differences (p = 0.05).

The ABA content decreased continuously during seed stratification (F = 1374.40,
p < 0.05, Figure 2B). The ABA content was the highest in unstratified seeds (4.83 ng/g
DW). It decreased sharply during seed stratification, and reached the minimum value of
0.51 ng/g DW at 50 d.

The IAA content increased and then decreased during seed stratification (F = 9.92,
p < 0.05, Figure 2C). The IAA content was the lowest in unstratified seeds (0.03 ng/g DW),
increased sharply during stratification, and reached a maximum value of 4.21 ng/g DW at
40 d. Then, the value decreased dramatically, but was always higher than that of the CK
group. The IAA content remained at 0.05 ng/g DW at the end of stratification (60 d).

The SA content showed a trend of decreasing, increasing, and then decreasing (F = 10.087,
p < 0.05, Figure 2D). The SA content was 1.2 ng/g DW in unstratified seeds, which decreased
to the lowest value of 0.08 ng/g DW at 10 d of stratification. The value then gradually
increased, and reached the maximum of 2.43 ng/g DW at 40 d. After that, the value decreased,
but always remained higher than that of the CK group. The SA content remained at 1.43 ng/g
DW at the end of stratification (60 d).

These results suggested that the ABA content in the embryo decreased during cold
stratification, while GA3, IAA, and SA increased before 40 d of stratification and then
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gradually decreased. These findings imply the synergism or antagonism of these hormones
during the dormancy release and germination of B. sinensis seeds.

3.3. Changes in Antioxidant Enzyme Activities during Cold Stratification

The SOD activity showed a trend of decreasing, increasing, and then decreasing
(F = 209.81, p < 0.05, Figure 3A). The SOD activity was 622 µg/g DW in unstratified seeds,
which significantly decreased to a minimum value of 40.25 µg/g DW at 10 d of stratification.
The value then increased sharply and reached a maximum of 123.3 µg/g DW at 40 d of
stratification. After that, a notable decrease in SOD activity was observed.
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Figure 3. Changes in antioxidant enzyme activity in Bretschneidera sinensis seeds during cold stratifica-
tion. (A–D) represent superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), and ascorbate
peroxidase (APX), respectively. Each treatment had four replicates. On the x axis, 0 is the control (CK)
and the numbers 10, 20, 30, 40, 50, and 60 represent the duration (days) of stratification. The same
lowercase letters indicate insignificant differences (p = 0.05).

The POD activity increased and then decreased (F = 724.52, p < 0.05, Figure 3B). The
POD activity was the lowest in unstratified seeds (21.65 µg/g DW), then increased sharply
with cold stratification and reached the maximum value of 144.2 µg/g DW at 30 d. The
value then decreased, but was always higher than that of the CK group. The POD activity
remained at 75.5 µg/g DW at the end of stratification (60 d).

The CAT activity increased and then decreased (F = 314.22, p < 0.05, Figure 3C). The
CAT activity was the lowest in unstratified seeds (32 µg/g DW), then increased sharply
with stratification and reached the maximum value of 131.47 µg/g DW at 40 d. The value
then decreased, but always remained higher than that of the CK group. The CAT activity
remained at 81.6 µg/g DW at the end of stratification (60 d).

The APX activity showed a trend of decreasing, increasing, and then decreasing
(F = 115.58, p < 0.05, Figure 3D). The APX activity was 3.28 µmol/min/g DW in unstratified
seeds, which decreased to the minimum value at 10 d of stratification, and then increased
sharply and reached the maximum value of 5.51 µmol/min/g DW at 40 d of treatment.
After that, the value declined, but was always higher than that of the CK group. The APX
activity remained at 3.65 µg/g DW at the end of stratification (60 d).
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These results suggest that the scavenging of excessive ROS mainly depends on SOD,
POD, and CAT, while APX may play an important role in fine-tuning signal transduction
during the dormancy release and germination of the fresh mature seeds of B. sinensis.

3.4. Changes in Soluble Sugar Content and Two Key Enzymes in Sugar Metabolism during
Cold Stratification

With the extension of stratification time, the soluble sugar content increased and
then decreased (F = 402.65, p < 0.05, Figure 4). The soluble sugar content was the lowest
(20.17 mg/g dry weight (DW)) in unstratified seeds (CK), then increased rapidly with
stratification, and peaked at 65.32 mg/g DW at 40 d of treatment. However, with the
further extension of stratification, the soluble sugar content decreased but remained higher
than that in the CK group. Notably, at the end of stratification (60 d), the soluble sugar
content remained at a level of 42.23 ng/g DW. These observations indicate that B. sinensis
seeds undergo a substantial consumption of soluble sugars during dormancy release and
germination, and that soluble sugars facilitate seed germination. Nevertheless, the soluble
sugar content gradually decreased with dormancy release at the late stage of stratification.
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With the extension of seed stratification, the MDH activity followed the trend of
decreasing, increasing, and then decreasing (F = 415.69, p < 0.05, Figure 5A). The activity
of MDH in unstratified seeds was 6.72 µmol/min/g DW, which decreased after 10 d of
stratification, then increased and reached the highest value of 8.86 µmol/min/g DW at 30 d
of stratification. With the further extension of stratification, the MDH activity decreased
sharply to the lowest value of 4.36 µmol/min/g DW at 60 d of stratification.

The G-6-PDH activity decreased and then increased during seed stratification (F = 440.62,
p < 0.05, Figure 5B). The G-6-PDH activity was 0.37 µmol/min/g DW in unstratified seeds,
which decreased at 10 d of stratification. The G-6-PDH activity then increased and reached
the maximum value of 0.48 µmol/min/g DW at 40 d of stratification. The G-6-PDH activity
remained stable with the further extension of cold stratification.

Therefore, the MDH and G-6-PDH activities fluctuated considerably during 30–40 d of
stratification, suggesting significant changes in the respiratory pathways of sugar metabolism
during dormancy release and germination.
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during cold stratification. (A,B) represent malate dehydrogenase (MDH) and glucose-6-phosphate
dehydrogenase (G-6-PDH), respectively. Each treatment had four replicates. On the x axis, 0 is the
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3.5. Correlations of the Germination Rate with Physiological Indicators during Cold Stratification

As shown in Figure 6, the germination rate showed positive correlations with the
soluble sugar content and G-6-PDH activity (p < 0.05), while demonstrating a negative
correlation with MDH activity (p < 0.05). The germination rate showed positive correlations
with GA3 and IAA contents (p < 0.05), but a negative correlation with ABA (p < 0.05).
Moreover, SOD, POD, CAT, and APX activities were positively correlated with the seed
germination rate (p < 0.05). These results highlight the interactions of these physiological
indicators with seed dormancy release and germination.
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germination rate (p < 0.05). These results highlight the interactions of these physiological 
indicators with seed dormancy release and germination. 

 
Figure 6. Correlations between the average germination rate and soluble sugars, phytohormones,
and antioxidant enzymes during cold stratification. Note: The right vertical axis represents the
correlation between two datasets. The color of the circle indicates the direction of the correlation (red,
positive correlation; blue, negative correlation). The size of the circle indicates the magnitude of the
correlation coefficient, which is displayed by the corresponding value. G is the seed germination rate,
SS is soluble sugars, and other abbreviations are physiological indicators as described in the text.
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4. Discussion
4.1. Regulation of Seed Dormancy Release and Germination by Endogenous Hormones

Many studies have demonstrated that GA, ABA, and IAA are the most important
endogenous factors regulating seed dormancy and germination [10]. B. sinensis seeds
exhibit dormancy. The changes in hormone levels at different stages from the dry seed
stage to imbibition and then to germination reflect the internal mechanisms of dormancy
regulation. It is well known that ABA plays a pivotal role in inducing and maintaining
seed dormancy. ABA reduces the osmotic potential and water absorption of the seed
embryo, impeding radicle elongation and seed germination. Consequently, the release
of seed dormancy is usually accompanied by a decline in ABA. GA3 is an important
factor in releasing dormancy and promoting seed germination that mainly acts through
increasing the vigor of the embryo, weakening the tissue around the embryo, and relieving
the constraint imposed by the seed coat. The antagonism between ABA and GA, which
are the major phytohormones, plays a key role in the regulation of seed dormancy. Hence,
seed germination can be controlled by regulating the metabolism and signal transduction
of ABA and GA [7,8]. The levels of ABA in B. sinensis seeds reached the maximum in the
unstratified stage but decreased significantly with the increase in stratification time. As
shown in Figure 2B, it decreased 9.47-fold at 50 d of seed stratification. The ABA content is
negatively correlated with the germination rate of seeds (Figure 6). Conversely, the GA3
content increased significantly by 33.3-fold by the end of seed germination (Figure 2A).
These findings indicate that the increase in the GA3/ABA ratio serves as a key determinant
in seed dormancy release and germination, which is consistent with the classical theory
highlighting the role of ABA and GA3 in regulating seed dormancy and germination.

IAA is another important endogenous hormone, which promotes seed germination by
inducing elongation and differentiation of blastocytes [35]. For example, IAA content dur-
ing dormancy release and germination of Rhizoma Paridis Yunnanensis, Paris polyphylla,
and Medicago sativa seeds increased rapidly. In this study, the IAA content increased
significantly in different stages of germination of B. sinensis seeds. The IAA content at
the end of seed germination was 14-fold higher than the initial value (Figure 2C). This
indicates that IAA plays a positive role in inducing seed germination. Nevertheless, seed
germination does not depend on the increase or decrease in a single phytohormone, such
as ABA, GA, or IAA. The spatiotemporal balance of ABA, GA, and IAA is the major factor
determining seed germination [36,37]. Based on the analysis of hormone ratios at different
stages, the ABA/GA3 and ABA/IAA ratios showed a significant decline. This is consistent
with the regulation of germinating hormones in Taxus yunnanensis and Garcinia paucinervis
seeds. This indicates that ABA might be the key inhibitor of germination of B. sinensis seeds.
The antagonism with ABA was intensified by regulating the biosynthesis of the growth
promoters GA3 and IAA to promote seed germination [38,39]. Additionally, it is widely
accepted that SA regulates seed growth and development, including cell expansion and
axial elongation of seed radicles. In this experiment, the SA level reached the maximum
after 40 d of stratification (Figure 2D). This result can be explained by the role of B. sinensis
seeds in regulating the growth of plumular axis and radicals from imbibition to germination
stages by increasing SA synthesis, thus promoting the seed germination [40–42]. Accord-
ing to the endogenous hormone regulation theory of seed dormancy, seed germination
requires interaction between hormones. The changes in hormone levels in different stages
of germination suggest that the increase in GA3 and the decrease in ABA concentration
promote seed germination in B. sinensis.

4.2. Antioxidative Stress during Seed Dormancy Release and Germination

Seed dormancy release and germination are related to changes in phytohormones. Fur-
ther, different types of enzymes, such as antioxidant enzymes, may alter the response during
seed dormancy release and germination [43]. The internal respiratory metabolism of seeds is
enhanced from seed dormancy release to germination stages, which may generate substantial
amounts of reactive oxygen species (ROS), leading to the accumulation of osmotic substances.
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ROS transform mutually via spontaneous or catalytic reactions. They are strong oxidants and
induce lipid peroxidation, resulting in oxidative damage to cellular structures [44,45]. This
has been established in physiological studies of seed germination [46,47]. SOD can cleave O2−

into H2O2 and O2 rapidly with minimal toxicity [48]. CAT is an enzyme that uses H2O2 as the
substrate and represents an important index of metabolic changes in plants. CAT can be used
to characterize cell growth and development. The interaction between CAT and POD can
further eliminate H2O2, thereby decreasing and eliminating the free radical-induced damage
to cell membranes [49,50]. The study findings suggest an increase in the levels of SOD, POD,
CAT, and APX during the release from seed dormancy stage in B. sinensis (Figure 3A–D).
They are positively correlated with the seed germination rate (Figure 6). Thus, the seeds
experience oxidative stress during stratification. The high levels of SOD, POD, CAT, and APX
perform rapid free radical-scavenging activity. This indicates that the combination of SOD,
POD, CAT, and APX activities not only contributes to seed dormancy release in B. sinensis, but
also facilitates seed cell growth and structural integrity, ensuring smooth germination and
prompt scavenging of internal free radicals.

4.3. The Role of Energy Metabolism in Seed Dormancy Release and Germination

The complex physiological transition from seed dormancy to germination requires a
significant energy supply. Energy reserves are key to the activation of seed germination
and metabolism and the changes in their content also indirectly reflect the mechanism of
seed dormancy release [51]. Specifically, carbohydrate, the major reserve substrate in most
types of seeds [52], represents an important source of energy for seed germination. Seed
dormancy release originates in the glycolysis pathway, which generates the primary energy
in seeds [53]; therefore, glucose metabolism plays an important role in seed germination [54].
Soluble sugars in seeds mainly include glucose, maltose, and saccharose. As the substrate
of respiratory metabolism in the embryo, soluble sugar is the major source of energy during
germination [55]. Soluble sugar exists in the embryo or endosperm. However, soluble
sugar can be transformed from fat, starch, and soluble proteins [56]. This study found a
dramatic increase in the levels of soluble sugar in B. sinensis seeds after stratification at an
early stage, and the sugar was consumed significantly during seed dormancy release and
reinforced the respiratory effect of the embryo (Figure 4). Further, the seed germination
rate increased accordingly, suggesting that the soluble sugar level regulates the release of
seed dormancy in B. sinensis.

Roberts et al. [57] hypothesized that the shift of sugar metabolism from glycolysis
to the pentose phosphate pathway (PPP) is critical to seed dormancy release. MDH and
6-G-PDH are the key enzymes in the tricarboxylic acid cycle (TCA) and PPP, respectively,
and their activities reflect the strength of seed respiration. In the present investigation,
with the extension of cold stratification, there was a rapid decrease in the activity of MDH
in TCA (Figure 5A), alongside a considerable increase in the activity of 6-G-PDH in PPP,
showing a significant negative correlation (Figure 6). These results indicate a shift in the
predominant respiratory metabolic pathway in B. sinensis seeds from TCA to PPP during
dormancy release, which is similar to the findings of Li et al. [58]. The results of the present
study provide new evidence for the hypothesis proposed by Roberts et al. [57]. In addition,
B. sinensis seeds need to be released from physiological dormancy before germination. The
natural cracking of the seed coat at 30 d of stratification indicates the development of the
seed embryo and the increase in metabolic activity. This explains the significant changes
in MDH and G-6-PDH activities during 30–40 d of stratification. During the process of
seed stratification, therefore, 30–40 d is an important period for the shift from dormancy to
germination preparation.

This study demonstrates that soluble sugars play an important role in protecting
seeds against oxidative stress. It can be used to regulate osmotic balance and stabilize
protein structure and biological membrane. Soluble sugars also protect phospholipids
in the biological membrane by inducing vitrification in cytoplasm. The accumulation of
soluble sugar increases significantly during seed dormancy release in B. sinensis (Figure 4),
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possibly due to the increased glycosylation of cell proteins [59,60]. According to Coue et al.,
the soluble sugar content is related to metabolic pathways associated with ROS generation.
Conversely, the soluble sugar can induce metabolic pathways that generate NADPH, such
as the oxidized pentose phosphate (OPP) pathway, to facilitate scavenging of ROS [61].

5. Conclusions

Low-temperature wet stratification under 5 ◦C can release seed dormancy effectively.
During the seed dormancy release, the seed germination rate was positively correlated
with soluble sugar, GA3, and IAA levels, as well as G-6-PDH, SOD, POD, CAT, and APX
activity, but it was negatively correlated with MDH activity and ABA content. These imply
that dormancy release might be attributed to the degradation of endogenous ABA and the
oxidation of reactive oxygen species induced by low-temperature wet stratification. GA3,
IAA, and the metabolism of energy substrates may be correlated with the induction and
promotion of germination.
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Abstract: The pre-emergent herbicide indaziflam is efficient in the management of weeds in eucalyp-
tus crops, but this plant may develop less in soil contaminated with it. The objective was to evaluate
the levels of chlorophylls a and b, the apparent electron transport rate (ETR), growth and dry mass of
leaves, stems and roots of Clone I144, in clayey soil, contaminated with the herbicide indaziflam and
the leaching potential of this herbicide. The design was completely randomized in a 3 × 5 factorial
scheme, with four replications. The leaching of indaziflam in the clayey soil profile (69% clay) was
evaluated in a bioassay with Sorghum bicolor, a plant with high sensitivity to this herbicide. The
injury and height of this plant were evaluated at 28 days after sowing (DAS). We believe that this
is the first work on Eucalyptus in soil with residues of the herbicide indaziflam. Chlorophyll a and
b contents and ETR, and height and stem dry mass of Clone I144, were lower in soil contaminated
with indaziflam residues. The doses of indaziflam necessary to cause 50% (C50) of injury and the
lowest height of sorghum plants were 4.65 and 1.71 g ha−1 and 0.40 and 0.27 g ha−1 in clayey soil
and sand, respectively. The sorption ratio (SR) of this herbicide was 10.65 in clayey soil. The herbicide
indaziflam leached up to 30 cm depth at doses of 37.5 and 75 g ha−1 and its residue in the soil reduced
the levels of chlorophylls a and b, the apparent ETR and the growth of Clone I144.

Keywords: clonal eucalyptus; herbicide; indaziflam; leaching; soil profile

1. Introduction

The global demand for wood and wood products, a demand increasingly met by high-
yield forest plantations, has been steadily growing [1]. These plantations have grown by an
average of 4.4 million hectares annually, from 168 million hectares in 1990 to approximately
278 million hectares in 2015 [2]. To ensure high biomass production, significant quantities
of agricultural materials are used [3]. Meeting these demands requires a dramatic increase
in the global production and trade of forest products. This would imply a further increase
in the global forest plantation area by about 25–67 million hectares to reach 303–345 million
hectares by 2030, and there are predictions that the demand for roundwood supplied by
forest plantations will increase by about 65% by 2070 [4].

Eucalyptus sp. is the most widely planted forest genus, with 25 million hectares [5,6]
containing more than 110 species introduced in over 90 countries [7]. Brazil is the world leader
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in eucalyptus planted area, followed by China and India [8,9]. It has 9.93 million hectares of
planted forest, of which 75.8% is eucalyptus plantation [10]. Furthermore, Brazil is a leader in
productivity, with an average accumulated mass of 40 m3ha−1 year−1 [11], which has grown
in recent years along tropical agricultural frontiers. Currently, the distribution and growth of
eucalyptus plantation areas in Brazil is located in the Southeast, in Minas Gerais (30%) and
São Paulo (13%), the Midwest, in Mato Grosso do Sul (14%), the Northeast, in Bahia (8%)
and the South, in Rio Grande do Sul (8%) and Paraná (6%) [10]. Primary products, such as
paper, pulp and wood, as well as secondary products, such as flooring and furniture, from
Brazilian eucalyptus plantations are exported to many countries, highlighting the importance
of Brazilian plantations for the international market [12].

Pure eucalyptus species, ranked in terms of importance [10], are mainly used in Brazilian
plantations: Eucalyptus grandis (W. Hill ex Maiden), Corymbia citriodora (Hook.) KD Hill &
LAS Johnson (formerly known as E. citriodora– basionym), E. urophylla (ST Blake), E. saligna
(Sm.), E. globulus (Labill.), E. camaldulensis (Dehnh.), and hybrids E. urophylla × E. grandis,
E. urophylla× E. camaldulensis, E. grandis× E. camaldulensis and E. urophylla× E. globulus [13,14].
These species or hybrids are selected for their characteristics, such as fast growth, wood quality,
high productivity, profitability, strong adaptability to different soils and climatic conditions
and ease of management [6,7]. We can also highlight an extensive history of investment
in Brazil, and consolidated improvement techniques for silvicultural practices and forest
genetic improvement.

Although the genetic improvement of this crop is at an advanced stage, another
determining factor for the higher productivity of eucalyptus plantations is the control of
diseases, pests and weeds [15,16]. Competition with weeds is a limiting factor for the
development of most forest species [17]. Generally, weeds are considered the pest of
greatest economic impact and phytosanitary risk in eucalyptus cultivation. Weeds seriously
affect plant growth through interspecific competition for water, light and nutrients [18],
causing serious damage to crop establishment, development and productivity. Although
eucalyptus has potentially rapid growth rates, its tolerance to weed interference during
establishment is low. Yield reduction due to weeds is greatest up to two years after eucalypt
planting, when weed management in these crops is highly dependent on herbicides [19].
According to Silva et al. [20], specific plants can be controlled through the use of herbicides
and their mechanisms of action.

Chemical control using herbicides is commonly employed for weed control. This weed
control method in eucalyptus plantations is fast and efficient [21], with lower labor require-
ments and greater effectiveness. The development of a selective, broad-spectrum action
herbicide, applied during the pre-emergence of weeds, would improve weed management
for this crop and favor eucalyptus silviculture [22]. However, the number of herbicides
used is reduced with few records for this crop [23] and most registered herbicides not being
selective for eucalyptus [22].

Although there are some species that can be used as green manure to remove herbicides
from the soil, as they have the ability to accumulate chemical compounds in tissues [24].
One of the areas with the greatest need for research development involves the use of
chemical products for weed control in forest plantations, since application failures and
herbicide drift can be harmful to the tree component and cause toxicity to plants, such
that chemical controls must be used with caution. This situation is concerning given
the low selectivity of herbicides to eucalyptus plantations, which can cause losses early
on during tree development, leading to productivity losses [25]. The drift of glyphosate
herbicide, non-selective to eucalyptus, can cause phytotoxicity, deformed apices, strongly
developed necrosis along the leaf edges and marked leaf senescence [26]: nicosulfuron
reduced stem diameter increment and fluazifop-p-butyl + fomesafen limited shoot dry
mass accumulation [27].

The herbicide indaziflam N-[(1R,2S)-2,3-dihydro-2,6-dimethyl-1H-inden-1-yl]-6-[(1RS)-
1-fluoroethyl]-1,3,5-triazine-2,4-diamine, an inhibitor of cellulose biosynthesis belonging to
the alquilazinas group, is used during pre-emergence to manage weeds in coffee, citrus,
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sugarcane, pine and eucalyptus crops in Brazil [23]. The structural formula of indaziflam is
described in Figure 1. This herbicide is safe for grape [28] and olive [29] crops with low solu-
bility in water (0.0028 kg m−3 at 20 ◦C), o Koc < 1000 mL g−1 organic carbon, pKa = 3.5, log
Kow at pH 4, 7 or 9 = 2.8, prolonged residual activity in the soil and half-life (t1/2) greater
than 150 days [30]. These features reduce the environmental impact from indaziflam
leaching into the soil and contaminating the groundwater [31]. However, soil mobility in
eucalyptus plantations and the tolerance of this plant to indaziflam are poorly understood,
increasing the need to evaluate its residual effects, especially in planting rows [32]. Thus,
we hypothesized that indaziflam soil residues would reduce eucalyptus development.
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Figure 1. Representation of the chemical structure of indaziflam.

The objective was to evaluate the levels of chlorophyll a and b, ETR and the growth
of Clone I144 in soil contaminated with indaziflam residues and the leaching potential of
this herbicide.

2. Materials and Methods

The experiment was carried out in a greenhouse (minimum temperature of 25 ◦C and
maximum temperature of 32 ◦C) at the Universidade Federal dos Vales do Jequitinhonha e
Mucuri (UFVJM) in Diamantina, Minas Gerais, Brazil.

2.1. Experimental Design

The methodological design adopted in this study is outlined in Figure 2. The experi-
ment had a completely randomized design, with treatments arranged in a 3 × 5 factorial
scheme, with four replications. The first factor consisted of the control treatment (soil with-
out herbicide) plus two doses, 35.7 and 75 g ha−1, of Esplanade® herbicide (500 g a.i. L),
with the doses corresponding to 25 and 50% of the commercially recommended dose for
this product (150 g ha−1). The second factor was the depth in soil profile: 0–10, 10–20,
20–30, 30–40 and 40–50 cm.

The eucalyptus clone used in the experiment was Eucalyptus urograndis (I144-Eucalyptus
urophylla S.T. Blake × Eucalyptus grandis W. Hill ex Maiden). The eucalyptus clone was
purchased in a nursery and was 45 days old. The clone was selected for its profitability,
fast growth, high productivity and high-quality wood [15]. Each plot had a 150 mm PVC
(polyvinyl chloride) tube, cut horizontally to form rings. The PVC columns were composed
of five 10 cm high rings. Each one was filled with a sample of dystrophic red latosol
(Table 1), previously fertilized as recommended for the crop.
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Table 1. Physicochemical characteristics of the soil samples used in the experiment.

Physical Analysis

Sand Clay Silt
Texture Class

(dag kg−1)

6 69 25 Very clayey

Chemical analysis

pH P K Ca Mg2+ Al3+ H+Al SB t T V m OM

(H2O) (mg dm−3) (Cmolcdm−3) (%) (dag kg−1)

5.00 0.54 31 0.18 0.13 0.80 4.62 0.39 1.19 5.01 7.8 67.2 1.88

P-K-Extractor Mehlich 1; Ca-Mg-Al-Extractor: KCl-1 mol/L; H + Al-Calcium Acetate Extractor 0.5 mol/L-pH 7.0;
SB = Sum of Bases; t = Effective Cation Exchange Capacity; T = Cation Exchange Capacity at pH 7.0; V = Base
Saturation Index; m = Aluminum Saturation Index; OM = Organic Matter (C.Org × 1724-Walkley–Black).

2.2. Application of Indaziflam

Irrigation was carried out before the herbicide was applied, keeping humidity between
70% and 80% of field capacity. Indaziflam was applied with an electric sprayer (Yamaho
FT5®, 5 L capacity) in a solution with a spray volume of 120 L ha−1. The eucalyptus
seedlings were transplanted one day after herbicide application, with one plant remaining
per experimental unit. Irrigation was carried out using sprinklers, without exceeding the
daily simulation limit of 60 mm of rain.

2.3. Chlorophyll Index and Electron Transport Rate

The chlorophyll index was determined using a chlorophyll meter (ChlorofiLOG CFL
1030®) between 9 a.m. and 10 a.m. on fully expanded leaves, at 14 days after planting,
and the chlorophyll fluorescence was measured with a portable fluorometer ((MINI model)
-PAM II, Walz, Effeltrich, Germany), at 21 days after planting, in expanded and photosyn-
thetically active leaves, using specific leaf support tweezers (model 2030-B). This evaluation
was performed at night with at least 30 min of adaptation of the leaves to the dark.
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2.4. Height and Dry Mass of Leaves, Stems and Roots

The height of eucalyptus plants was measured with a ruler graduated in centimeters
120 days after planting. Leaves, stems and roots of this plant were conditioned in paper bags
and dried in a forced air circulation oven (65 ◦C) for 48 h. The dry mass was determined on
a precision scale.

2.5. Sorghum Bicolor as a Bioindicator Plant

Sorghum bicolor (L.) Moench hybrid BRS 655 (sorghum) was used as a bioindicator
plant [32]. This sorghum species was planted in soil samples with known herbicide
concentrations (dose–response curve). Indaziflam was applied at doses of 0, 0.25, 0.5, 1, 2, 3,
5, 10, 20, 40 and 60 g ha−1, established in the sorghum sensitivity test to this herbicide [32],
in dystrophic red latosol soil samples. Dose–response curves were plotted to evaluate
sorghum cultivated in the soil. Ten sorghum seeds were sown, one day after herbicide
application, in transparent plastic pots with a volume of 250 cm3, an area of 50 cm2, a height
of 6 cm and a diameter of 10 cm. The thinning was performed after emergence, leaving six
seedlings per pot. Pots under the same cultivation conditions were filled with soil samples
from the eucalyptus experiment in order to estimate the residue by comparison with the
dose–response curve. The pots were kept in a greenhouse under minimum temperature
conditions of 15 ◦C, maximum of 35 ◦C and 75% humidity.

Sorghum plant injuries were visually assessed 28 days after sowing (DAS) using a
scale from 0 to 100%, with 0% being no symptoms and 100% being plant death [33]. Plant
height was measured in centimeters with a ruler. The indaziflam residue adsorbed into
the soil was evaluated, simultaneously, in washed sand. The sand (0.6 mm to 2.0 mm) was
washed in running water to remove impurities, immersed in an acid solution (10% sulfuric
acid) for 24 h, and washed again in running water until the acid residue was removed. The
pH was corrected to neutral (7) with the addition of sodium hydroxide solution (NaOH).
The sand was dried in the sun on plastic sheeting for 24 h. The indaziflam doses estimated
for the sand were 0, 0.05, 0.1, 0.15, 0.25, 0.5, 1, 2, 3, 5, and 10 g ha−1 [32]. The sand volume
and number of sorghum seeds were the same from the beginning to the end of the trial.
The plants were irrigated with a nutrient solution (Table 2).

Table 2. Macro and micronutrients in the nutrient solution for irrigation of Sorghum bicolor in sand
(CLARK 1975).

Element Source Molecular Formula Amount (mg L−1)

N Urea CH4N2O 9.89
P Phosphoric acid H3PO4 0.15
K Potassium chloride KCl 5.36
Ca Anhydrous calcium chloride CaCl2 11.56
Mg Magnesium chloride MgCl2(6H2O) 4.82
S Sodium sulfate Na2SO4 2.84
B Boric acid H3BO3 0.05
Cu Copper chloride CuCl 0.003
Fe Iron chloride FeCl3 0.25
Mn Manganese chloride MnCl2(4H2O) 0.056
Zn Zinc chloride ZnCl2 0.011
Mo Sodium molybdate Na2MoO4 0.0052

EDTA (5.44 g) + 0.824 g de NaOH

2.6. Statistical Analysis

All analyses were carried out using the R Core Team software version 3.4.3 with the
R Studio software. Analysis of variance (ANOVA) using the F test and the Tukey test
were used using the ExpDes.pt packages version 1.2.2 [34]. Regression analysis and 3D
response surfaces were performed for injury and sorghum plant height. The significance
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of the coefficients (p < 0.05) and the coefficient of determination were considered for the
regression models. All statistical analyses were carried out at a 5% significance level.

The dose necessary to reduce the analyzed variable, injury or plant height, by 50%
(C50), was calculated for soil and sand, establishing a non-linear, log-logistic regression
model with the equation of Seefeldt et al. [35]: Y = C + D/1 + (X/C50)−b, where C = lower
limit of the curve; D = difference between the upper and lower limits of the curve; b = slope
of the curve; and C50 = curve inflection point corresponding to 50% response. Graphs and
C50 were generated using SigmaPlot® (version 13.0, 2014, Systat Software, Inc., San Jose,
CA, USA).

Indaziflam residue concentration by soil depth, was estimated by the percentage of
visual injury of sorghum plants cultivated with soil depths of 0–10, 10–20, 20–30, 30–40 and
40–50 cm and with the C50 of the analyzed variable.

The sorption ratio (RS) for indaziflam was calculated from the data obtained from
soil C50 in relation to sand, RS = C50soil–C50sand/C50sand, which expresses the sorptive
capacity of indaziflam into the soil, taking the soil and sand concentrations of the herbicide
that inhibit 50% of the indicator plant’s development as parameters.

3. Results

The results are outlined in Figure 3. Indaziflam reduced chlorophyll a and b levels, rate
of electron transportation and height and dry mass of the eucalyptus plant stem. Indaziflam
leached to a depth of 30 cm into clay soil (69% clay) at 121 days after application.

Forests 2023, 14, x FOR PEER REVIEW 7 of 15 
 

 

 
Figure 3. Representative scheme of the effect of indaziflam herbicide residues on the growth of 
Clone I144 (Eucalyptus urophylla × Eucalyptus grandis) at different soil depths. 

3.1. Eucalyptus Plants 
The chlorophyll a content of the Clone I144 was lower at 50% of the commercial in-

daziflam dose (Figure 4a), and the chlorophyll b content was lower at 25% and 50% of the 
commercial indaziflam dose, than in the control, 14 days after planting (Figure 4b). The 
electron transport rate (ETR) of Clone I144 exposed to herbicide residues, was lower at 
25% and 50% of the commercial dose 21 days after planting (Figure 4c). 

Figure 3. Representative scheme of the effect of indaziflam herbicide residues on the growth of Clone
I144 (Eucalyptus urophylla × Eucalyptus grandis) at different soil depths.

3.1. Eucalyptus Plants

The chlorophyll a content of the Clone I144 was lower at 50% of the commercial
indaziflam dose (Figure 4a), and the chlorophyll b content was lower at 25% and 50% of
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the commercial indaziflam dose, than in the control, 14 days after planting (Figure 4b). The
electron transport rate (ETR) of Clone I144 exposed to herbicide residues, was lower at 25%
and 50% of the commercial dose 21 days after planting (Figure 4c).
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Figure 4. Chlorophyll (a,b) levels and electron transport rate (ETR) (c) of commercial eucalyptus 
clone I144 at 14 and 21 days after planting in soil contaminated with 25% and 50% of the commercial 
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rameter, do not differ by Tukey’s test at 95% probability. 

The height of Clone I144 was lower in soil contaminated with 25% and 50% of the 
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commercial dose compared to the control (Figure 5). 

Figure 4. Chlorophyll (a,b) levels and electron transport rate (ETR) (c) of commercial eucalyptus
clone I144 at 14 and 21 days after planting in soil contaminated with 25% and 50% of the commercial
indaziflam dose (150 g ha−1), respectively. Columns followed by the same lowercase letter, by
parameter, do not differ by Tukey’s test at 95% probability.

The height of Clone I144 was lower in soil contaminated with 25% and 50% of the
commercial indaziflam dose, with a reduction of 12.46% under the effect of 50% of the
commercial dose compared to the control (Figure 5).

Stem dry mass of Clone I144 was lower with 25% and 50% of the commercial indazi-
flam dose than in the control (Figure 6).
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Figure 6. Dry mass of leaves (DML), stem (SDM) and roots (RDM) (g) of commercial eucalyptus 
clone I144, 120 days after planting in soil contaminated with 25% and 50% of the commercial inda-
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test at 95% probability. 
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Figure 6. Dry mass of leaves (DML), stem (SDM) and roots (RDM) (g) of commercial eucalyptus clone
I144, 120 days after planting in soil contaminated with 25% and 50% of the commercial indaziflam
dose (150 g ha−1). Columns followed by the same letter, per variable, do not differ by Tukey’s test at
95% probability.

3.2. Sorghum Plants

The injury symptoms were maximal with soil removed at 15 cm and less than 10%
with those at depths of 30–40 and 40–50 cm (Figure 7a). Sorghum plant height was lowest in
soil contaminated with indaziflam up to 30 cm deep. Sorghum plant height variability was
greater as a function of herbicide dose than of soil contamination depth, with the shortest
height observed in soil contaminated up to 30 cm after being contaminated with the largest
herbicide dose (Figure 7b). Initial symptoms observed in sorghum plants with increasing
herbicide dose were leaf tissue reddening, leaf blade chlorosis and reduced growth.
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Figure 8. The dose–response curve for sorghum plant injury and height at 28 DAS grown in soil
(a) and sand (b) with indaziflam doses of 0, 0.25, 0.5, 1, 2, 3, 5, 10, 20, 40 and 60 g ha−1 and 0, 0.05, 0.1,
0.15, 0.25, 0.5, 1, 2, 3, 5, and 10 g ha−1.

3.3. Indaziflam Soil Residues

The indaziflam soil residues, collected at 0–10, 10–20, 20–30, 30–40 and 40–50 cm depth,
with 25% and 50% of the commercial herbicide dose, were 7.79 and 8.72 g ha−1, 5.12 and
7.44 g ha−1, 2.33 and 2.79 g ha−1, 0 and 0 g ha−1, and 0 and 0 g ha−1, respectively (Figure 9).

The sorption ratio (SR) of the herbicide from the data obtained from soil C50 in relation
to sand was 10.65 in clayey soil.
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Figure 9. Indaziflam residue in soil samples cultivated with commercial eucalyptus clone
I144 120 days after application of 25% and 50% of the recommended commercial dose (150 g ha−1).

4. Discussion

Chemical control is a weed management alternative for forest plantations. Injuries
caused by inadequate application, drift or herbicide soil residues are among the main
problems reported when chemical control is employed [36]. Some herbicide use for weed
control has a residual effect in the soil and can reduce the physiological and growth
characteristics of the crop, affecting productivity.

The lower chlorophyll a and b levels at 50%, and 25 and 50%, respectively, of the
commercial indaziflam dose can be explained by the indirect interference of the herbicide,
affecting the translocation of divalent cations, such as magnesium (Mg) and manganese
(Mn) [37], to the meristematic tissues, thereby inhibiting photosynthetic activity. Mg
and Mn are essential for photosynthetic light reactions. Previous studies reported that
the absorption bands of both chlorophylls a and b were directly related to the emission
spectra of Mg [38]. The lower ETR of eucalyptus in soil contaminated with indaziflam
is the result of the indirect effect of this herbicide on chlorophyll, reducing the emission
of fluorescence signals by plant leaves [37]. ETR is a variable closely correlated with
chlorophyll content [39]. Thus, lower chlorophyll levels reduce photon absorption and,
consequently, lower ETR to the photosystem II binding site. Although the phytotoxic effects
of indaziflam do not require light [40], it has been proposed that, as a cellulose biosynthesis
inhibitor, it inhibits photosystem II [41].

The lower height of Clone I144 in soil contaminated with 25% and 50% of the commer-
cial indaziflam dose is related to the action mechanism of this herbicide [32]. Indaziflam
inhibits cellulose biosynthesis in plants [42,43], which is considered to be the main source
of rigidity and structural support for plant cell walls [44,45]. Several accessory proteins
are necessary for cellulose production and deposition, including Cellulose Synthase A
(CESA), Korrigan, Cobra and Cellulose Synthase Interacting1 [46]. Loss of function in
any of the necessary cellulose synthase subunit proteins causes complete or partial loss of
anisotropic growth in expanding cells [40]. Interestingly, all these proteins are potential
action sites for herbicides that inhibit cellulose biosynthesis [47]. These effects are seen not
only in grasses [48], but symptoms have also been reported in perennial species such as
macauba [49], sweet potato [43], Coffea arabica cultivar IBC12 [50] and pecan [51]. The lower
height of Clone I144 at the highest dose (50% of the commercial dose) demonstrates the
plant’s susceptibility to lower than commercially recommended doses.

One potential explanation for the lower stem dry mass in the treatment with 50% of
the commercial herbicide dose compared to the control is due to the action of the product,
which inhibits cellulose biosynthesis, thereby leading to loss of integrity of the primary
and secondary cell wall, formed by thin and thick layers of cellulose microfibrils [42]. It
has already been reported that indaziflam inhibits the cellulose microfibril cross-linking
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stage [50], reducing cell formation and consequently, plant dry mass. In trees, the secondary
vascular tissues come from the activity of the secondary meristems that promote secondary
growth in stem thickness. However, the effect of the herbicide on cellulose microfibril
cross-linking and the inhibition of crystal deposition in the cell wall affect cell formation,
division and elongation [52], leading to reduced stem dry mass. This may explain why the
stem was the element most affected by indaziflam. The results of this study agree with
previous research that shows varying lesions on the trunk of pecan plants between three
and four months after indaziflam application [51].

Indaziflam leached presenting a residual effect up to a depth of 30 cm, and the
symptoms observed in the bioindicator plant demonstrate the presence of the herbicide in
numerous soil layers and their high sensitivity to indaziflam. The symptoms observed in
sorghum plants, such as chlorosis of the young tissues, reddening of leaf tissue, necrosis
and plant death, are characteristic of sensitive species exposed to herbicides that inhibit
cellulose biosynthesis [32]. The injury and lower height of the sorghum plants at higher
herbicide doses at a depth of up to 30 cm is due to direct herbicide action that inhibits
cellulose biosynthesis [42], which can promote polymerization of cellulose from the UDP-
glucose substrate by glucosyltransferase and also by inhibiting cell multiplication of other
polysaccharides due to nitric acid accumulation [52]. Furthermore, cell division inhibition
in meristematic tissue has also been suggested as a secondary mode of action that reduces
cell formation and, consequently, plant height [53].

The value of the C50 dose of 0.40 g ha−1 for damage to sorghum plants grown in sand
was also observed in a bioassay study [32]. This is the result of an inert substrate, in which
the physical and chemical characteristics, such as the absence of organic matter, surface
loads and clay, make it impossible for the herbicide to sorb, resulting in availability of the
substrate and absorption by the plant roots [54]. This explains the greater injury and lower
height of sorghum plants in sand than in soil.

The sorption ratio (SR) of 10.65 indicates a high amount of adsorbed indaziflam
residue. Thus, the sorption ratio evaluated may be directly relate to the high clay content
(69 dag kg−1), organic matter (1.88 dag kg−1) and pH (5.00) of the soil used in the study,
which are similar to those reported in an experiment with Red-Yellow Latosol with pH
(5.1) and Cambissolo with (SR) equal to 10 [32]. Physical and chemical soil characteristics
generate different sorption capacities for herbicides, especially mineralogy and organic
matter content, which are attributes that are directly involved in the sorption process of
these products, as they have three-dimensional sites responsible for the sorption of ionic
and non-ionic herbicides that form hydrogen bonds with the herbicides [55]. Herbicides
applied pre-emergence and those derived from weak acids, such as indaziflam, are more
adsorbed in the soil solution at low pH [56,57].

In this context, soils with a high sand content cause the herbicide to move downwards
through the soil profile, due to the greater number of macropores as well as the low clay and
organic matter levels [56]. Understanding the behavior and destination of this herbicide in
the soil, as well as potential contamination risks stemming from variable soil properties,
is important when explaining the possible presence of indaziflam in the planting lines
affecting the crop.

5. Conclusions

Eucalyptus Clone I144 was sensitive to the herbicide indaziflam. The herbicide reduced
chlorophyll a and b levels, the electron transport rate, and the height and dry mass of the
stem of the clone evaluated. It leached to a depth of 30 cm at doses of 37.5 and 75 g ha−1.
This is the first report of the effects of indaziflam residue on the physiological and growth
characteristics of a eucalyptus clone.
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Abstract: To understand the insect resistance mechanism of the larch, Larix olgensis, in a mixed forest,
larch (Larix olgensis) seedlings and ashtree (Fraxinus mandshurica) seedlings were planted with mixed
banding forests in the proportion of 1:1 (BMF1:1), 3:3 (BMF3:3) and 5:5 (BMF5:5), in pots and in the
field. One year later, the content of secondary metabolites in the needles of each larch treatment
were tested with an ultraviolet spectrophotometer. The results showed that the allelopathic effect
of F. mandshuricas (ashtree) on L. olgensis (larch) could increase the content of secondary metabolites
in larch needles. It was found that the flavonoid content in the needles of BMF5:5 was higher than
that in the needles of BMF1:1 and BMF3:3 (p < 0.05). The tannin content in the needles of FBMF3:3 and
FBMF5:5 was significantly higher than that of FBMF1:1, whereas the tannin content in the needles of
PBMF3:3 reached 1.27 mg/g, which was the highest (p < 0.05). The lignin content in the needles of
FBMF3:3 reached 2.27 mg/g, which was significantly more increased than that in the control group in
a dose-dependent manner, while that in the needles of PBMF3:3 and PBMF5:5 was higher than that in
the needles of PBMF1:1 (p < 0.05). The tannin and lignin content in the needles of FBMF was higher
than that of PBMF. However, there was no difference in the content of flavonoids in the needles of
FBMF and PBMF. These results suggest that banding mixed larches and ashtrees can significantly
increase the content of secondary metabolites (phenolic compounds) in the needles of L. olgensis and
improve its chemical defense, and the allelopathic effect of ashtrees on larches is related to the mixed
proportion. Thus, the effect of mixed banding forests in the proportion of 3:3 and 5:5 is better.

Keywords: Larix olgensis; Fraxinus mandshurica; banding mixed forest; secondary metabolites;
allelopathy

1. Introduction

Plant interaction is one of the fundamental scientific problems in ecological research [1],
in which the chemical interactions among and within plants have been widely and deeply
studied. Plant allelopathy is a natural ecological phenomenon, in which a plant releases
chemicals to affect another plant. It is a chemical response strategy of a plant to the same
or different plants that coexist with it [2]. In the face of animal feeding, microbial in-
fection and other plant competition, plants often respond by synthesizing and releasing
secondary metabolites. They adjust their biomass distribution by identifying the infor-
mation of adjacent species, thus deciding whether to adopt chemical defense strategies
or not [3,4]. Secondary metabolites result from the interaction between plants and their
living environment during long-term evolution. They are products of complex branching
metabolic pathways, which determine the color, smell and taste of plants [5]. Although
many secondary metabolites do not participate in the metabolism of plants, they can
suppress the digestion and utilization of food by herbivorous insects and then interfere
with their mating behavior, attracting natural enemies. As an important physiological
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indicator of performance, they play an essential role in the process of plants resisting insect
invasion [6,7].

As the content of secondary metabolites in plant tissue cell walls increases, the number
of nutrients, such as proteins and sugars, obtained by phytophagous insects decreases [8,9].
Phenolic compounds in plant secondary metabolites are essential chemical defense substances
in plant insect resistance [10], and there is a close relationship between the composition and
the content of such phenolic compounds, which are a class of substances with complex
genes synthesized by the shikimate acid pathway and the malonate acid pathway, including
flavonoids, tannins, lignin and other substances [11,12]. Tannin is a highly polymerized
polyphenol compound in polyphenols that is usually divided into condensed tannins and
hydrolyzable tannins. It can combine with proteins and digestive enzymes to form a complex
compound insoluble in water that interferes with insect food utilization [13,14]. Liu XX
et al. [15] added different mass fractions of tannins to an artificial diet to feed Hyphantria
cunea larvae and found that tannins had a significant inhibitory effect on the food utilization
of Hyphantria cunea. Flavonoids are also important phenolic compounds in the process
of plant insect resistance. They exist in plants through the shikimic acid–phenylpropane
metabolic pathway. They not only have antioxidant activity, but also increase the metabolic
burden of insects and affect the normal life activities of insects, e.g., soybean, which can
synthesize flavonoids to inhibit the feeding harm of lepidopteran larvae [16]. Lignin is a
complex phenolic polymer filled in the cellulose framework and formed of three alcohol
monomers. Its metabolic pathways intersect with those of other plant secondary metabolites.
Its metabolism is closely related to plant disease resistance, insect resistance, waterlogging
resistance and cold resistance, and other forms of stress resistance physiology have certain
correlations [17]. After being ingested by insects, lignin can reduce the efficiency of insects’
food utilization [18].

At present, pure artificial forests with a single tree species in forestry production
systems are considered to be typical representatives of simplified ecosystems, which are
usually sensitive, easily disturbed, and even have outbreaks of insect pests. Therefore,
increasing the diversity of tree species can improve the resistance of trees to pests [19]. In
mixed forests, the interactions among the same or different trees affect the function of the
forest ecosystem through competition, predation, parasitism and mutualism [20]. Accord-
ing to research, Ostryopsis davidiana can promote the growth of Pinus tabulaeformis [21]. The
content of phenolic acid in the rhizosphere soil of a mixed forest of P. tabulaeformis and
O. davidiana is significantly lower than that of pure forest P. tabulaeformis, which reduces the
autotoxic effect caused by phenolic acid content that is too high in the soil of a pure forest
of P. tabulaeformis. The author’s previous research found the 30-year or 20-year growth of
L. olgensis (larch)-F. mandshurica (ashtree) banding mixed forests can significantly enhance
the activity of the defense proteins in larch needles, thus improving the resistance of larch
to phytophagous insects and their chemical defense [22]. In this study, the allelopathy of
L. olgensis (larch)-F. mandshurica (ashtree) banding mixed forests on larch young trees was
studied by measuring the content of the primary secondary metabolites (tannin, lignin and
flavonoids) in larch needles, and the different allelopathy of banding mixed ashtree on
larch young trees was compared by the pot experiment and the field experiment, which
illuminated the allelopathic mechanism of the mixed banding forest in improving the
insect resistance of larches. The results lay a theoretical foundation for applying forest
management measures to control forest defoliators, such as Dendrolimus superans.

2. Materials and Methods
2.1. Mixed Mode Setting of L. olgensis and F. mandshurica

In mid-April 2015, two-year-old larch seedlings and one-year-old ashtree seedlings were
planted in pots (23 × 23 × 25 cm) and in the field at the Maoershan experimental forestry
farm of Northeast Forestry University, Shangzhi, Heilongjiang Province, P.R. China. Larch
and ashtree seedlings were planted with mixed banding forests in the proportion of 1:1, 3:3
and 5:5, in pots and in the field, and then larch pure forest was used as the control (Table 1).
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The distance between one mixed mode and the other was 4 m, and the distance between the
two lines of seedlings was 25 cm (Figure 1). The seedlings were covered with gauze to avoid
the occurrence of diseases, insect pests and human-caused mechanical damage.

Table 1. Two planting modes and different banding mixed proportions (four samples each, n = 4).

Planting Modes Banding Mixed Modes Abbreviation Code

planting in the field

larch pure forests FLPF
larch–ashtree banding mixed forests

in the proportion of 1:1 FBMF1:1

larch–ashtree banding mixed forests
in the proportion of 3:3 FBMF3:3

larch–ashtree banding mixed forests
in the proportion of 5:5 FBMF5:5

planting in pots

larch pure forests PLPF
larch–ashtree banding mixed forests

in the proportion of 1:1 PBMF1:1

larch–ashtree banding mixed forests
in the proportion of 3:3 PBMF3:3

larch–ashtree banding mixed forests
in the proportion of 5:5 PBMF5:5

Figure 1. Larch and ashtree young trees planted with mixed banding forests in the field and in pots.

2.2. Collection of Larch Needles

Larch needles were collected on 22 July, 1 August, 12 August, 22 August and 1
September. There were 4 repetitions for each treatment and about 30 g of needles for each
repetition. Then, those needles were stored at −40 ◦C in a freezer for the sample testing.

2.3. Determination of Secondary Metabolites Content
2.3.1. Determination of Tannin Content

Tannin in needles was extracted and identified according to the method described by
Yan S.C. et al. [23]. Then, 5 g of frozen needles of each treatment were frozen to a constant
weight by a freeze dryer. Next, 1 g of dry needles were homogenized using a mortar and
pestle, and then the powder was placed into a 20 mL screw-cap centrifuge tube with 10 mL
of 95% ethanol and extracted for 24 h at −20 ◦C. The mixture was centrifuged for 10 min
at 10,000 rpm and at 4 ◦C. Then, 1 mL of supernatant was added to a test tube containing
9 mL of 70% ethanol for the mixture solution, 0.5 mL mixture solution was added to an
aluminum foil-covered test tube with 3 mL 4% vanillin of ethanol and 1.5 mL concentrated
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hydrochloric acid, and the tubes were heated at 20 ◦C for 20 min in the water bath. The
absorbance was measured at 510 nm, and 70% ethanol was the blank control.

2.3.2. Determination of Flavonoid Content

The extraction and identification of flavonoid were performed according to the method
described by Jiang et al. [24], with modifications. Needles were extracted with 50 mL of
95% aqueous methanol on a shaker for 24 h and then extracted by ultrasonic extraction
for 2 h. The extracted liquid was centrifuged for 15 min at 14,000 rpm. Next, 1 mL of
supernatant was added to a test tube containing 4 mL of water, and then 0.5 mL of 50%
NaNO2 was added to the test tube. After setting for 6 min, 0.5 mL of 10% AlCl3 was added
to the tube. The mixture in the tube was set for 6 min again, and 4 mL of 4% NaOH was
added to the tube. The absorbance was measured at 510 nm, and 95% aqueous was the
blank control. The flavonoid content was expressed with milligrams of rutin equivalents
per gram of fresh leaf weight.

2.3.3. Determination of Lignin Content

Lignin in the needles was extracted and identified according to the method described
by Ren et al. [25,26]. First, 0.5 g of needles in 2 mL of 95% ethanol were homogenized
using a mortar and pestle and then were centrifuged for 10 min at 4500 rpm. The residues
were washed by successive stirring and centrifugation—five times with 95% methanol and
three times with 1:2 mixtures of ethanol and n-hexane (v/v)—and then were dried in an
oven at 60 ◦C overnight. All dry residues were placed into a 10 mL screw-cap centrifuge
tube with 1 mL of glacial acetic acid containing 25% acetyl bromide. While the tubes were
heated at 70 ◦C for 30 min in the water bath, the reaction was immediately stopped by
adding 0.9 mL of 2 M NaOH solution, and then 5 mL of glacial acetic acid and 0.1 mL
7.5 M hydroxylammonium chloride were added. The mixture was centrifuged for 5 min
at 4500 rpm, and the absorption of the supernatant after dilution with glacial acetic acid
was determined at 280 nm, and 95% ethanol was the blank control. The lignin content was
expressed as OD/g (optical density, OD) at the weight of the fresh needles.

2.4. Statistical Analysis

All the data were analyzed with SPSS 19.0 for Windows. The contents data of sec-
ondary metabolites in the pot and field treatments were analyzed by one-way analysis
of variance (ANOVA), followed by least significant difference (Bonferroni), multiple com-
parisons at α = 0.05. Two-tailed t-tests of independent samples were used for comparing
the contents data of tannin, flavonoid and lignin in the same mixed proportion treat-
ments in planting pots and the field, whose data were log-transformed to achieve variance
homogeneity and normal distribution.

3. Results
3.1. Effect of the Banding Mixed Forest in the Field on Content of Secondary Metabolites in Needles
of L. olgensis

Except for 22 July (F = 0.97, df1 = 3, df2 = 8, p > 0.05), the tannin content of needles in
FBMF was significantly higher than that in FLPF. On 1 August and 12 August the tannin
content in needles of FBMF3:3 was significantly higher than that of FBMF1:1 (F = 27.10, df1 = 3,
df2 = 8, p < 0.05 on 1 August; F = 39.73, df1 = 3, df2 = 8, p < 0.05 on 12 August), but there was
no difference between FBMF3:3 and FBMF5:5. On 22 August, the tannin content in needles of
FBMF3:3 was significantly higher than that of FBMF1:1 and FBMF5:5, while that of FBMF5:5
was significantly higher than that of FBMF1:1 (F = 243.26, df1 = 3, df2 = 8, p < 0.05). On 1
September, the tannin content in needles of FBMF3:3 was significantly higher than that of
FBMF1:1 (F = 33.06, df1 = 3, df2 = 8, p < 0.05), but that of FBMF5:5 was not different from
FBMF3:3 and FBMF1:1 (Figure 2A). The results indicated that the allelopathic effect of ashtrees
on larches in FBMF could increase the tannin content in needles, and then the tannin content
in needles of FBMF3:3 and FBMF5:5 significantly increased.
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The flavonoids content of needles in FBMF was higher than that in FLPF. On 1 August,
the flavonoids content of needles in FBMF5:5 was significantly higher than that in FBMF1:1,
FBMF3:3 and FLPF (F = 4.76, df1 = 3, df2 = 8, p < 0.05), but there was no difference in FBMF1:1,
FBMF3:3 and FLPF. On 12 August and 22 August, the flavonoids content of needles in FBMF5:5
and FBMF3:3 was significantly higher than that in FLPF (F = 13.40, df1 = 3, df2 = 8, p < 0.05
on 12 August; F = 22.16, df1 = 3, df2 = 8, p < 0.05 on 22 August), while that in FBMF5:5 was
significantly higher than that in FBMF1:1 on 22 August, but there was no difference between
that in FBMF3:3 and FBMF1:1. On 1 September, the flavonoids content of needles in FBMF5:5
was significantly higher than that in and FLPF (F = 7.41, df1 = 3, df2 = 8, p < 0.05), but there
was no difference between that in FBMF5:5 and FBMF1:1 or FBMF3:3 (Figure 2B). The results
showed that ashtree promoted the flavonoids compound in needles, and the flavonoids
content of needles in FBMF5:5 was higher than that in FBMF1:1 and FBMF3:3.

Figure 2. Changes of contents of tannin, flavonoids and lignin in needles of FBMF. (A) Tannin content,
(B) Flavonoids content, (C) Lignin content. The values presented in the figure are means ± standard
deviation (n = 3). Different lowercase letters in the same age histogram mean there is a significant
difference between different treatments at the same time in the same mixed forest (ANOVA followed
by Bonferroni multiple comparisons, p < 0.05). The same holds for Figures 2 and 3 below.
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Figure 3. Changes of contents of tannin, flavonoids and lignin in needles of PBMF. (A) Tannin content,
(B) Flavonoids content, (C) Lignin content.

Except for 22 July and 1 August, the lignin content in needles treated with FBMF
was significantly higher than that of needles treated with FLPF (p < 0.05). On 22 July, the
lignin content in needles of FBMF1:1 and FBMF3:3 was significantly higher than that of FLPF
(F = 32.63, df1 = 3, df2 = 8, p < 0.05), but there was no difference between them. On 1 August
and 12 August, the lignin content in needles of larch–ashtree FBMF was, from high to low,
FBMF3:3 > FBMF5:5 > FBMF1:1 (F = 6.84, df1 = 3, df2 = 8, p < 0.05 on 1 August; F = 11.63, df1 = 3,
df2 = 8, p < 0.05 on 12 August). On 22 August, the lignin content of needles in FBMF3:3 was
significantly higher than that in FBMF1:1 and FBMF5:5 (F = 31.60, df1 = 3, df2 = 8, p < 0.05),
but there was no difference between that in FBMF1:1 and FBMF5:5. On 1 September, the lignin
content in needles of FBMF3:3 and FBMF5:5 was significantly higher than that of FBMF1:1
(F = 87.68, df1 = 3, df2 = 8, p < 0.05), but there was no significant difference between FBMF3:3
and FBMF5:5 (Figure 2C). These results indicated that ashtree in FBMF had a significant effect
on the lignin content of needles, and then the lignin content in the needles of FBMF3:3 was
higher than that of other treatments.

76



Forests 2023, 14, 871

3.2. Effects of the Banding Mixed Forest in Pots on Content of Secondary Metabolites in Needles
of L. olgensis

The tannin content of needles in PBMF3:3 was always significantly higher than that
in PLPF, and the tannin content of needles in PBMF5:5 was significantly higher than that
in PLPF on 22 July and 1 September. On 22 July, the tannin content in needles of PBMF
was, from high to low, PBMF5:5 > PBMF3:3 > PBMF1:1 (F = 32.38, df1 = 3, df2 = 8, p < 0.05).
On 1 August, 22 August and 1 September, the tannin content of needles in PBMF3:3 was
significantly higher than in PBMF1:1 and PBMF5:5 (F = 9.13, df1 = 3, df2 = 8, p < 0.05 on
1 August; F = 11.52, df1 = 3, df2 = 8, p < 0.05 on 22 August; F = 25.50, df1 = 3, df2 = 8,
p < 0.05 on 1 September), but there was no difference in PBMF1:1 and PBMF5:5 on 1 August
and 22 August. On 12 August, the tannin content in needles of PBMF1:1 and PBMF3:3 was
significantly higher than that of PBMF5:5 (F = 15.11, df1 = 3, df2 = 8, p < 0.05), but there
was no difference between them (Figure 3A). These results showed that the allelopathy
of ashtree in PBMF could increase the content of tannin in larch needles, and the tannin
content in the needles of PBMF3:3 was higher than that of PBMF1:1 and PBMF5:5.

Except for 22 July, the flavonoids content in needles treated with PBMF3:3 and PBMF5:5
was significantly higher than that of needles treated with PLPF (p < 0.05). On 1 August and
12 August, the content of flavonoids in needles of PBMF5:5 was significantly higher than
that of PBMF1:1 (F = 10.61, df1 = 3, df2 = 8, p < 0.05 on 1 August; F = 9.95, df1 = 3, df2 = 8,
p < 0.05 on 12 August), and there was no difference between that of PBMF3:3 and PBMF1:1.
On 22 August, the content of flavonoids in needles of PBMF5:5 was significantly higher
than that of PBMF1:1 and PBMF3:3, but there was no difference between that of PBMF1:1 and
PBMF3:3 (F = 30.49, df1 = 3, df2 = 8, p > 0.05). On 1 September, the content of flavonoids in
needles of PBMF5:5 was significantly higher than that of PBMF1:1 (F = 11.79, df1 = 3, df2 = 8,
p < 0.05), but there was no difference between that of PBMF3:3 and PBMF1:1 or PBMF5:5.
(Figure 3B). These results showed that the allelopathy of ashtree in PBMF could increase the
content of flavonoids in needles, and the content of flavonoids in the needles of PBMF5:5
was higher than that of PBMF1:1 and PBMF3:3, which is consistent with the results of the
field experiment.

Except for 22 July, the lignin content in needles treated with PBMF was significantly
higher than that of needles treated with PLPF (p < 0.05). On 22 July, the lignin con-
tent of needles in PBMF3:3 and PBMF5:5 were significantly higher than that of PLPF and
PBMF1:1(F = 33.87, df1 = 3, df2 = 8, p < 0.05), but there was no difference between them.
On 1 August and 12 August, the lignin content in needles treated with PBMF was, from
high to low, PBMF3:3 > PBMF5:5 > PBMF1:1. On 1 September, the lignin content in needles
of PBMF5:5 was significantly higher than that of PBMF1:1 and PBMF3:3. However, there
was no difference between that of PBMF1:1 and PBMF3:3 (F = 4.69, df1 = 3, df2 = 8, p > 0.05)
(Figure 3C). These results showed that the allelopathy of ashtree in needles of PBMF could
increase the lignin content, and the lignin content in needles of PBMF3:3 and PBMF5:5 was
significantly higher than that of PBMF1:1 (p < 0.05).

3.3. Effects of Two Planting Methods on Content of Secondary Metabolites in Needles of L. olgensis

The difference of the tannin content in needles was irregular in FBMF and PBMF.
On 12 August, the tannin content in needles of FBMF1:1 was significantly lower than that
of PBMF1:1 (t = −5.89, df = 4, p < 0.01), and there was no difference between them at
other times. On 22 July and 1 September, the tannin content in needles of FBMF3:3 was
significantly lower than that of PBMF3:3 (t = −3.07, df = 4, p < 0.05 on 22 July; t = −4.90,
df = 4, p < 0.05 on 1 September), and on 22 August, the tannin content in needles of FBMF3:3
was significantly higher than that of PBMF3:3(t = 4.95, df = 4, p < 0.05). On 1 August, 12 and
22, the tannin content in needles of FBMF5:5 was significantly higher than that of PBMF5:5
(t = 3.55, df = 4, p < 0.05 on 1 August; t = 4.5, df = 4, p < 0.05 on 12 August; t = 6.33, df = 2.02,
p < 0.05 on 22 August), while the tannin content in needles of FBMF5:5 was significantly
lower than that of PBMF5:5 on 22 July (t = −10.78, df=4, p < 0.01). These results showed
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that the allelopathy of ashtree in needles of FBMF5:5 was more beneficial to improving the
tannin content than that of PBMF5:5 (Table 2).

Table 2. Comparative analysis of content of secondary metabolites in larch needles by two planting modes.

Ratio of Secondary Metabolites Content to Control

Secondary
Metabolites

Month/Date

BMF1:1 BMF3:3 BMF5:5

Planting in
Field

Planting in
Pots Sig. Planting in

Field
Planting in

Pots Sig. Planting in
Field

Planting
In Pots Sig.

tannin

7/22 1.09 ± 0.07 1.18 ± 0.02 ns 1.11 ± 0.05 1.35 ± 0.06 * 1.07 ± 0.02 1.53 ± 0.04 **
8/01 1.16 ± 0.04 1.04 ± 0.05 ns 1.40 ± 0.01 1.33 ± 0.09 ns 1.27 ± 0.04 1.04 ± 0.05 *
8/12 1.13 ± 0.02 1.37 ± 0.04 ** 1.34 ± 0.02 1.46 ± 0.06 ns 1.44 ± 0.03 1.16 ± 0.05 *
8/22 1.18 ± 0.00 1.28 ± 0.04 ns 1.65 ± 0.03 1.36 ± 0.05 * 1.42 ± 0.00 1.08 ± 0.05 *
9/01 1.17 ± 0.02 1.19 ± 0.00 ns 1.33 ± 0.04 1.58 ± 0.04 ** 1.25 ± 0.01 1.28 ± 0.07 ns

flavonoid

7/22 1.34 ± 0.15 1.08 ± 0.10 ns 1.69 ± 0.13 1.13 ± 0.07 * 1.44 ± 0.50 0.96 ± 0.17 ns
8/01 1.10 ± 0.01 1.14 ± 0.03 ns 1.33 ± 0.39 1.21 ± 0.06 ns 1.68 ± 0.09 1.32 ± 0.04 *
8/12 1.39 ± 0.16 1.24 ± 0.01 ns 1.70 ± 0.05 1.57 ± 0.14 ns 1.63 ± 0.03 1.56 ± 0.06 ns
8/22 1.24 ± 0.07 1.25 ± 0.05 ns 1.37 ± 0.02 1.37 ± 0.09 ns 1.60 ± 0.08 1.77 ± 0.05 ns
9/01 1.21 ± 0.09 1.15 ± 0.08 ns 1.14 ± 0.04 1.28 ± 0.06 ns 1.31 ± 0.02 1.47 ± 0.02 *

lignin

7/22 1.62 ± 0.08 1.15 ± 0.07 ** 2.07 ± 0.05 1.56 ± 0.01 ** 0.93 ± 0.04 1.71 ± 0.06 **
8/01 1.22 ± 0.05 1.19 ± 0.09 ns 1.64 ± 0.02 1.75 ± 0.03 ns 1.41 ± 0.03 1.40 ± 0.01 ns
8/12 1.56 ± 0.14 1.16 ± 0.03 * 2.76 ± 0.00 1.60 ± 0.00 ** 2.39 ± 0.00 1.37 ± 0.02 **
8/22 1.23 ± 0.09 1.20 ± 0.13 ns 1.85 ± 0.02 1.31 ± 0.02 ** 1.20 ± 0.03 1.31 ± 0.01 ns
9/01 1.40 ± 0.09 1.33 ± 0.11 ns 2.50 ± 0.02 1.30 ± 0.01 ** 2.75 ± 0.02 1.45 ± 0.03 **

Note: * = p < 0.05; ** = p < 0.01; ns = p > 0.05 (independent sample t-test).

The content of flavonoids in needles of FBMF3:3 was significantly higher than that of
PBMF3:3 on 22 July (t = 3.71, df = 4, p < 0.05); the content of flavonoids in needles of FBMF5:5
was significantly higher than that of PBMF5:5 on 1 August (t = 3.61, df = 4, p < 0.05); and
the flavonoids content of needles in PBMF5:5 was significantly higher than that of FBMF5:5
on 1 September (t = −4.85, df = 4, p < 0.05). Except for those results, there was no difference
between FBMF and PBMF at other times or treatments. (Table 2). These results showed
that the effects of the allelopathy of ashtree on needles in FBMF and PBMF were similar for
improving the content of flavonoids.

The lignin content of needles in FBMF was higher than that in PBMF. Except for that
result, the lignin content in needles of FBMF5:5 was significantly lower than that of PBMF5:5
on 22 July (t = −9.675, df = 4, p < 0.01), while the lignin content in needles of FBMF1:1 (t = 5.76,
df = 4, p < 0.01) and FBMF3:3(t=6.25, df=4, p < 0.01) on 22 July; that of FBMF1:1 (t = 6.93,
df = 4, p < 0.01), FBMF3:3 (t=13.96, df = 4, p < 0.01) and FBMF5:5 (t = 17.49, df = 4, p < 0.01)
on 12 August; and that of FBMF3:3 (t = 20.96, df = 4, p < 0.01) and FBMF5:5 (t = 16.04, df = 4,
p < 0.01) on 1 September were all significantly higher than that of PBMF (Table 2). These
results showed that compared with PBMF, FBMF was more beneficial in increasing the lignin
content in larch needles.

4. Discussion

Plant allelopathy is a way of transmitting information between plants. It is also a
natural chemical regulation phenomenon in the ecosystem and an ecological mechanism
for plants to adapt to the environment [27]. Plants can sense and recognize the information
substances that coexist within the same species or alien plants. Different plants regulate
plant growth and development through different types of allelochemicals; change plants’
physiological, biochemical and compositional levels; and then improve their adaptabil-
ity [28]. When Mallotus japonicus grows with its related species, the nectar secretion will
be reduced, and their own chemical defense capabilities will be changed [29]. Among
secondary metabolites, flavonoids and lignin are important phenylpropanoid pathway
metabolites that can increase the metabolic burden of herbivores and inhibit their food con-
sumption, digestibility and assimilation rates [16] (Matthias and Danie, 2020). Our study
results showed that the allelopathy of ashtree can increase the content of tannin, flavonoids
and lignin in needles, whether planting occurred in pots or the field. The reason may be
due to the induction of some chemical substances released by the ashtree volatilization,
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rain and fog leaching, plant residue decomposition, root exudation and other substances
infiltrating the soil to reach the larch [30]. The results are also consistent with the research
results, in which the growth of larch–ashtree banded mixed forest for twenty and thirty
years significantly enhanced larch’s resistance to insect pests [22]. This shows that a mixed
forest of two-year-old larch–ashtree can promote a level of secondary metabolism in larches
and the synthesis of phenols to enhance larch’s resistance to phytophagous insects and
improve its chemical defenses.

The stable stand structure of mixed plantations gives full play to forest ecological
function and benefit, compared with monocultural L. olgensis plantations with large-scale
and successive planting [31]. It has many obvious advantages in enhancing system stability,
resisting diseases and pests and increasing biological diversity. At the same time, increasing
the richness of stand species can improve the trees’ resistance to pests [32]. In a broad-leaved
forest, the overall damage of forest pests to broad-leaved tree species is significantly reduced
with an increased number of tree species [33]. Cao B [34] used 3-year-old Ailanthus altissima
and Populus bolleana to establish a mixed forest for controlling Anoplophora glabripennis.
The results showed that the insect resistance of P. bolleana was better when P. bolleana and
A. altissima were banding mixed in a ratio of 3:2 and 2:3. Our study showed that BMF3:3
and BMF5:5 of larch–ashtree had the most obvious effect on improving the content of
secondary metabolites in needles, which was consistent with the previous study, which
demonstrated that the content of secondary metabolites in the needles of 20-year-old larch–
ashtree mixed by strips of 4:4 was significantly stronger than that in needles of 20-year-old
larch–ashtree mixed by strips of 2:10 [22]. This shows that the allelopathy intensity of
F. mandshurica on larch is different in different mixed modes. There are differences in stand
density, population structure, interspecific competition, nutrient absorption, the content of
allelochemicals released by ashtrees and the allelochemicals secreted by its roots among the
three banding mixed modes of larch–ashtree—BMF1:1, BMF3:3 and BMF5:5—which all affect
the synthesis of chemical defense substances in the needles. Therefore, when constructing
larch–ashtree banding mixed forest, three or five rows of banded mixed forest are more
conducive to improving the chemical defense ability of the trees.

Allelopathy among plants is mainly concentrated in the aboveground and under-
ground parts [35]. Plants release specific secondary metabolites (allelochemicals) to the
environment through aboveground parts’ (stems, leaves, flowers, fruits or seeds) volatiliza-
tion, leaching and root exudation, which directly or indirectly affect the growth and develop-
ment of neighboring plants, allowing neighboring plants to adjust their biomass allocation
in order to determine whether to employ strategies such as chemical defense [36,37]. The
present study showed that compared with the pot experiment, larches in the field experi-
ment were more conducive to increasing their content of tannin and lignin. This shows that
the synergistic chemical action of the aboveground volatiles and underground compounds
of F. mandshurica is more conducive to enhancing the synthesis of insect-resistant secondary
metabolites in needles. However, there is no significant difference between the effects of
the two planting methods on the content of flavonoids in needles. It may be that some
allelochemicals secreted by the roots of F. mandshurica in the ground-planting method have
an antagonistic effect on the synthesis of secondary metabolites of flavonoids [38,39], which
leads to the fact that the allelopathic effect of F. mandshurica in the field experiment on
flavonoids is not stronger than that of F. mandshurica in the pot experiment. The mechanism
of this phenomenon and the allelochemicals involved in enhancing the chemical defense of
larch should be further studied.

With the improvement of people’s awareness of ecological and environmental protec-
tion, pest control has developed from comprehensive control measures based on chemical
control to natural control based on forestry measures. The establishment of a mixed forest
is an essential means of forest pest control and a measure of ecological pest control, too.
Furthermore, allelopathy is an ecological factor that cannot be ignored in diverse forest
ecosystems. It not only exists universally, but also greatly impacts the structural layout,
function, benefit and development of forest communities [34,40]. Therefore, we should fully
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use the current healthy forest ecosystem and combine the underground and aboveground
chemical links and their ecological synergy to explore the corresponding mechanisms and
further construct natural chemical regulation in the future [21,32].

5. Conclusions

In summary, banding mixed larch and ashtree can significantly increase the content
of secondary metabolites (phenolic compounds) in L. olgensis and improve its chemical
defense. FBMF treatments showed more significant effects on the tannin and lignin content
in needles than PBMF treatments. However, the allelopathic intensity of F. mandshurica on
larches is different in different mixed modes, and then the effect of banding mixed forests
by the proportion of 3:3 and 5:5 is better. These findings lay a theoretical foundation for
applying forest management measures to control forest defoliators, such as Dendrolimus
superans. Yet, the underground and aboveground chemical links and their ecological
synergy mechanism for larch–ashtree banding mixed forests are still not clear, which needs
further research.
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Abstract: Nutrient resorption and stoichiometry ratios are vital indicators to explore nutrient transfer
and use efficiency for plants, particularly under the condition of nutrient limitation. However, the
changing rules about nutrient resorption and ecological stoichiometry homeostasis are still unclear
with the development of plantations. We determined carbon (C), nitrogen (N), and phosphorus (P)
concentrations in soil and in fresh and senesced needles along a chronosequence of Pinus massoniana
plantations (10, 20, 30, and 36 years old) in Guizhou Province, China. We also calculated the N and
P resorption efficiency (NRE and PRE, respectively) and the homeostasis coefficient. The results
showed that fresh and senesced needles’ C and N concentrations maintained an increasing trend,
whereas their P concentrations decreased initially and subsequently increased as the plantations’ ages
increased. Fresh needles’ N:P ratios indicated that N limitation existed before 20 years old, while P
limitation appeared in the 30-year-old plantations. The NRE and PRE showed patterns of increasing
initially and decreasing subsequently along the chronosequence of P. massoniana plantations, which
was coupled with weak stoichiometric homeostasis to reduce nutrient deficiency. Therefore, the
appropriate nutrient management measurements should be induced to promote tree growth and the
sustainable development of P. massoniana plantations.

Keywords: nutrient resorption; nutrient limitation; ecological stoichiometry homeostasis; Pinus
massoniana plantations

1. Introduction

Carbon (C), nitrogen (N), and phosphorus (P) are vital indicators of nutrient utilisa-
tion in trees. Their ecological stoichiometry ratios are closely related to the life histories
and adaptation strategies of tree species [1,2]. Generally, nutrient accumulation and the
transformation of tree and soil nutrient release often change because of the biotic and
abiotic influence during the development of the plantation [3,4]. These variations in N and
P concentrations in trees and soil often lead to the nutrient limitation of tree individuals
within the background of the long growth cycle and the dynamic understory habitats [5,6].
According to previous reports, N and P limitations often happen because of insufficient
nutrient supply in young and ageing forests, respectively [7–9]. Inevitably, these situations
would have substantial effects on tree biomass accumulation and timber yield [10]. Hence,
clarifying these effects will further strengthen the understanding of the adaptability of
plantations under nutrient changes.

Ecological stoichiometry focuses on analysing the balance of chemical elements in
ecological interactions [11]. To date, this related theory has been widely used to explain the
relationship and feedback between plants and the environmental factors in the ecological
system [12,13]. Leaf N:P ratios are acknowledged to be indicators of N or P limitation for
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plant growth. For example, N or P limitation occurred at the N:P < 14 or >16 for plant
leaves, respectively [14]. Simultaneously, soil nutrient state and fertiliser supply capacity
affect plant nutrient and growth characteristics. For one plant species, the values of its
stoichiometry usually maintain a relatively constant composition regardless of the change in
environmental factors, which is called stoichiometric homeostasis [15,16]. At present, these
patterns have been discovered in many kinds of woody plants [17]. However, stoichiometric
homeostasis may have different thresholds in various environments, including different
growth stages in plants [18,19].

Nutrient resorption from ageing tissues is an important approach for plants to accumu-
late nutrient elements and optimise their use efficiency, which make them less dependent
on soil nutrients to maintain stoichiometric homeostasis [15]. Hence, plants have greater
N or P resorption efficiency (NRE/PRE, respectively) once N/P limitation occurs [20]. In
addition to soil nutrient status, studies have reported that nutrient resorption efficiency
(NuRE) could also be affected by fresh leaf and litter nutrients [21], leading to various
patterns in response to different-age stands [17]. Many researchers found that NuRE pre-
sented a negative correlation with soil nutrients [22,23]. On the contrary, some studies
reported that plants growing in infertile soil did not always show higher NuRE [24,25].
These results indicate that NuRE with plantation development and the correlations with
stoichiometry and homeostasis are still uncertain. Therefore, clarifying the pattern of
nutrient resorption and ecological stoichiometry homeostasis along a chronosequence of
plantations is necessary.

Pinus massoniana is a pioneer afforestation species and the main timber tree species
in South China, covering about one million hm2 of afforestation area. P. massoniana plays
an extremely important role in China’s timber production and forest ecosystem service
function [26]. Usually, the mature age of P. massoniana plantations is about 40 years in
south of China. However, their rotation period could be from 20 to 25 years based on the
different purpose of utilization and to maximize economic benefit. In recent years, the
productivity and economic value of P. massoniana plantations have attracted much attention.
For example, the earlier, pure P. massoniana plantations have begun to degenerate because
of the simple community structure, the growth rate and timber productivity, and soil
fertility reduction and acidification [27–29]. Previously, the majority of experiments on the
ecological stoichiometry of P. massoniana plantations were carried out only at one growth
stage [30], which made the nutrient dynamic and limitation status along a chronosequence
of P. massoniana plantations unclear. Therefore, we measured the needle and soil total
organic C, N, and P concentrations and calculated their stoichiometric ratios, including nee-
dle nutrient resorption in P. massoniana plantations across a chronosequence of 10- (young),
20- (middle-aged), 30- (near-mature), and 36-year-old (mature) stands in Guizhou Province,
China. The aim was to illustrate the patterns of nutrient resorption and stoichiometric
homeostasis along a chronosequence of P. massoniana plantations. Based on this, we want
to verify two hypotheses: (i) NuRE would increase along the chronosequence of the P.
massoniana plantation because nutrient demand may increase with tree growth, and (ii)
NuRE would present a negative relationship between soil and needle nutrients to conserve
nutrients for trees.

2. Materials and Methods
2.1. Study Site

A description of this study site (Figure 1) can be found in the study by Pan et al.,
2021 [26]. The soil belongs to the alfisols type (the acidic siliceous yellow soil) and has
moderate fertility, with a soil depth of 60–80 cm. The earliest local vegetation was a
P. massoniana, Pinus armandii, and broadleaf tree (Populus davidiana and Quercus fabri) artifi-
cial forest, which was established as a pure forest of P. massoniana in the 1980s.
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Figure 1. Location of Mengguan Forest Farm study area in Guizhou, China and soil sample distribu-
tion in each sample plot.

2.2. Experimental Design and Sample Collection

We selected four age classes (10, 20, 30, and 36 years old) of P. massoniana plantations
as the research objects and carried out the preliminary investigation in August 2017. The
four aged plantations were established in 2007, 1997, 1987, and 1981, respectively, with a
plant/row distance of 1 m × 2 m. They were tended (irrigation and weeding) and managed
(insect control and grazing prohibition) only in the first 3 years after afforestation. The first
and the second thinning were conducted with 30% of trees being removed 10 and 20 years
after establishment, respectively, and a density of approximately 1500 trees·ha−1 was kept.
Three typical 20 m × 20 m replicated sample plots were established within each of the same
age plantations. All plots were on relatively flat topography as well as similar soil type,
altitude, and climate conditions as much as possible (Table 1). Within each plot, the tree
height, diameter at breast height (DBH), canopy, and others were measured and recorded.
Meanwhile, three well-growing individuals were selected according to the average DBH,
with a >10 m distance between any two sample trees, and were labelled.

Table 1. Characteristics of Pinus massoniana plantations along a chronosequence.

Plantation Age 10 Years Old 20 Years Old 30 Years Old 36 Years Old

Altitude/m 1194 ± 6.4 1175 ± 8.3 1206 ± 8.5 1214 ± 9.2
Canopy density 0.90 ± 0.07 0.85 ± 0.10 0.75 ± 0.09 0.80 ± 0.08

Stand density/(trees·ha−1) 4675 ± 256 2812 ± 135 1356 ± 103 1083 ± 94
Mean diameter at breast

height (DBH)/cm 8.53 ± 1.56 12.66 ± 2.55 18.46 ± 3.01 21.26 ± 5.26

Mean tree height/m 7.43 ± 1.83 15.64 ± 2.74 18.94 ± 2.43 19.87 ± 3.26
Note: each value denotes the mean (±SD).

Fresh (1- and 2-year-old matured leaves) and senesced needles from the same tree
were sampled in August and September 2017, respectively, during vigorous growth and
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peak abscission. Twelve branches in the middle sun-exposed crown from the labelled
individual were cut down and sampled in approximately equal quantities of 1- and
2-year-old-matured fresh needles, respectively, and mixed to form a single sample. The
senesced needles were also collected from the same branches and mixed to form a litter nee-
dle sample. In the laboratory, all the samples were dried for 48 h at 65 ◦C and powderised
using a mechanical grinder for chemical measurement.

Belonging to the shallow-rooted trees, the majority of P. massoniana fine roots were
distributed in the topsoil layer [31]. Thus, soil samples were taken from the 0–20 cm soil
layer in each sample plot (Figure 1). After clearing the surface plant litter, five soil samples
were collected using the five-point method. A total of 60 soil samples were obtained from
the 4 age stands.

2.3. Chemical and Physical Measurements

Fresh and senesced needles were ground with ball mill equipment (HM2L, Shandong,
China) for chemical determination. Soil samples were also air-dried indoors and sieved
(2 mm mesh) for chemical measurements. The total C of all the samples was determined
using the K2Cr2O7 oxidation method, and their total N concentrations were determined
with the Kjeldahl method using a Kjeldahl autoanalyser (GK–600P, Shandong, China) [32].
The total P concentrations of the needles and soil samples were determined with the
colourimetry method using a spectrophotometer (V–5600, Shanghai, China). Soil available
N (AN) and available P (AP) concentrations were analysed using the alkali diffusion and
colourimetric methods, respectively [33]. Each needle and soil sample was divided into
three parts equally as three duplicate samples for chemical determination.

2.4. Calculations

NuRE was calculated using the formula of Vergutz et al. [34] as follows:

NuRE =

((
Nug − Nus

)
× MLCV

Nug

)
× 10 (1)

where the mass loss correction value (MLCV) was 0.745 for conifers [34], and Nug and Nus
represented the nutrient concentrations in all age classes of fresh needles and senesced
needles, respectively.

The homeostatic coefficient (H) was calculated using the method of Sterner and
Elser [35], which was derived from the following model:

y =
1
H

× logx + B (2)

where y is the concentration of N, P, or N:P ratio in the fresh needles of P. massoniana samples,
respectively, whereas x is the corresponding value in soil. Mean N and P concentrations
and the N:P ratio of the 0–20 cm soil layers were calculated, which were used as soil values.
B and H values were calculated through a linear regression analysis. For the convenience
of statistics, the slope (1/H with a value ranging from 0 to 1) was used to measure the
homeostasis degree. According to Person et al. [15], homeostasis was divided into four
patterns based on the values of 1/H, which were stability (the value ranges from 0 to 0.25),
weak stability (the value ranges from 0.25 to 0.5), weak sensitivity (the value ranges from
0.5 to 0.75), and sensitivity (the value ranges from 0.75 to 1), respectively.

2.5. Statistical Analysis

C, N, and P stoichiometric ratios of all the samples were calculated using the mass
ratios. One-way analysis of variance was used to compare the significant differences in soil
total organic C, N, and P concentrations and NuRE along a chronosequence of P. massoniana
plantations. A two-sample t-test was used to analyse the differences between NRE and PRE
under the same-age plantation. Linear or quadratic regression was conducted to determine
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the relationships between plantation age and needle C, N, and P concentrations and their
stoichiometric ratios, including NRE:PRE ratios. Covariance analysis was used to test the
significant differences in the slopes of stoichiometry between fresh and senesced needles,
including the slopes of stoichiometric homeostasis in all-aged plantations. Pearson’s
correlations were used to test the relationships between NuRE and nutrient concentrations
of the needles and soil. All the statistical analyses were conducted with SPSS 24.0 (SPSS Inc.,
Chicago, IL, USA) for Windows, and all the figures were plotted with Origin 2022b (Microcal
Inc., Northampton, MA, USA).

3. Results
3.1. Soil C, N, and P Concentrations and Their Stoichiometric Ratios

Soil C, N, and P concentrations and their stoichiometric ratios presented different
change trends along a chronosequence of P. massoniana plantations (Table 2). C and AP
concentrations and the AN:AP ratios all tended to increase with increasing plantation age.
N and AN concentrations and the C:P ratio decreased initially and subsequently increased,
with their lowest values appearing in the 20-year-old plantation. On the contrary, the P
concentration and C:N ratio increased initially and then decreased, and both reached the
highest values in the 20-year-old plantation.

Table 2. Soil main element concentrations and their stoichiometric ratios along a chronosequence of
P. massoniana plantations.

Nutrition
Indexes 10 Years Old 20 Years Old 30 Years Old 36 Years Old

C (g·kg−1) 9.98 ± 1.89 b 9.48 ± 1.24 b 11.58 ± 1.50 a 11.85 ± 1.14 a
N (g·kg−1) 1.95 ± 0.34 b 1.51 ± 0.22 c 2.32 ± 0.28 a 2.37 ± 0.24 a
P (g·kg−1) 0.38 ± 0.05 b 0.49 ± 0.04 a 0.24 ± 0.04 c 0.21 ± 0.05 c

C:N 5.87 ± 0.34 b 6.63 ± 0.25 a 5.87 ± 0.26 b 5.45 ± 0.31 c
C:P 28.88 ± 7.36 b 20.09 ± 5.20 c 48.09 ± 5.09 a 43.89 ± 5.87 a
N:P 5.86 ± 1.41 c 2.24 ± 1.11 d 9.45 ± 1.43 a 7.93 ± 1.26 b

AN (mg·kg−1) 12.96 ± 1.76 b 11.04 ± 1.90 c 13.62 ± 1.73 b 15.35 ± 2.38 a
AP (mg·kg−1) 7.14 ± 0.93 a 1.41 ± 0.22 b 1.79 ± 0.13 b 1.59 ± 0.14 b

AN:AP 4.55 ± 0.78 c 8.81 ± 1.20 b 8.52 ± 0.76 b 10.03 ± 0.79 a
Note: Parameters include organic carbon (C); nitrogen (N); phosphorus (P); available nitrogen (AN); and available
phosphorus (AP). Each value denotes the mean (±SD). Different lowercase letters represent differences among
different stand ages under the same nutrition indexes (p < 0.05).

3.2. Needle C, N, and P Concentrations and Their Stoichiometric Ratios

The fresh- and senesced-needle C concentrations revealed a linear increasing trend
along the chronosequence of P. massoniana plantations, ranging from 411.43 to 472.21 mg·g−1

and from 368.02 to 451.13 mg·g−1, respectively (Figure 2a). Meanwhile, both N concentra-
tions increased quadratically from 11.42 to 18.45 mg·g−1 and from 7.44 to 11.23 mg·g−1,
respectively (Figure 2b). In addition, both P concentrations tended to drop initially and
subsequently rise along the chronosequence (Figure 2c). Fresh needle C:N ratios tended to
decrease with increasing plantation age, whereas they increased initially and decreased
subsequently in the senesced needles (Figure 2d). Generally, the fresh needle C:P ratios
showed a trend of first decreasing and then increasing, which was opposite to the senesced
needles (Figure 2e). Synchronously, the fresh- and senesced-needle N:P ratios increased
along the chronosequence, whereas the fresh needle N:P ratios maintained the higher
values before the approximately 23-year-old plantation, and then were exceeded by the
senesced needles (Figure 2f).
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continually increased from the 10- to 30-year-old stage and then decreased in the 36-year-
old stage. However, the NRE was higher than the PRE before the 20-year-old plantations, 
whereas it was the opposite after 30-year-old stages. NRE:PRE ratios showed a rapid de-
crease along the chronosequence of P. massoniana plantations (Figure 3b). The NRE was 
significantly negatively correlated with the senesced-needle N concentration (Table 3). 
However, the PRE was positively correlated with C concentrations and C:N ratios in the 
fresh needles, the ratios of C:P and N:P in the senesced needles, and the AN:AP ratio in 
the soil. Undoubtedly, the PRE was negatively correlated with the P concentration in the 
senesced needles, including the soil AP concentration (Table 3). 

Figure 2. Fresh and senesced needles’ C, N, and P concentrations (a–c) and their stoichiometry ratios
(d–f) along the chronosequence of P. massoniana plantations.

3.3. Needle NuRE and Their Relationships with Soil Stoichiometry

As shown in Figure 3a, the NRE and PRE exhibited the same change trend, which
continually increased from the 10- to 30-year-old stage and then decreased in the 36-year-old
stage. However, the NRE was higher than the PRE before the 20-year-old plantations,
whereas it was the opposite after 30-year-old stages. NRE:PRE ratios showed a rapid
decrease along the chronosequence of P. massoniana plantations (Figure 3b). The NRE
was significantly negatively correlated with the senesced-needle N concentration (Table 3).
However, the PRE was positively correlated with C concentrations and C:N ratios in the
fresh needles, the ratios of C:P and N:P in the senesced needles, and the AN:AP ratio in
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the soil. Undoubtedly, the PRE was negatively correlated with the P concentration in the
senesced needles, including the soil AP concentration (Table 3).
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stronger ability of homeostatic adjustment than the P concentration and N:P ratio during 
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Figure 3. Resorption efficiency of N and P (a) and their ratios (b) in fresh and senesced needles
along the chronosequence of P. massoniana plantations. Different capital letters represent differences
between fresh and senesced needles in the same-age plantations, respectively (p < 0.05). Different
lowercase letters represent differences amongst fresh or senesced needles along the chronosequence,
respectively (p < 0.05).

Table 3. Pearson correlations between nitrogen/phosphorus resorption efficiency and element
concentrations, and their stoichiometric ratios in needles and soil.

Factors Items
Pearson Correlations

NRE (p Value) PRE (p Value)

Fresh needle
C 0.866 ** (0.000)

C:N 0.921 ** (0.000)

Senesced needle

P −0.790 ** (0.002)
N −0.615 * (0.033)

C:P 0.834 ** (0.001)
N:P 0.756 ** (0.004)

Soil
AP −0.665 * (0.018) −0.777 * (0.003)

AN:AP 0.769 ** (0.003)
Note: Parameters include organic carbon (C); nitrogen (N); phosphorus (P); available nitrogen (AN); available
phosphorus (AP); NRE (nitrogen resorption efficiency); and PRE (phosphorus resorption efficiency). Only the
items with significant correlations are shown in this table. The value shows the correlation coefficient; positive
values represent positive correlation and negative values represent negative correlation. * p < 0.05, ** p < 0.01.

3.4. Pattern of Needle Stoichiometric Homeostasis

The slopes (1/H) of linear regression relationships between the fresh needle and soil
for N, P, and N:P ratios were 0.019, 0301, and 0.287, respectively (Figure 4). These results
indicated that the homeostatic adjustment existed in N and P concentrations along the
chronosequence of P. massoniana plantations. Comparatively, the N concentration had a
stronger ability of homeostatic adjustment than the P concentration and N:P ratio during
the development of P. massoniana plantations (Figure 3a).

88



Forests 2023, 14, 607
Forests 2023, 14, 607 8 of 13 
 

 

-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6
0.6

0.8

1.0

1.2

1.4

1.6

-0.7 -0.6 -0.5 -0.4 -0.3 -0.2
-0.4

-0.2

0.0

0.2

0.4

0.2 0.4 0.6 0.8 1.0 1.2
0.6

0.8

1.0

1.2

1.4

1.6

−0.2

−0.4
−0.2−0.3−0.4−0.5−0.6−0.7

Soil log (N:P)Soil log P

Fr
es

h 
ne

ed
le

 lo
g(

N
:P

)

Fr
es

h 
ne

ed
le

 lo
g 

P
 Four year-old plantations
 Fitting line

Fr
es

h 
ne

ed
le

 lo
g 

N

Soil log N

y=0.019x+1.161 
(R2=0.562, P=0.031, H=52.632)

a

−0.1

b

y=0.301x+0.158,
(R2=0.614, P=0.015, H=3.322)

C

y=0.287x+0.946,
(R2=0.672, P=0.016, H=3.484)
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concentrations (b), and N:P ratios (c) along the chronosequence of P. massoniana plantations. 
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4.1. Changes in Soil C, N, and P Concentrations along a Chronosequence 
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soil C concentration mainly depended on the quantity of organic matter and the size of 
the soil humus [36]. We observed the increasing C concentration in the soil, and this pat-
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that decaying plant litter would provide approximately 58% of the source of N in planta-
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nutrient resorption strategy. The increasing NRE before the age of 30 years old also sup-
ported our opinion. The decreasing soil N concentration portended the N limitation ap-
pearing during the development process of the plantation, which was demonstrated fur-
ther by the lower N:P ratio of 14 in the fresh needles (Figure 2f). 
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4. Discussion
4.1. Changes in Soil C, N, and P Concentrations along a Chronosequence

In this research, soil C, N, and P concentrations showed significant fluctuation along
the chronosequence of P. massoniana plantations. The previous researcher indicated that
soil C concentration mainly depended on the quantity of organic matter and the size of the
soil humus [36]. We observed the increasing C concentration in the soil, and this pattern
was in agreement with some previous results [18,23,37]. The researchers also found that
decaying plant litter would provide approximately 58% of the source of N in plantation
ecosystems [38]. As we know, 30% of trees were removed during the 10 and 20 years of
the plantations in this study area, which made the amount of litter decrease dramatically.
This case greatly limited the input of topsoil nutrients, particularly the N element [39].
As is known, soil P transformation is mainly regulated by biochemical mineralisation
under abiotic factors [40,41]. Here, we also found that the soil P concentrations quickly
increased (Table 2) in plantations before year 20. Thus, the thinning was responsible for
this change. After the thinning, more sunshine reaching the understory made the surface
soil temperatures increase and accelerated the rate of P mineralisation. Eventually, this led
to the P accumulation and concentration increasing in the soil.

4.2. Changes in Nutrient Limitation and Nutrient Resorption Efficiency along a Chronosequence

The C, N, and P concentrations in fresh and senesced needles also showed signif-
icant correlations along the chronosequence of P. massoniana plantations. The C and N
concentrations in the two kinds of needle also maintained the increasing trend along
the chronosequence. Similar results have been reported in C. lanceolata [18] and Larix
kaempferi [42]. Obviously, the senesced needle would transfer the N element to the fresh
needle for the nutrient resorption strategy. The increasing NRE before the age of 30 years
old also supported our opinion. The decreasing soil N concentration portended the N limita-
tion appearing during the development process of the plantation, which was demonstrated
further by the lower N:P ratio of 14 in the fresh needles (Figure 2f).

The P concentrations in the fresh needles showed that the changing trend decreased
initially and then increased along the chronosequence of P. massoniana plantations. Lower
P concentrations of the fresh and senesced needles were observed in the 20-year-old planta-
tion. This case may be caused by the high demand for N in the early stage of plantations,
which inhibited the uptake of the P element to some degree. After the 20-year-old stage, the
demand for P increased rapidly with the further development of plantations. Generally, we
found a higher N:P ratio of 16 after the age of 30 years old in plantations (Figure 2f), which
indicated the appearance of a P limitation during this period. Based on the theory of the
plant nutrient utilisation hypothesis [19], we also observed that P. massoniana continually
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maintained the increasing PRE to relieve the P deficiency until the age of 30 years old.
However, the PRE began to decrease after the age 30 years old (Figure 3a).

Evidently, this study indicated that the NRE and PRE were contrary to our first
hypothesis. This phenomenon could be caused by the growth variations in P. massoniana
individuals at different ages. That is, NRE and PRE maintained the increasing trend until
the plantation age reached 30 years old, which also illustrated that the increasing nutrient
element resorption significantly improved the N and P concentrations of plants to promote
tree growth. After 30 years, the P. massoniana plantations had rich understory soil and a
developed root system, which could obtain more nutrients from the soil and reduce the
nutrient utilization from senesced needles (Table 1). Meanwhile, as an effect of the natural
closure of the canopy as the trees grew, the light intensity reaching the interior of the tree
canopy was reduced. This shade condition sped up the senescence of needles, which shed
from the tree earlier, shortening the time for nutrient transfer from the senesced leaves.
Hence, the reducing NRE and PRE appeared after 30 years in the P. massoniana plantations.

This case was confirmed by the growth rhythm of P. massoniana plantations. Accord-
ing to Table 1, the mean DBH of P. massoniana individuals increased quickly before the
30-year-old plantations, and then slowly. Meanwhile, the DBH increment quickly increased
until the 20-year-old plantation and tended to decrease gradually. Similar growth pat-
terns have been reported about P. sylvestris var. mongolica [23], Pinus tabulaeformis [37],
and Robinia pseudoacacia [43] along the chronosequence. Subsequently, the NRE and PRE
decreased with plantation development after the 30-year-old stage, and a growing number
of N and P elements in senesced needle were returned to the soil.

4.3. Interrelationship of Needle Nutrient Utilization, Stoichiometry, and Homeostasis

The C and N concentrations in fresh and senesced needles all increased along a
chronosequence (Figure 2a,b), which may have been caused by the accumulation of C
structural compounds as the trees grew. Generally, a higher C concentration in the needles
had a stronger self-protection ability [44], indicating that P. massoniana individuals obtained
a strong resistance with increasing stand age in the plantation systems. Simultaneously,
the increasing C concentration and C:N ratio in fresh needles could significantly improve
the vegetative growth of P. massoniana and the PRE (Table 3). Generally, higher N concen-
trations and N:P in the senesced needles improve litter decomposition rates and nutrient
release, which is helpful in enhancing soil nutrient availability and easing plant nutrient
limitation [21]. As shown in Figure 2f and Table 3, the N limitation disappeared after the
20-year-old plantations, and soil N concentrations also kept an increasing trend. Evidently,
the increasing NRE had a significant negative correlation with the senesced-needle N
concentration to conserve nutrients for tree growth with the development of P. massoniana
plantations, which was consistent with our second hypothesis.

The rapid growth of the young-aged trees requires more P for the composition of the
genetic material [45]. Once the soil P concentration is deficient, the plant has to transfer
the senesced needle P to a fresh needle [46]. Clearly, the above condition was consistent
with our results, which eventually led to an increase in the PRE (Figure 3a). In most cases,
the greater NuRE for plants is caused by soil nutrient deficiency [47]. In this study, the
same result was found, supported by the negative correlations between the PRE and soil
P and AP concentrations (Table 3). The change in the greater NRE and PRE before and
after the 20-year-old stage in P. massoniana plantations led to the decrease in NRE:PRE ratio,
respectively (Figure 3b), which also indicated that relatively more P from the senesced
needles was reused along the chronosequence. The above findings were in line with
the relative nutrient resorption hypothesis [48,49]. We also observed that P. massoniana
individuals, in fact, resorbed more N or P elements during the N− or P−limited stage
(Figure 2b,c). Generally, the increase in NRE and PRE in the fresh needle and the decreased
P and AP concentrations in the soil confirmed our second hypothesis.

In this research, (1/H)N:P and (1/H)P ranged from 0.25 to 0.75 across all the ages
of P. massoniana plantations (Figure 4c). Based on the homeostatic patterns, P. massoniana
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showed weak homeostasis in P concentration and N:P ratio across all the plantation ages,
indicating it had the same stoichiometric characteristic as most subtropical tree species [50].
However, a lower value of (1/H)N ranging from 0 to 0.25 was observed (Figure 4a), which
showed that the needle N concentration in P. massoniana plantations had stable nitrogenous
homeostasis. According to scholars’ previous reports, plants with stable stoichiometric
homeostasis have an efficient nutrient regulation ability when the soil nutrients do not
meet their growth needs, and they are obliged to regulate nutrient composition to store
nutrients [51,52]. P. massoniana is a fast-growing species in South China, and the rapid
biomass and volume increase must be supported by a stable nitrogen supply. The presence
of the lower N concentration in soil and the N limitation in fresh needles made plants
have to increase the NRE from the senesced needles, which was also consistent with the
increasing trend in the NRE before 30-year-old P. massoniana plantations. As a whole,
the relatively stable stoichiometric homeostasis is one of the adaptive strategies to cope
with heterogeneous habitats for plants [53], which could be realised by regulating nutrient
resorption from leaves [54].

4.4. Inspiration for P. massoniana Plantation Management

The analysis of the N:P and NRE:PRE ratios in needles and soil along the chronose-
quence of P. massoniana plantations indicated that tree growth might improve the transfer
from N to P limitation. Although the P concentration in soil decreased, the PRE maintained
an increasing trend along the chronosequence. These results also implied that P. massoniana
had a certain tolerance to low-P habitats in the earlier stage of the plantation, and a similar
characteristic has been reported previously [55]. The soil nutrient concentration was low
owing to the thin solum and serious leaching in most of Southern China, particularly N
and P deficiency. Therefore, N and P limitations usually occur in artificial forest ecosys-
tems. Similar results have been found in other forests or plantations, such as C. lanceolata
plantations limited by N and P [2], Metasequoia glyptostroboides forests limited by P [56], and
Eucalyptus plantations limited by P [57]. Evidently, N and P supplements should also be
vital for not only younger but also older plantations. Therefore, introducing mixed tree
species will be an effective way to alleviate nutrient demand conflict with the increasing age
of artificial plantations. For example, introducing N-fixing tree species improved nitrogen
absorption on Eucalyptus plantations [58], and the mixed-species tree plantations could
significantly ease or eliminate P limitation in some forest ecosystems [59]. Certainly, the
suitable tree species for mixing with P. massoniana still require further research in the future.
Certainly, efficient fertilisation management strategies could also supply the appropriate
means to alleviate nutrient limitations in timber forests.

5. Conclusions

In summary, our results found that a synergic relationship between leaf litter and
soil in P. massoniana plantations. The significant differences in tree nutrient components at
different ages suggested that their ecological stoichiometry and nutrient resorption may be
flexible. The soil organic C concentration increased with the increasing age of P. massoniana
plantations, whereas their N and P concentrations presented the opposite fluctuation trend.
Generally, the nutrient element accumulation of fresh and senesced needles increased along
the chronosequence. N and P limitation existed in P. massoniana plantations before the age
of 20 years old and after 30 years old, respectively. The patterns of NRE and PRE initially
increased and then decreased along the chronosequence of P. massoniana plantations, indi-
cating the increasing nutrient element resorption could promote tree growth. The weak
stoichiometric homeostasis would improve nutrient utilization during the development
process of P. massoniana plantations. To ease nutrient limitation, introducing suitable tree
species for mixing with P. massoniana should be advocated to realise the more effective
cultivation of plantations.
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Abstract: Chinese chestnut (Castanea mollissima) is a multipurpose tree providing nuts and timbers,
which holds an important position in the mountainous villages in China. However, leaf scorch disease
is becoming more and more serious in the chestnut orchards of Yanshan Mountain areas, but the
cause of occurrence is still unclear. In this study, the nutrient elements were analyzed from the leaves,
roots, and surrounding soils of roots as well as the nut qualities in the healthy and scorched trees
from two adjacent chestnut orchards. The results showed that the elements of nitrogen (N), iron (Fe),
boron (B), and zinc (Zn) in leaves significantly increased in the scorched trees as well as N and B
in roots, and potassium (K), and available potassium (AP) in soils, but leaf magnesium (Mg), root
manganese (Mn), and soil Mg, copper (Cu), Fe, and B significantly decreased. Correlation analysis
demonstrated that B, Zn, Mg, and Fe had a greater influence on the status of leaf health, and soil AK,
K, Fe, B, and Cu had an impact on leaf B concentration. In addition, the occurrence of leaf scorch
affected the nut sizes, contents of total soluble proteins and ascorbic acid as well as the catalase
activity in the nuts. These results indicated that the disruption of soil-element balance may be one of
the main causes resulting in the occurrence of leaf scorch, which would provide a theoretical basis
and practical guidance for the prevention of chestnut leaf scorch disease.

Keywords: chestnut; leaf scorch; soil elements; leaf elements; nut quality

1. Introduction

Chestnut trees (Castanea), belonging to the family Fagaceae, are economically impor-
tant fruit trees known as woody grain plants in Asia, North America, and Europe [1].
In China, chestnut cultivation has a long growing history of over 3000 years, which is
particularly widespread, being distributed in arid, semi-arid mountainous areas. Its nuts
have high contents of nutrients, such as carbohydrates, proteins, and vitamin C, so it is also
called a source of nutritional health care [2,3]. In recent years, however, leaf scorch disease
is becoming severe and has spread in the chestnut orchards from the Yanshan Mountains,
which has threatened the sustainable development of the chestnut industry.

Forests 2023, 14, 71. https://doi.org/10.3390/f14010071 https://www.mdpi.com/journal/forests95



Forests 2023, 14, 71

Leaf scorch is a common type of leaf disease in herbaceous or woody plants. Its
etiology is very complex, resulting not only from pathogens, but also from environmental
factors such as nutrient abundance, temperature, and drought [4–6]. At present, most
studies on leaf scorch disease focus on the identification of pathogenic bacteria, while
there has not been a systematic investigation of the aspects of cultivation management and
nutrient elements [7]. Leaf scorch can be caused by Neoscytalidium dimidiatum, and then
dieback of twigs, branches, and even whole trees of olive [8], as well as by Xylella fastidiosa in
olive [9] and almond [10]. Maydis leaf blight, caused by Cochliobolus heterostrophus, appears
as small lesions with a dark brown margin and a straw to light brown colored center
to absolute foliage blight [11]. A serious leaf disease in Chinese chestnut (C. mollissima),
referred to as the brown margin leaf blight with irregular dry rot in a large area, is caused by
Phomopsis castaneae-mollissimae [12] coordinated with Ophiognomonia castaneae [13], which
is different from the yellow or brown wilted leaves caused by Cryphonectria parasitica in
chestnut blight in Iran [14]. In addition, leaf scorch is also caused by a combination of
environmental factors. For example, zinc (Zn) deficiency causes leaf mottled yellowing
in citrus trees, which is more serious when citrus trees grow in the sun [15], and the
effective Zn content in soils is affected by the joint influence of pH, organic matter, and soil
structure [16]. The low potassium (K) content in leaves is related to leaf scorch of Ginkgo
biloba, and comprehensive environmental factors such as high temperature and drought
also cause its physiological scorching phenomena [17], while excessive sodium content in
soils may lead to the scorched death of apple leaf margins [18]. High temperature and low
rainfall lead to an increase in the content of available phosphorus (P) in soils, which in turn
leads to a significant increase in Cl− and Ca2+ in leaves, and a significant decrease in Mg2+,
resulting in scorched leaves [19]. However, at present, there are no studies concerning the
effect of leaf scorch on fruit quality.

In recent years, field investigation found that a kind of leaf disease, showing the
scorching symptom between leaf margins and leaf veins (Figure 1), has become increasingly
serious in chestnut orchards in the Yanshan Mountains, which is completely different from
the previously reported leaf scorch [12,14]. However, as described by our previous study, no
pathogenic bacteria were detected in the isolation and identification of microorganisms in
the tested leaf-scorched orchards from five experimental locations in the Yanshan Mountains
in 2019 [20]. Therefore, we analyzed and compared (1) the differences in the nutrients of
leaves, roots, and soils, and (2) changes in nut phenotypes, nutrients, and antioxidants, from
healthy and leaf-scorched trees, respectively, in the same chestnut orchards, to investigate
the main factors leading to leaf scorch, and its effects on nut characteristics. This study
would provide a basis for the prevention and control of chestnut leaf scorch disease and
the scientific management of chestnut orchards in the future.

Figure 1. Healthy and scorched leaves of chestnut trees. ZF: Yanshanzaofeng; ZQ: Zhongqing No. 1.

2. Materials and Methods
2.1. Study Sites and Sample Collection

Sample collections were conducted in two adjacent chestnut orchards where no
pathogenic bacteria resulting in leaf scorch were detected in 2019 [20], located on the half-
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sunny slope of Xiaolugou village (118◦45′ E, 40◦21′ N), Qinglong Manchu Autonomous
County, Hebei province, in early September 2020, and in which there were healthy and
scorched trees, respectively. The soil type is leaching cinnamon soil, the texture of the soil
is sandy loam, and the pH is 5.9–6.1. The surrounding area is characterized by a temperate
climate with an annual precipitation of 715 mm and an average temperature of 8.9 ◦C. Both
orchards were established in 2006 and grafted with the cultivars Yanshanzaofeng (ZF) and
Zhongqing No. 1 (ZQ) for 14 years, respectively. The spacing between plants and rows
of chestnut trees was approximately 4 m × 5 m. Both orchards were managed using a
similar measure by the same farmer, including the application of approximately 450 kg of
a compound fertilizer of potassium sulfate (N:P:K = 15:15:15) and 22,500 kg of compost
consisting of sheep manure for each hectare after autumn harvest, the spraying of herbicide
(glufosinate ammonium) in the early of June and August, and the extra supplement of
boron element. In recent years, leaf scorch symptoms were found within the chestnut trees
of these two orchards, which occurred piecemeal with an increasing trend in the number of
diseased trees.

The chestnut trees were divided into two treatments (groups) of healthy and diseased
when collecting samples. The trees with more than 1/3 scorched leaves were identified
as the symptomatic (diseased) ones, while the trees without obvious scorched leaves
were identified as the asymptomatic (healthy) ones. Three sampling sites for healthy and
diseased trees, respectively, were randomly selected in each orchard, with each sampling
site consisting of three healthy or scorched trees. The samples were randomly collected
from the east, west, south, and north sides of each tree. Leaves and fine roots (<3 mm
diameter) and nuts were collected in the selected trees as well as the corresponding soils
surrounding the roots. The collected samples in each sampling site were mixed and brought
back to the laboratory.

2.2. Determination of Nutrient Elements

The collected leaves and roots were rinsed with tap water and deionized water, in
turn, heated at 105 ◦C for 30 min, and then dried continuously at 75 ◦C in an oven until a
constant weight was reached. Soil samples were air-dried naturally, crushed, and passed
through an 80-mesh sieve prior to the element analysis. Total N was determined by
Kjeldahl’s method [21]. Available potassium (AK), available phosphorus (AP), phosphorus
(P), potassium (K), sodium (Na), calcium (Ca), magnesium (Mg), copper (Cu), zinc (Zn),
iron (Fe), manganese (Mn), sulfur (S), boron (B), and molybdenum (Mo) were subjected to
wet mineralization by treating 0.5 g of dry sample with 6 mL of hydrochloric acid (37%), 2
mL of nitric acid (65%) and 2 mL of hydrogen peroxide (30%). After the mixed solutions
were filtered, the element concentrations were determined by ICP-OES (Ametek Spectro,
Arcos, Kleve, Germany) [22].

2.3. Determination of Nut Qualities

Morphological traits: The transverse diameter, vertical diameter, and lateral diameter
of the fresh nuts were determined with vernier calipers. Every treatment included three
replicates, each consisting of 30 nuts, and the measurement accuracy is 0.1 mm. The fruit
shape index was calculated by the formula: nut shape index = vertical diameter/transverse
diameter, and the nut volume was calculated by the formula: nut volume = transverse
diameter × vertical diameter × lateral diameter. Single seed fresh was calculated by
randomly weighing 10 fresh nuts, which were then used for the determination of the water
content. The formula of water content = (fresh weight − dry weight)/fresh weight × 100%.

Nutrient compositions: Total soluble sugars and starch were analyzed according to the
anthrone-sulfuric acid method [23,24], and total amino acids were analyzed according to
the Ninhydrin hydrate method [25], by using commercial assay kits (Comin Biotechnology,
Suzhou, China). Total soluble proteins were determined by using the Bradford Protein
Assay Kit (Sangon Biotech, Shanghai, China).
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Antioxidant compounds: Total polyphenols were determined by using the Folin–
Ciocalteu colorimetric method [26]. Total flavonoids were determined by using the alu-
minum nitrate method [27,28]. Ascorbic acid (ASA), superoxide dismutase (SOD), peroxi-
dase (POD), catalase (CAT), and polyphenol oxidase (PPO) activities were determined by
using commercial assay kits (Comin Biotechnology, Suzhou, China).

2.4. Statistical Analysis

The statistical analysis was performed by one-way ANOVA and factor analysis at a 5%
level of significance using the SPSS software (v25.0). GraphPad Prism (GraphPad Software
Inc., San Diego, CA, USA) was used for plotting. Correlation heatmaps and redundancy
analysis (RDA) were performed using the OmicStudio tools at https://www.omicstudio.
cn/tool, accessed on 18 August 2022.

3. Results
3.1. Leaf Phenotypes of Healthy and Diseased Chestnut Trees

The leaves of the two cultivars, ZF (Yanshanzaofeng) and ZQ (Zhongqing No. 1), in
the areas of the Yanshan Mountains, showed different degrees of yellowish brown color
after scorching (Figure 1), and the main symptoms of leaf margins and interveinal tissues
showed a continuous brown dry state, but this did not occur in the leaf veins and petioles.
Other than brown and green, there was no obvious transition color.

3.2. Relationship between the Occurrence of Leaf Scorch and Nutrients in Chestnut Orchards
3.2.1. Comparison of Nutrient Elements of Healthy and Disease Trees

The variance analysis of nutrient elements from soils (Table S1), roots (Table S2), and
leaves (Table S3), demonstrated that there were no significant differences in the contents
of most elements between healthy and diseased trees of ZF and ZQ cultivars, indicating
that the varieties were not the main factor of leaf scorch symptoms. Thus, the difference in
elements between the two varieties was ignored in this study.

The coefficients of variation (C.V.) between the elements varied greatly in leaves
(Table 1). Compared with the healthy trees, the contents of leaf N, Fe, B, and Zn in diseased
trees significantly increased by 27.61%, 20.74%, 61.66%, and 31.37%, respectively, while the
Mg content significantly decreased by 16.92%, but no significant changes were detected in
other elements between healthy and diseased trees.

Table 1. Leaf nutrient elements in healthy and diseased chestnut trees.

Elements
Healthy Trees (g/kg) Diseased Trees (g/kg)

Range of
Variations

The Average ±
Standard Error C.V.% Range of

Variations
The Average ±
Standard Error C.V.%

N 20.105–24.285 22.582 ± 0.606 6.572 26.693–31.619 28.816 ± 0.769 *** 6.535
P 1.189–2.289 1.698 ± 0.166 23.910 1.564–2.44 2.061 ± 0.143 16.982
K 4.073–6.644 5.465 ± 0.436 19.543 5.643–11.475 7.793 ± 0.976 30.694
Ca 13.193–22.272 16.617 ± 1.306 19.257 11.338–16.533 14.781 ± 0.816 13.517
Mg 6.561–9.128 7.493 ± 0.37 12.091 5.098–7.705 6.225 ± 0.4 * 15.727
Fe 0.136–0.202 0.172 ± 0.011 15.698 0.172–0.261 0.217 ± 0.015 * 17.051
B 0.082–0.196 0.143 ± 0.019 32.867 0.311–0.425 0.373 ± 0.015 *** 9.920

Cu 0.006–0.007 0.007 ± 0 14.286 0.007–0.01 0.008 ± 0 12.500
Mn 0.88–2.368 1.499 ± 0.207 33.756 0.706–2.737 1.509 ± 0.332 53.943
Zn 0.027–0.046 0.035 ± 0.003 20.000 0.036–0.059 0.051 ± 0.003 ** 15.686
Mo 0.001–0.001 0.001 ± 0 0.000 0.001–0.001 0.001 ± 0 0.000

Note: “***”: p < 0.001; “**”: p < 0.01; “*”: p < 0.05. The same below in Tables 2 and 3.
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Table 2. Root nutrient elements in healthy and diseased chestnut trees.

Elements
Healthy Trees (g/kg) Diseased Trees (g/kg)

Range of
Variations

The Average ±
Standard Error C.V.% Range of

Variations
The Average ±
Standard Error C.V.%

N 1.571–10.164 7.448 ± 1.247 41.018 7.733–13.87 11.439 ± 0.897 * 19.206
P 0.819–1.54 1.036 ± 0.107 25.193 0.558–1.154 0.896 ± 0.085 23.103
K 3.876–5.202 4.62 ± 0.201 10.671 4.172–6.88 5.576 ± 0.384 16.876
Ca 9.342–13.696 11.964 ± 0.676 13.850 10.537–13.369 12.305 ± 0.469 9.330
Mg 2.277–3.635 2.871 ± 0.201 17.102 2.218–2.863 2.496 ± 0.107 10.457
Fe 0.62–1.991 1.198 ± 0.236 48.247 0.334–1.595 0.88 ± 0.207 57.727
B 0.009–0.049 0.024 ± 0.006 62.500 0.051–0.114 0.081 ± 0.011 ** 34.568

Cu 0.007–0.012 0.01 ± 0.001 20.000 0.007–0.009 0.008 ± 0 12.500
Mn 0.054–0.103 0.079 ± 0.008 25.316 0.035–0.061 0.051 ± 0.004 * 19.608
Zn 0.02–0.04 0.028 ± 0.003 28.571 0.018–0.024 0.022 ± 0.001 13.636
Mo 0.001–0.002 0.001 ± 0 100.000 0–0.002 0.001 ± 0 100.000

Note: “**”: p < 0.01; “*”: p < 0.05.

Table 3. Soil nutrient elements in healthy and diseased chestnut trees.

Elements
Healthy Trees (g/kg) Diseased Trees (g/kg)

Range of
Variations

The Average ±
Standard Error C.V.% Range of

Variations
The Average ±
Standard Error C.V.%

N 10.198–11.346 10.765 ± 0.183 4.171 10.283–12.068 11.14 ± 0.316 6.957
P 0.367–3.299 1.847 ± 0.538 71.305 0.613–1.427 0.99 ± 0.121 29.798
K 16.968–23.042 20.643 ± 1.051 12.464 20.207–40.026 29.372 ± 3.035 * 25.306

AK 0.041–0.109 0.07 ± 0.01 35.714 0.099–0.187 0.136 ± 0.017 * 30.882
AP 0.008–0.087 0.042 ± 0.014 83.333 0.015–0.06 0.045 ± 0.007 37.778
Na 11.104–16.145 12.452 ± 0.759 14.937 6.827–15.256 11.156 ± 1.49 32.718
Ca 6.81–22.967 14.939 ± 2.389 39.173 5.807–12.167 9.236 ± 0.932 24.708
Mg 12.736–21.32 17.506 ± 1.171 16.383 12.344–16.328 14.092 ± 0.607 * 10.545
Cu 0.025–0.056 0.041 ± 0.004 24.390 0.013–0.02 0.017 ± 0.001 *** 17.647
Zn 0.086–0.156 0.124 ± 0.011 21.774 0.088–0.127 0.104 ± 0.006 13.462
Fe 45.268–64.584 54.392 ± 2.728 12.283 37.756–48.599 44.177 ± 1.529 * 8.480
Mn 0.456–1.075 0.754 ± 0.087 28.117 0.511–0.759 0.63 ± 0.034 13.016
B 0.048–0.072 0.060 ± 0.004 15.000 0.04–0.053 0.048 ± 0.002 * 10.417
S 0.085–0.32 0.174 ± 0.035 50.000 0.058–0.741 0.26 ± 0.103 96.923

Note: “***”: p < 0.001; “*”: p < 0.05.

Similarly, the C.V. values between the elements varied greatly in roots (Table 2).
Compared with the healthy trees, the contents of root N and B in diseased trees significantly
increased by 34.89% and 70.37%, respectively, while the Mn content significantly decreased
by 35.44%, but no significant changes were found in other elements between healthy and
diseased trees.

The C.V. values between the elements also varied greatly in soils (Table 3). Compared
with the healthy trees, the soil K and AK content in diseased trees significantly increased
by 29.72% and 48.53%, respectively, while the Mg, Cu, Fe, and B content significantly
decreased by 19.50%, 58.54%, 18.78%, and 20.00%, but no significant changes were shown
in other elements between healthy and diseased trees.

3.2.2. Correlation Analysis between Elements in Various Parts

There was a significant positive correlation between soil Mg and root Mn as well as soil
AK and root B, while soil Cu, B, and Fe were significantly negatively correlated with root B.
(Figure 2a). The root N was significantly positively correlated with the leaf Zn, Fe, and N,
and root B was significantly positively correlated with the leaf Zn, Fe, N, and B, but root Mn
was significantly negatively correlated with the leaf Zn, N, and B (Figure 2b). The soil AK
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was significantly positively correlated with leaf B, and soil K was significantly positively
correlated with leaf N and B, but negatively correlated with leaf Mg. The soil Cu was
significantly negatively correlated with leaf Zn, Cu, N, and B, but positively correlated with
leaf Mg. The soil B and Fe were significantly negatively correlated with leaf B (Figure 2c).

Figure 2. Clustering correlation heatmap with signs in various parts: (a) Soil (S) and root (R); (b)
Root and leaf (L); (c) Soils and leaf. “**”: p < 0.01; “*”: p < 0.05.

3.2.3. Chestnut Leaf Factor Analysis

Factor analysis was performed based on the results of 11 determined elements in
healthy leaves (Table 4) and diseased leaves (Table 5). In healthy leaves, it can be seen
that the cumulative variance contribution rate of the first four main factors accounted
for 96.78% of the total variance of the original variables, which largely retains the char-
acteristics, differences, and interrelationships of the original 11 variables (Table 4), so the
complex relationships between the 11 elements in the healthy leaves can be converted into
4 unrelated comprehensive indicators. From the loading point of view of the factors, the
first main factor is mainly determined by N, K, and B, the second main factor is mainly
determined by Fe, Mn, and Zn, the third main factor is mainly determined by P and Cu,
and the fourth main factor is mainly determined by Mo.

Table 4. Analysis of nutrient factors in healthy leaves.

Characters Principal Component 1 Principal Component 2 Principal Component 3 Principal Component 4

N 0.991 0.035 0.037 −0.116
P 0.469 0.035 0.674 −0.397
K 0.847 −0.479 0.208 0.043
Ca −0.963 0.024 −0.222 −0.121
Mg −0.918 0.083 −0.348 0.132
Fe −0.019 0.814 0.131 0.525
B 0.841 0.014 −0.184 −0.500

Cu 0.120 0.199 0.940 −0.128
Mn −0.182 0.940 0.058 −0.258
Zn 0.065 0.752 0.594 0.277
Mo −0.109 0.065 −0.261 0.932

Eigenvalues 5.129 2.915 1.597 1.005
Variance contribution rate/% 46.631 26.500 14.515 9.138

Cumulative contribution rate/% 46.631 73.130 87.645 96.784

In diseased leaves, the cumulative contribution rate of the 11 variances of the first 4
main factors accounted for 90.63% of the total variance of the original variables (Table 5).
Similarly, the relationship between the 11 elements in the scorched leaf can be converted
into 4 unrelated comprehensive indicators. The first main factor is mainly determined by N,
K, and Zn, the second main factor is mainly determined by Mg and Mn, and the third main
factor is mainly determined by P, Fe, and Cu. In this way, the contribution of 11 elements to
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the scorched leaves of chestnut leaves can be divided into three categories: {N, K, Zn}, {Mg,
Mn}, {P, Fe, Cu}.

Table 5. Analysis of nutrient element factors of diseased leaves.

Characters Principal Component 1 Principal Component 2 Principal Component 3

N 0.718 −0.596 0.306
P 0.408 0.584 0.668
K 0.741 −0.405 0.469
Ca −0.861 0.359 −0.169
Mg −0.303 0.865 0.093
Fe −0.207 0.500 0.810
B −0.983 0.023 0.136

Cu 0.131 −0.301 0.913
Mn 0.033 0.990 0.022
Zn 0.815 0.431 0.056
Mo −0.109 −0.055 −0.802

Eigenvalues 4.624 3.376 1.969
Variance contribution rate/% 42.037 30.693 17.903

Cumulative contribution
rate/% 42.037 72.730 90.633

3.3. Effects of Leaf Scorch Occurrence on Nut Qualities of Chestnuts
3.3.1. Changes in Nut Phenotypic Index

Leaf scorch showed significant effects on nut phenotypes (Figure 3), including a
significant reduction in the transverse diameter in both cultivars, the fruit shape index in
ZQ, and the vertical diameter, nut volume, and single seed fresh in ZF. Compared with
those in the healthy ones, the nut volume and single seed fresh considerably decreased
by 59.80% and 36.78%, respectively, indicating that the occurrence of leaf scorch severely
affected the nut production of the ZF cultivar.

Figure 3. Changes in nut phenotypic traits in healthy and diseased chestnut trees. The significance of
difference was labeled as ‘a’ and ‘b’ between healthy and diseased trees.

3.3.2. Changes in Nut Nutrients and Antioxidants

At the nutrient level, leaf scorch had almost no significant effect on starch, soluble
sugars, and total amino acids, as well as total soluble proteins, except for its significant
decrease in ZQ (Figure 4). Similarly, leaf scorch had no significant influences on the
total polyphenols, total flavonoids, SOD, and POD in the two cultivars, but significantly
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increased the CAT activity in ZF and the ASA content in ZQ, compared with the healthy
trees, indicating that the different cultivars may resist leaf scorch disease through different
antioxidants.

Figure 4. Changes in nut nutrients and antioxidants in healthy and diseased chestnut trees. The
significance of difference was labeled as ‘a’ and ‘b’ between healthy and diseased trees.

3.3.3. Correlation Analysis of Soil Elements and Nut Qualities

Redundancy analysis (RDA) showed that RDA1 and RDA2 explained 33.88% and
18.39% of the total variations, respectively (Figure 5a). In healthy trees, Mg, Fe, B, Cu, Zn,
Ca, P, total amino acids, total polyphenols, total flavonoids, and CAT were closely related to
each other, revealing their importance in the health of chestnuts, while N, K, AK, AP, PPO,
SOD, ASA, POD, and soluble sugars were closely related to each other in diseased trees,
indicating that these parameters played important roles in the response to the occurrence
of leaf scorch. The Pearson correlation analysis (Figure 5b) demonstrated that N was
significantly positively correlated with total soluble proteins, but AP was contrary; N was
negatively correlated with POD, but AK and K were significantly positively correlated
with ASA and CAT, respectively, indicating the application of N may increase growth but
decrease the resistance, but K can increase the resistance by enhancing the activities of
antioxidants. Mg was positively correlated with starch but negatively correlated with ASA,
as were Cu, Fe, and B.

Figure 5. Correlation of nut characteristics with soil elements. (a) Redundancy analysis (RDA). The
color ranges of red and green lines (a) represented positive and negative correlation, respectively; (b)
Pearson correlation heatmap. * and ** represented the significance at 0.05 and 0.01 levels, respectively.
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3.3.4. Correlation Analysis of Leaf Elements and Nut Qualities

The analysis of RDA showed that RDA1 and RDA2 explained the total change of
33.88% and 18.39% respectively (Figure 6a). The nut characteristics of healthy trees were
significantly different from those of leaf-scorched trees, which were initially separated by
axis 2 and negatively correlated with B, Mn, Fe, and Zn. In addition, B and Mg had a
significant positive correlation with ASA and soluble sugars, but a negative correlation
with CAT and total soluble proteins. Zn was significantly positively correlated with SOD
and ASA, but significantly negatively correlated with CAT, total polyphenols, and total
flavonoids. The Pearson correlation analysis showed that Zn was significantly positively
correlated with SOD, and Fe was significantly negatively correlated with total polyphenols,
furthermore, B was significantly positively correlated with ASA, and Mg was negatively
correlated with CAT (Figure 6b).

Figure 6. Correlation of nut characteristics with leaf elements. (a) Redundancy analysis (RDA).
The color ranges of red and green lines (a) represented positive and negative correlation, respec-
tively; (b) Pearson correlation heatmap. * and ** represented the significance at 0.05 and 0.01 levels,
respectively.

4. Discussion

During the management of chestnut orchards, B is the most important trace element
because of its role in pollination and fertilization; thus, farmers often apply extra B fertilizer
to reduce the empty percentage of chestnut fruits. However, it is very easy to cause B
toxicity due to the excessive application in practice because farmers have not mastered
scientific fertilization methods. It was also found in our field investigation that excessive
application of B fertilizer by chestnut farmers caused the whole leaves to wither. B toxicity
is regarded as one of the limiting factors affecting plant growth [29]. After an overdose,
B is first concentrated in the old leaves, starting from the leaf tip and leaf margin of the
plants. A common symptom of B overdose is the appearance of yellow borders along the
leaf margins, and symptoms of loss of green color, scorching, and necrosis occur at sites
with high B concentrations [30–32]. In this study, leaf B was higher by over 160.8% in
scorched trees compared with healthy trees. Excess B can arouse leaf scorch on old leaves
and delay development in spinach [33], significantly inhibit chlorophyll content and cause
the tips of leaves to undergo chlorosis and necrosis in rice seedlings [34,35], and lead to
yellow areas at the top of the leaves and their margins in citrus plants [36]. The symptoms
described in these studies are similar to the symptoms of leaf scorch in the leaf-scorched
ZF and ZQ cultivars. In addition, B toxicity can induce membrane damage, altering the
plant’s antioxidant defense system [37] as, for example, in the increase in CAT activity of
sunflowers leaves [38], Cucurbita pepo and Cucumis sativus [39] and pepper plants [40], and
the increase in ASA of citrus plants [41], which are consistent with results in this study. It is
also interesting to note that leaf B in the healthy trees reached 0.143 g/kg, far higher than
that in roots (0.024 g/kg) and soils (0.060%), while B contents in leaf, root, and soils are
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all lower than 0.100 g/kg in other chestnut orchards without leaf scorch occurrence (our
unpublished data), further indicating the excessive B application in the selected chestnut
orchards. The nut phenotypes of scorched chestnut trees were also inhibited to a certain
extent in this study, which was similar to the previous results in wheat [42,43], tomatoes,
and cucumbers [44].

Magnesium is one of the key elements that make up chlorophyll and has an important
role in photosynthetic organs [45,46]. At the beginning of leaf Mg deficiency, the inter-vein
color of the leaf tip and leaf margin fades, while the veins remain green, forming clear veins
on the leaves; the leaves even dry and fall off in severe cases [47]. In this study, a lower Mg
content of soils (Table 3) and roots (Table 2) may result in a significant decrease in leaf Mg
content (Table 1), which may be one of the key reasons for the occurrence of leaf scorch in
the diseased chestnut trees.

Zinc and Fe are essential elements required for chestnut growth, but excess Zn and
Fe can inhibit growth and affect the colors of leaves [42,43,45,46]. In this study, however,
the ranges of Zn and Fe contents in both leaves and roots were within the normal level of
Zn of between 0.030 and 0.200 mg/kg DW [48,49] and Fe of between 64 and 250 mg/kg
(DW) [50], which were also around or lower than the values of Zn and Fe in other chestnut
orchards without leaf scorch occurrence (our unpublished data), although both were higher
in scorched leaves compared to healthy ones. This indicated that the symptom of chestnut
leaf scorch in the present work may be not caused by the levels of zinc or Fe.

Overall, the difference in B and Mg contents in the scorched leaves, based on this
study, suggested that synergistic and/or antagonistic effects on micro- and macro-nutrients
existed in soils and chestnut trees (Figure 7). Interactions among mineral elements affect
plant nutrient status and plant health and yield [51]. Previous studies showed that applying
K fertilizer in soils can lead to an increase in B concentration in soybean leaves [52,53],
accompanied by a reduction in soil Mg concentration, and thus, decrease the accumulation
and concentration of Mg in leaves [45,52]. In this work, the correlation analysis showed that
the increase in K and AK in soils had a promotive role in the accumulation of B in leaves
and roots by sacrificing B in soils, but had an inhibiting role in leaf Mg content (Figure 7;
Tables 1–3), which was consistent with a previous report [52].

Figure 7. An action model of the altered soil elements on root elements, leaf elements, and nut
characteristics.

An increasing N content prompts the demand for B in the plant [51], and the N content
is significantly increased in roots (Table 2), while the Mn content in the roots, which is
not conducive to boron increase [51], is significantly reduced (Table 2), coupled with the
accumulation of B in roots, resulting in an extremely significant difference in the B content in
leaves. The Zn content can be affected by fertilization and the balance of nutrient elements
in plants [51]. The application of N fertilizer increases Zn concentration and bioavailability
in wheat [54]. In this study, an increase in leaf Zn may be caused by the increase in root N
of diseased trees, which may result from the excessive application of N fertilizer in order to
improve the yield of chestnut orchards.
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Soil is the carrier of tree growth, and the nutritional status of soil directly affects the
growth, yield, and quality [55]. The available B content in soils was significantly positively
correlated with citrus fruit diameter [56], similar to the results in this study. The AK content
in soils is the determinant of ASA content in peppers [57], and excess K can significantly
increase the ASA content in apples and Prunus persica [58,59]. In this study, the AK content
was also positively correlated with the ASA content in the fruit. In addition, excess K leads
to a decrease in the CAT activity in rapeseed but increases the free amino acid content in
wheat [60,61], consistent with the results of this work. In general, leaf scorch increased the
ASA content and CAT activity in chestnut nuts, which can enhance fruit quality to a certain
extent, although these changes were the consequence of tree adaptation to the occurrence
of leaf scorch.

5. Conclusions

This study showed that chestnut leaf scorch may be caused by excessive boron content
and Mg deficiency in the leaves, which may be caused by the alteration of the AK, B, Mg,
Cu, and Fe balances in soils, of which the reduction of Mg is most likely caused by AK. In
addition, leaf scorch had a significant impact on the phenotypes and characteristics of the
chestnut tree nuts. Thus, we would hope that the present work could provide a theoretical
basis and practical guidance for the prevention of chestnut leaf scorch disease. In addition,
it is also urgent to conduct a deep investigation into the specific factors causing leaf scorch
in the future.
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Abstract: Wild Camptotheca acuminata Decne (C. acuminata) resources are becoming endangered and
face poor growth. Preliminary investigation results found that the growth of C. acuminata in an
artificial mixed forest of Taxus chinensis var. mairei (Lemee et Levl.), Cheng et L. K. Fu (T. chinensis var.
mairei) and C. acuminata was significantly higher than that in pure forests. Understanding the reasons
for the above differences can help create a mixed forest of T. chinensis var. mairei and C. acuminata to
solve the problem of depleting C. acuminata resources. In this study, the growth and soil indexes under
two different modes (C. acuminata/T. chinensis var. mairei interplanted and monocultured C. acuminata
seedlings) were compared. The results showed that plant height, basal diameter, photosynthesis
rate and chlorophyll content of C. acuminata under the interplanting mode were higher than those
under monoculture. The growth rates of plant height and basal diameter that were calculated from
interplanted specimens increased by 25% and 40%, respectively, compared with those from specimens
that were monocultured. Photosynthetic rates from different light intensities under interplanting
were higher than those in seedlings under monoculture. The contents of chlorophylls a and b and total
chlorophyll under interplanting were 1.50, 1.59, and 1.47 times higher than those under monoculture,
respectively. The numbers of bacteria and fungi in the interplanted culture were higher than those
in the monoculture. Furthermore, the differences in microbial diversity under different planting
modes were analyzed via the amplicon sequencing method. Soil enzyme activities increased under
interplanting compared with that in the monoculture. Taxane allelochemicals were detected in the
range of 0.01–0.67 µg/g in the interplanting mode from April to September. T. chinensis var. mairei
may increase the establishment and productivity of C. acuminata seedlings under interplanting mode
through improvements in enzyme activity, changes in microorganism population structure, and
release of allelochemicals.

Keywords: Camptotheca acuminata Decne; Taxus chinensis var. mairei (Lemee et Levl.); Cheng et L. K.
Fu; interplanting; allelochemicals; enzyme activity; microorganism

1. Introduction

Plantation management usually involves single cultivation, leading to reduced pro-
ductivity and reforestation problems. It is highly desirable to develop specific techniques to
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minimize and overcome the problems of managed plantations. One of the most developed
techniques is using a mixed plantation rather than monocultures. Successful interplanting
modes, based on carefully designed species mixtures, reveal many potential advantages in
long-term practices [1]. The interspecific relationship among trees is one of the important
factors that affect the survival of artificial mixed forests. Plant interactions are one of the
important research topics in interspecific relationships, where plants can sense and recog-
nize coexisting conspecifics or heterospecifics and thus adjust their growth, reproduction,
and defense strategies [2]. Throughout its life cycle, a plant can interact simultaneously
and sequentially, directly or indirectly, with many plant neighbors, whether in forests or
in more natural environments. The nature and intensity of plant interactions are impor-
tant factors that affect t plant populations and community structure, and the nature and
intensity of plant interactions are influenced by abiotic/biotic environmental factors. This
includes competition with heterospecifics (different species), reciprocal helping (i.e., mutu-
ally beneficial interactions), commensalism (i.e., facilitation) and asymmetric interactions
such as parasitism and allelopathy [3]. The mechanisms of plant interactions have been
investigated mainly from above-ground plants and below-ground soils [4]. Given the
myriad of interactions between above-ground and below-ground communities and their
well-known impacts on ecosystem function [5], it is often assumed that the composition
of below-ground bacterial communities, allelochemicals, soil nutrients, enzyme activity,
and above-ground plant communities will reflect one another [6–8]. Recently, studies have
shown that some tree species have synergistic promotional effects. The intercropping with
garlic promoted cucumber plant growth and attenuated damage caused by soil sickness [9].
As well as their promotion potential, Brassica species can be utilized to achieve higher
productivity by using them as cover crops, companion crops, and intercrops for mulching
and residue incorporation or simply by including them in crop rotations [10]. Therefore, it
is useful to address poor forest productivity from the perspective of interspecific promotion.

Camptotheca acuminata Decne (C. acuminata) is a second-class key protected tree species
in China. Camptothecin (CPT) is an important secondary metabolite in C. acuminata, and
it has been used in the treatment of cancer [11]. The global demand for CPT antitumor
drugs is increasing year by year, and its economic value is high. The process of isolating
CPT from C. acuminata has become particularly important [12,13]. C. acuminata is used as a
raw material for anti-cancer drugs; however, the unreasonable exploitation of wild-type
C. acuminata has significantly reduced the distribution of wild resources [14,15]. Currently,
researchers are focusing on the cultivation of C. acuminata plantations to alleviate the
resource crisis of C. acuminata [16]. However, the poor growth of pure C. acuminata forests
and the small amount of fruit per plant makes it necessary to choose the appropriate
mixed tree species for cultivating C. acuminata mixed forests [15]. Researchers have found
that C. acuminata growth can be improved by interplanting it with Taxus chinensis var.
mairei (Lemee et Levl.) Cheng et L. K. Fu (T. chinensis var. mairei). The plant height and
basal diameter of C. acuminata under interplanting are always higher than that of pure
planting, and the average growth rate of the basal diameter in pure species of C. acuminata
plantations is only 29.4% of that in mixed-species plantations [17]. Wang Jikun and other
researchers improved the soil conditions of the mixed-planting mode among three species,
C. acuminata, T. chinensis var. mairei, and Rosmarinus officinalis, and compared the average
maximum photosynthetic rate of C. acuminata with that in pure planting mode; it was
16.95µmol·m2 s−1, higher than that the planting mode of C. acuminata pure species [18].
Therefore, T. chinensis var. mairei has been advocated for interplanting in mixed C. acuminata
mode, and it has become a successful interplanting strategy [17]. However, the potential
mechanism involved in the interspecific relationship among the trees needs to be further
studied.

Taxus chinensis var. mairei, which is listed as a first-class protected species, is an ev-
ergreen arbor that is ubiquitous in the southern region of China [19]. Previous studies
have shown that the interplanting of T. chinensis var. mairei and C. acuminata can pro-
mote C. acuminata growth, which was explained from the perspective of improving the
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microclimate of mixed forest land [20]. Our previous studies have found that cephalo-
mannine, 10-deacetylbacatin III, paclitaxel, and 7-Epi-10-deacetyl-paclitaxel (7-Epi-10-DAT)
in T. chinensis var. mairei were identified as allelochemicals that play a promotion role
on C. acuminata seedlings [21]. This study measured the content of organic carbon, total
nitrogen, the number of microbial populations, and enzymatic activities in soil under
interplanting and monoculture in order to determine the effect of T. chinensis var. mairei
on C. acuminata seedling growth from the perspectives of microbial population structure
and soil chemical properties. The objective was to provide further theoretical support for
interspecific relationships in the interplanting of T. chinensis var. mairei and C. acuminata.

2. Materials and Methods
2.1. Pot Experiment

This experiment was conducted in a greenhouse (45◦43′9” N, 126◦38′5” E) from April
to September 2018 at the Key Laboratory of Forest Plant Ecology, Ministry of Education,
Northeast Forestry University, China. The soil was collected from Xialian village, Xukou
town, Hangzhou City, Zhejiang Province, China, and the soil type was yellow soil. T. chi-
nensis var. mairei (5-year) and C. acuminata seedlings (1-year) were cross-interplanted at a
1:1 ratio in pots (40 × 40 × 23 cm, 50 kg of soil) in April. The plant spacing was kept to
20 ± 1 cm. C. acuminata seedlings under monoculture mode were used as control
(Figure 1). Tap water was irrigated to each pot at the start, and the pots were kept moistened
throughout the experimental period. All pots were randomly placed in the greenhouse, and
plants were grown under day/night temperatures of 23/18 ◦C, with a relative humidity
of 70%–75%, and a 12-h photoperiod. The growth index of the C. acuminata seedlings
was measured within 1–3 days of the beginning of each month. Each treatment had 30
biologically effective replications.
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Figure 1. Diagram of the experimental planting modes. (A). Interplanted C. acuminata and T. chinensis
var. mairei; (B). Monocultured C. acuminata.

2.2. C. acuminata Seedlings Bioassay
2.2.1. Determination of Plant Height and Basal Diameter

The plant height was measured with a tape measure (units: cm; precision: 0.1 cm), and
the basal diameter was measured with a vernier caliper (units: mm; precision: 0.02 mm)
(Pulisen Measuring Tools Co. Ltd., Harbin, China).
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2.2.2. Determination of Main Photosynthetic Indicators and Chlorophyll Content

The LI-6400 portable photosynthetic system (LI-COR Inc., Lincoln, NE, USA) was
used to test the photosynthetic characteristics of the plants in different cultivation modes
(interplanted T. chinensis var. mairei/C. acuminata; monoculture C. acuminata). The leaves
were collected from the third leaf at the top of a C. acuminata plant. This plant material was
cleaned, shade-dried, and stored in a freezer at −20 ◦C for further analysis. Chlorophylls
of tissue samples were extracted with 80% acetone and determined using the Sosnowski
method [22]. The time each day to measure the photosynthetic parameters of plant leaves
was from 9 to 11 a.m.

2.2.3. Determination of Total Nitrogen and Organic Carbon in Soil

Five soil samples were randomly collected from a depth of 5–15 cm in the pots. Organic
carbon content in rhizosphere soil was determined according to the K2Cr2O7–H2SO4 wet
oxidation method [23]. Total nitrogen concentration was analyzed via a colorimetric method
using a continuous-flow autoanalyzer (AutoAnalyzer III, Bran, Luebbe GmbH, Germany)
after the samples were digested with the Kjeldahl method [24].

2.2.4. Dynamic Changes in Soil Microbial Population and Enzyme Activities

Five soil cores (5–15 cm depth) were taken from each plot and thoroughly mixed. The
samples were sieved (20-mesh) to remove plant residues and then homogenized. A sample
of soil was stored at −80 ◦C immediately after soils were brought to the laboratory for
determination of the soil parameters. The composition of the soil microbial population was
evaluated using plate colony-counting methods [25,26]. All microorganisms were cultured
at 28 ◦C.

Soils were sampled in August 2018. Soil DNA was extracted from 0.4 g of frozen soil
using the FastDNA™ SPIN Kit (MP Biomedicals TMInc, Eschwege, Germany), following
modified according to manufacturers’ recommendations [27]. Aliquots (50 µL) of DNA
extracts were purified with the OneStep™ PCR Inhibitor Removal Kit (Zymo Research
Biotech, Orange County, California, USA) and subsequently quantified using a microtiter
plate assay with Quant-iT™ PicoGreen® dsDNA Reagent (Thermo Fisher Scientific, Bremen,
Germany). DNA templates of each sample were prepared by diluting the purified DNA to
10 ng µL−1 with nuclease-free water (Carl Roth, Roth-sur-Auhl, Rhineland, Germany). The
515 F 5′-barcode- (GTGCCAGCMGCCGCGG)-3′ and 5′-CTTGGTCATTTAGAGGAAGTAA-
3′ primers were used to amplify 16 S rRNA genes at the hypervariable V4 regions for
the bacterial and internal transcribed spacer 1 (ITS1) region. Then, they were amplified
via polymerase chain reaction (PCR) via multiplexed barcoded amplicon sequencing by
BMKCloud (www.biocloud.net) (accessed on Dec 10, 2022) on the Illumina MiSeq platform
(Illumina, San Diego, CA, USA), as described by Castano et al. (2020) [28].

All five enzymes’ (urease, sucrase, protease, phosphatase, and dehydrogenase) activi-
ties were determined via the colorimetric method [29]. The controls used distilled water
instead of substrates. Each enzyme measurement had five replicates.

2.3. Quantitation of Allelochemicals in Rhizosphere and Non-Rhizosphere Soils

The quantitation of allelochemicals in interplanted C. acuminata and T. chinensis var.
mairei rhizosphere soils and non-rhizosphere soils was completed via the UPLC-MS/MS
method developed by our team [30].

2.4. Statistical Analysis

The experiments were carried out via a completely randomized design. Data were
reported as the mean, standard error (S.E) of five replicates. For pot trials and the C. acumi-
nata seedlings bioassay, SPSS software version 20.00 was used for statistical analysis. A
student’s t-test was used to evaluate differences among means. Differences were considered
statistically significant at p < 0.05.
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3. Results and Discussion
3.1. Effect of Interplanting on Plant Height and Basal Diameter of C. acuminata Seedlings

The heights and basal diameters of C. acuminata seedlings through interplanting
(T. chinensis var. mairei/C. acuminata) in pot experiments on different days were measured.
The results showed that T. chinensis var. mairei significantly increased C. acuminata seedling
height and the basal diameter under interplanting mode; peaking appeared in September.
From June to September, the heights and basal diameters of interplanted C. acuminata
seedlings were all significantly higher than those under the C. acuminata monoculture
(Tables 1 and 2). In September, the plant heights of the monoculture C. acuminata seedlings
and interplanted seedlings increased by 95% and 120%, respectively, compared with April.
The growth rate of plant height calculated from the interplanted mode increased by 25%
compared with that from the monoculture mode. In September, the basal diameters
measured from the monoculture and interplanted C. acuminata increased by 47% and 66%,
respectively, compared with April. The basal diameter from the interplanted specimens
increased by 19% compared with those from the monoculture. Our findings are consistent
with the trends of previous studies. Kong’s studies indicated that interplanting could
effectively improve the growth of some plants. It has been observed that J. mandshurica
establishment and management can be improved by interplanting with larch (Larix gmelini).
The height, diameter at breast height, individual tree volume, and the stand stocking
per hectare of J. mandshurica in the interplanting mode were 1.33, 1.87, 4.71, and 1.69
times higher than those in the monoculture mode, respectively, indicating that L. gmelini
accelerates the growth of J. mandshurica in the interplanting mode [31]. Pinus sylvestris var.
and Broussonetia papyrifera Linn. could be used to promote the growth of A. pedunculata
seedlings, as well as enhance the construction of mixed plantations in coal mine degradation
areas [32]. In our experiment, the interplanting of C. acuminata seedlings and T. chinensis var.
mairei can significantly increase the growth rate of C. acuminata seedlings, and the positive
effects of plant allelopathy depend to a large extent on the selection of mixed species.

Table 1. Effect of C. acuminata seedling height in different planting modes at different months.

Planting
Mode

Plant Height (cm)

April May June July August September

MC 50.1 ± 1.2 55.9 ± 2.3 73.9 ± 2.6 92.1 ± 2.4 95.7 ± 2.4 97.9 ± 2.5
IC 49.8 ± 1.1 56.7 ± 2.1 80.9 ± 2.3 * 105.8 ± 2.6 * 108.3 ± 2.6 * 109.8 ± 2.7 *

Each value is the mean value ± SE (n = 5); * Significant differences in different planting modes at these months
(t-test, p < 0.05); MC, monoculture C. acuminata; IC, interplanted C. acuminata.

Table 2. Effect of C. acuminata seedling basal diameter in different planting modes at different months.

Planting
Mode

Basal Diameter (mm)

April May June July August September

MC 7.04 ± 0.04 7.23 ± 0.32 8.73 ± 0.44 9.04 ± 0.36 10.12 ± 0.32 10.33 ± 0.44
IC 7.02 ± 0.06 8.09 ± 0.34 * 9.23 ± 0.42 * 10.84 ± 0.42 * 11.36 ± 0.38 * 11.65 ± 0.56 *

Each value is the mean value ± SE (n = 5); * Significant differences in different planting modes at these months
(t-test, p < 0.05); MC, monoculture C. acuminata; IC, interplanted C. acuminata.

3.2. Effect of Interplanting on Photosynthesis of C. acuminata Seedlings

Under different light intensities, the net photosynthetic rate of C. acuminata seedlings
interplanted with T. chinensis var. mairei was higher than that of C. acuminata seedlings in
monoculture (Figure 2A); the net photosynthetic rate increased by 28%, 33%, 27%, 38%
and 29% from May to September, respectively. In August, the net photosynthetic rate of
C. acuminata seedlings interplanted with T. chinensis var. mairei was the highest. Compared
with the monoculture, interplanting increased the stomatal conductance of C. acuminata
seedlings by 24%, 25%, 27%, 27%, and 28% from May to September (Figure 2B), respectively,
while the stomatal conductance of C. acuminata interplanted and monoculture seedlings
under 100% light intensities (1600 µmol m2·s−1) was lower than that under other light
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intensities conditions (800 µmol m2·s−1 and 480 µmol m2·s−1, respectively). Under different
light intensities, interplanting with C. acuminata seedlings all enhanced intercellular CO2
concentrations compared with seedlings in monoculture (Figure 2C); however, the growth
rates decreased with an increase in processing time, which were 115%, 98%, 83%, 93% and
36% from May to September, respectively; meanwhile, the intercellular CO2 concentrations
of C. acuminata interplanted and monoculture seedlings in September were the lowest. The
transpiration rate of C. acuminata interplanted with T. chinensis var. mairei was lower than
that of C. acuminata seedlings in monoculture (Figure 2D), which was similar to the trend
in intercellular CO2 concentrations, which increased by 75%, 59%, 44%, 36% and 38% from
May to September, respectively.
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Figure 2. Effects of C. acuminata seedling-related indicators on the net photosynthetic rate (A), the
stomatal conductance (B), the intercellular CO2 concentrations (C) and the transpiration rate (D) in
plant leaves under different planting modes at different months and light intensities. Each value
is the mean value ± SE (n = 5). * Significant differences in different planting modes during these
months (t-test, p < 0.05). MC, monoculture C. acuminata; IC, interplanted C. acuminata.

Light energy is the driving force of photosynthesis in green plants. In plant cultivation,
rational utilization of light energy can help green plants fully photosynthesize [33]. Net
photosynthetic rate, stomatal conductance, intercellular CO2 concentration, and transpi-
ration rate are important indicators of plant photosynthesis; they are closely related to
plant growth and photosynthetic function. Interplanting (maize/soybean) decreased the
net photosynthetic rate of soybean, but the rate recovered to varying degrees after the
maize harvest [34]. In an interplanting system, two planting modes may affect the pho-
tosynthesis of each plant type. Our test showed that T. chinensis var. mairei/C. acuminata
interplanting increased the net photosynthetic rate, stomatal conductance, intercellular
CO2 concentration, and transpiration rate of C. acuminata seedlings (Figure 2).

3.3. Effect of Interplanting on Chlorophyll Content of C. acuminata Seedlings

The chlorophyll content is an important indicator for evaluating plant growth. The
contents of chlorophyll a, chlorophyll b, and total chlorophyll under different planting
modes are shown in Figure 3. The chlorophyll content in the C. acuminata seedlings
leaves under the different planting modes (interplanted T. chinensis var. mairei/C. acumi-
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nata; monoculture C. acuminata) exhibited similar trends. The contents of chlorophyll a
(Figure 3A), chlorophyll b (Figure 3B), and total chlorophyll (Figure 3C) were higher in the
interplanted C. acuminata seedlings than those in the monoculture C. acuminata seedlings
during the growth period. The content of chlorophyll was increased first and then de-
creased under different planting moods (interplanted T. chinensis var. mairei/C. acuminata;
monoculture C. acuminata). Chlorophyll a, b, and total chlorophyll contents were 1.50,
1.59, and 1.47 times than those of the monoculture from May to September. The maximum
content was obtained in July and August. The reason is possible that the soil in mixed
planting contains more ingredients beneficial to plant growth, which promotes the growth
of leaves and increases the chlorophyll content [35]. Chlorophyll in photosynthesis directly
influences photosynthetic ability. The contents of chlorophyll in C. acuminata seedlings
increased by interplanting with T. chinensis var. mairei, indicating enhanced photosynthetic
rate leading to a higher biomass of C. acuminata seedlings. Thus, T. chinensis var. mairei
exerts positive allelopathic effects on C. acuminata seedlings through allelochemicals in
interplanting.
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Figure 3. Effects on chlorophyll an (A) and b (B) content, and total chlorophyll content (C) C. acuminata
seedlings under different planting modes at different months. Each value is the mean value ± SE
(n = 5). * Significant differences in different planting modes during these months (t-test, p < 0.05).
MC, monoculture C. acuminata; IC, interplanted C. acuminata.

3.4. Effect of Interplanting on Content of Organic Carbon and Total Nitrogen in Soil of
C. acuminata Seedlings

The content of organic carbon and total nitrogen in both the monoculture and inter-
planted modes initially increased and then decreased during the growth period of the
C. acuminata seedlings (Figure 4A,B). In the monoculture, the organic carbon level ranged
from 17 to 24 mg·g−1, with the lowest level occurring at the early stage of C. acuminata
seedlings. In the interplanted mode, the organic carbon level was in the range from
19 mg·g−1 to 32 mg·g−1, with the lowest level occurring at the early stage of C. acuminata
seedlings, and the organic carbon content in interplanted seedlings was higher than that in
monoculture seedlings (Figure 4A). Similar to the results with organic carbon, variation in
total nitrogen showed the same trends between the monoculture and interplanted treat-
ments (Figure 4B). For the monoculture, the content of total nitrogen initially increased
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from May to September, peaking at 8.0 mg·g−1 in August. For the interplanting mode, the
total nitrogen content increased gradually from May to August, peaked at 9.3 mg·g−1, and
then fell slowly after August.
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Figure 4. Effects on soil organic carbon (A) and total nitrogen contents (B) under different planting
modes in different months. Each value is the mean value ± SE (n = 5). * Significant differences in
different planting modes during these months (t-test, p < 0.05); MC, monoculture C. acuminata; IC,
interplanted C. acuminata.

Sufficient but not excessive nutrient element levels in the soil are vital for C. acuminata
seedling growth. The results showed that the contents of total nitrogen and organic carbon
in the interplanted soil were higher than those in the monoculture soil. These nutrient levels
were all-sufficient for C. acuminata seedling growth, and interplanting T. chinensis var. mairei
with C. acuminata was helpful to avoid salinization of the soil under mixed cultivation
and improve fertilizer use efficiency. Higher total nitrogen and organic carbon levels
were observed in interplanted C. acuminata seedlings with T. chinensis var. mairei. These
results are in almost agreement with those of Wei et al. [36] and indicate that interplanted
T. chinensis var. mairei and C. acuminata seedlings play an important role in activating and
balancing nutrients in the soil. We think that this is due to the fact that plants and soils
have close interactions, such as the exchange of substances and nutrient cycling.

3.5. Effect of Interplanting on Enzyme Activity in the Soil of C. acuminata Seedlings

C. acuminata seedlings urease, sucrase, dehydrogenase, protease, and phosphatase
activities between interplanted and monoculture modes from May to September were deter-
mined, and the results are shown in Figure 5. It can be seen from Figure 5 that the enzyme
activity of the interplanted soil was significantly higher than that of the monoculture soil.
In August, enzyme activity from the interplanted mode was significantly higher than that
monoculture mode (p < 0.05).

Soil enzyme activity is an important indicator of soil quality. Generally, extracellular
enzymes are secreted by soil microorganisms in order to decompose large, polymeric com-
pounds and are closely related to the cycling of carbon, nitrogen, and phosphorus [37,38]. These
results are in agreement with those of Zeng et al.’s research. These results showed that
intercropping turmeric and ginger with patchouli could improve soil enzymes. They also
modify the soil’s physical and chemical properties through changes in enzyme activity [39].
Zhao et al. reported that higher activities of catalase, urease, invertase, and phosphatase
were detected in maize/hot pepper interplanted soil [40]. Significantly higher activities
of invertase, urease, and phosphatase in the soil of a garlic/cotton interplanting system
throughout the course of growth in comparison to a cotton monoculture were observed.
Interplanting garlic enhanced its phosphatase activity and cellulase activity [41].
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3.6. Effect of Interplanting on Microbial Populations in the Soil of C. acuminata Seedlings

Bacteria populations in soil appeared to change during the different months be-
tween the monoculture and interplanted C. acuminata seedlings. However, the bacte-
rial population reached a sharp peak for both modes in August, and the bacterial pop-
ulation in the interplanted soil was significantly higher than that in the monoculture
soil (27.6 × 106 > 19.6 × 106 cfu·g−1) (Figure 6A). Fungal populations in the soil were
significantly different between the monoculture and interplanted modes from July to
September (p < 0.05), and the trend was similar between the monoculture and interplanted
modes (Figure 6B). In the interplanted culture, the fungal population increased significantly to
11.9 × 105 cfu·g −1 in September. In the monoculture, the number of fungi showed a similar
trend to that in the interplanted mode each month and peaked in August at 7.51× 105 cfu·g −1.

The compositions of bacterial and fungal communities were tested for their taxonomy
in interplanted and monoculture C. acuminata modes. The relative abundances of bacterial
phyla Acidobacteriota (0.320), Proteobacteria (0.271), Methylomirabilota (0.104), Myxo-
coccota (0.063), Actinobacteriota (0.044) and Gemmatimonadota (0.028) in monoculture
C. acuminata, as well as the archaeal phylum Acidobacteriota (0.260) and Proteobacteria
(0.270) in interplanted C. acuminata, encompassed the largest proportion of sequences of bac-
terial communities (Figure 6C). In interplanted C. acuminata, members of phyla Ascomycota
(0.748), Basidiomycota (0.128), Chytridiomycota (0.029), and Glomeromycota (0.016) were
prevalent fungal groups across the investigated soils. Unlike the interplanted C. acuminata,
the monoculture C. acuminata showed a fungal composition of mainly Ascomycota (0.664),
Basidiomycota (0.150), Chytridiomycota (0.051), Mortierellomycota (0.045), Glomeromycota
(0.025) and Calcarisporiellomycota (0.012) (Figure 6D).
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Figure 6. Effects on bacteria (A) and fungi (B) in soil under different planting modes at different
months. * Significant (p < 0.05) differences in planting modes during these months (t-test). MC,
monoculture C. acuminata; IC, interplanted C. acuminata. Relative abundance of bacterial (C) and
fungal (D) communities at the phylum level, based on Illumina sequencing of the 16S rRNA gene and
the ITS1 region from two plant modes (MC, monoculture C. acuminata; IC, interplanted C. acuminata).
Each value is the mean value ± SE (n = 3).

Microorganisms are one of the important components of the soil ecosystem. Soil
microbial populations play an important role in many soil functions, including organism
decomposition and nutrient cycling [42,43]. A previous study showed that interplanting
might affect the number of soil microbial populations under continuously interplanted
modes. Intercropping between sugarcane and soybean is widely used to increase crop yield
and promote the sustainable development of the sugarcane industry. Intercropping im-
proved the bacterial population in the rhizosphere in comparison with a monoculture [44].
Elshahawy et al. showed that interplanting cucumber with onion or garlic increased the
population of bacteria [45]. Tian and Boparai et al. stated that wheat or garlic interplant-
ing with cotton significantly enhanced the population of bacteria and actinomycetes in
the rhizosphere compared to monoculture planting; garlic interplanting had even more
remarkable effects [46,47]. Ali et al. reported that the soil population of bacteria and actino-
mycetes increased under a cucumber/garlic interplanting system compared to a cucumber
monoculture [48]. Interplanting increased the number of rhizosphere fungi in aromatic
plants [49]. In our study, similar results were also obtained, where interplanting T. chinensis
var. mairei with C. acuminata seedlings in soil enhanced the populations of bacteria and
fungi in comparison with monoculture C. acuminata seedlings. A comparison of the diver-
sity of microbial composition in monoculture C. acuminata and interplanted C. acuminata
showed that there were differences between them. It is very clear that plant–microbe inter-
actions in the rhizosphere are influenced by several factors. As an indispensable energy
and nutrient source for microorganisms, soil organic matter content was reported to play
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an important role in shaping microbial communities [50]. Secondary metabolites in plant
root secretions also affect the growth of particular microbes [51]. As several studies have
established, the rhizosphere microbiome composition greatly affects plant growth, and
plants employ several mechanisms to recruit specific microflora [52]. Our results fully
demonstrated that the balance of microorganisms in the soil would not be destroyed under
interplanting modes; moreover, the reasonable microbial population distribution played a
role in promoting the growth of C. acuminata. It has been shown that methylomirabilota can
enhance soil carbon and nitrogen cycling to a certain extent, and ascomycota is significant
in promoting plant growth [53]. In this study, both methylomirabilota and ascomycota
were found in higher percentages in the soil of interplanted C. acuminata than in the soil
of monoculture C. acuminata; therefore, we infer that the better growth of interplanted
C. acuminata comes from these two microbials, which may be promoting nutrient utilization
and uptake, further affecting the growth of C. acuminata.

3.7. Release of Taxane Allelochemicals from T. chinensis var. Mairei in Interplanting Mode

All allelochemicals in the rhizosphere and non-rhizosphere soil were determined,
and the results are shown in Table 3. The content of 10-DAB III peaked at 0.67 µg/g in
rhizosphere soil and 0.21 µg/g in non-rhizosphere soil in August. In the same month,
the content of 7-Epi-10-DAT was the lowest; only 0.32 and 0.12 µg/g were found in the
rhizosphere and non-rhizosphere soil, respectively. The contents of cephalomannine and
paclitaxel were less than 0.01 µg/g in both rhizosphere and non-rhizosphere soils. It
is possible that soil microorganisms degrade the allelochemicals, or it may be related
to the adsorption of the soil to them [54]. In addition, the physicochemical properties,
release concentrations, environmental factors, and retention and transformation in the soil
have an impact on whether allelochemicals are detected in the soil or not [55]. Therefore,
there were two allelochemicals (10-DAB III and 7-Epi-10-DAT) in the rhizosphere and
non-rhizosphere soil, which suggested that they may be present in the interplanting mode,
which consequently affects the growth of C. acuminata seedlings.

The soil ecosystem is a complex composition in which soil enzymes and soil microor-
ganisms play an important role in promoting the soil nutrient cycle [56]. The physical and
chemical properties of soil have a great impact on soil enzyme activity and soil microbial
community structure [57]. In contrast to competition for resources from soil, allelopathy
involves the release of allelochemicals from plants into the environment [58]. Accordingly,
the detection of allelochemicals from rhizosphere soil and non-rhizosphere soil is a key
to understand plant–plant interspecific interactions [59]. A series of interactions between
allelochemicals and soil abiotic and biotic factors may occur when allelochemicals are
released through the soil [55]. In particular, soil microbial interactions radically alter the
environment and provide a much better indication of real effects [60]. The presence of
taxane medium allelochemicals may be one of the important factors for T. chinensis var.
mairei to promote C. acuminata seedling growth under the interplanting mode. However,
the interactions among allelochemicals, soil enzymes and soil microorganisms require
further clarification.
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4. Conclusions

The T. chinensis var. mairei and C. acuminata seedling interplanted cultivation resulted
in significant positive effects and improvements in the establishment and productivity of
C. acuminata seedlings and involved multiple factors. In this study, biomass, net photo-
synthetic rate, chlorophyll, organic carbon, total nitrogen content, microbial populations,
and enzyme activities in the soil of interplanted C. acuminata seedlings increased. The
change in soil microbial diversity under the interplanting of C. acuminata was found to be
beneficial to the growth of C. acuminata. Such effects should be correlated to the joint action
of microbial and enzymatic activities in the soil after interplanting with T. chinensis var.
maire. Meanwhile, taxane allelochemicals released from the root exudate of T. chinensis var.
maire into the soil in the interplanted culture may be one of the reasons for enhanced growth
in C. acuminata seedlings. Thus, our study provides theoretical support for clarification
of the promotional effects of T. chinensis var. mairei on C. acuminata seedling growth in
interplanted mode. It also offers many potential implications and applications in managed
tree ecosystems. However, how microorganisms enhance enzymatic activity or transfer
nutrients and interact with allelochemicals to promote the growth of C. acuminata seedlings
in interplanted soils are mechanisms that require further exploration.
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Abstract: The areca nut (Areca catechu L.) and pandan (Pandanus amaryllifolius Roxb.) intercropping
cultivation system has been widely practiced to improve economic benefits and achieve the devel-
opment of sustainable agriculture in Hainan Province, China. However, there is a lack of research
on the relationships among soil properties, soil enzyme activities, and microbes in this cultivation
system. Therefore, a random block field experiment of pandan intercropped with areca nut was
established to investigate the effects of environmental factors on the diversity and functions of soil
microbial communities in Lingshui county, Hainan Province. The diversity and composition of soil
microbial communities under different cropping modes were compared using Illumina sequencing
of 16S rRNA (bacteria) and ITS-1 rRNA (fungi) genes, and FAPROTAX and FUNGuild were used to
analyze and predict the bacteria and fungi community functions, respectively. Correlation analysis
and redundancy analysis were used to explore the responses of soil microbial communities to soil
environmental factors. The results showed that the bacterial community was more sensitive to the
areca nut and pandan intercropping system than the fungal community. The functional predictions
of fungal microbial communities by FAPROTAX and FUNGuild indicated that chemoheterotrophy,
aerobic chemoheterotrophy, and soil saprotroph were the most dominant functional communities.
The intercropping of pandan in the areca nut plantation significantly enhanced the soil bacterial
Ace and Chao indices by reducing the soil organic carbon (SOC) and total phosphorus (TP) content.
In the intercropping system, urease (UE) and acid phosphatase were the key factors regulating the
soil microbial community abundance. The dominant bacterial and fungal phyla, such as Firmicutes,
Methylomirabilota, Proteobacteria, Actinobacteria, Chloroflexi, Verrucomicrobia, and Ascomycota
significantly responded to the change in planting modes. Soil properties, such as UE, total nitrogen,
and SOC had a significant stimulating effect on Proteobacteria, Chloroflexi, and Ascomycota. In
summary, soil bacteria responded more significantly to the change in cropping modes than soil fungi
and better reflected the changes in soil environmental factors, suggesting that intercropping with
pandan positively affects soil microbial homeostasis in the long-term areca nut plantation.

Keywords: cultivation mode; soil physicochemical properties soil enzyme activity; soil microbial
diversity; microbial community structure

1. Introduction

With the development of large-scale and intensive agricultural production modes, the
degradation of farmland soil microbial communities has become a prominent problem
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that restricts the sustainable development of agriculture. As a farming mode based on the
principle of promoting and complementing ecology, intercropping allows two or more crops
to be planted on the same field, thereby, not only optimizing the utilization of resources
such as sunlight, water, nutrients, and shared space [1], improving the net effect in the
tradeoff between interspecies competition and the facilitation of crop growth [2,3], and
considerably increasing yield [4], but also stimulating the interactions among soil nutrients,
enzymes, microbes, and several coexisting crops [5], thus, maintaining the relative balance
of soil microbial community [6,7]. Areca nut is an important cash crop in the tropical
regions of South and Southeast Asia [8,9], which is often intercropped with vegetables,
cocoa, banana, black pepper, and cardamom [10]. Among them, pandan is a tropical
spice crop with high economic value; it is shade-tolerant and suitable for intercropping
in areca nut forests [11–13]. Therefore, exploring the relationship among soil properties,
enzyme activities, and microbes, as well as the mechanism of the intercropping mode to
maintain soil health, is conducive to maintaining the efficient production of areca nut and
pandan. Soil enzyme activity is a vital indicator of soil quality and is essential in evaluating
soil health [14]. Common soil enzymes, such as catalase (CAT), acid phosphatase (ACP),
urease (UE), and invertase, play a catalytic role in the decomposition of plant and animal
residues, accelerating their biochemical reactions [15]. UE participates in the ammoniation
of organic nitrogen in the nitrogen cycle in the farmland ecosystem to produce plant-
available nitrogen [16]. UE activity determines the transfer rate of soil nutrients [17].
Peroxidase (POD) degrades lignin and coupled polysaccharides and is related to the
degradation of polyphenols produced by soil fungi [18,19].

Microbial community composition is related to soil function and ecosystem sustain-
ability because it is involved in soil organic matter dynamics and nutrient cycling processes,
as well as in the metabolism of the soil system [20–22]. Soil microbes are diverse and func-
tionally valuable, containing various species of bacteria, archaea, fungi, microfauna, and
viruses [23]. As the two major categories of the farmland soil microbial system, bacteria and
fungi usually represent the soil microbial community and are used to analyze and compare
the soil microbial diversity indices and community structure [24]. Soil management mea-
sures can directly affect soil properties by changing the relationship between soil microbial
community and soil properties [21]. For example, planting modes affect the development
and vitality of soil microbes, mainly by changing soil properties. Lower pH affects bacterial
and fungal densities. A moderate improvement of soil organic carbon (SOC) and soil
nitrogen content stimulate soil microbial abundance and diversity [25], whereas excessive
nutrient addition inhibits microbial diversity. There is a close relationship between soil
enzyme activities and soil microbial characteristics because soil microbes are capable of
secreting a range of enzymes, and changes in soil enzyme activities reflect changes in the
nutrient requirements and metabolic activity of soil microbes [26]. Intercropping affects the
relationship between soil enzyme activity and the microbial community by changing soil
properties and microenvironments and then regulates the structure and function of the soil
microbial community [27]. It is noteworthy that the intercropping of different crops has
various effects on soil microbial content: intercropping of Kura clover with prairie cordgrass
increases the abundance of arbuscular mycorrhizal fungi [28], intercropping wolfberry
with Gramineae plants increases bacterial alpha diversity [29], and a melon/cowpea inter-
cropping system enhanced the content of beneficial microbes [2]. Legumes and nitrogen
fixation may increase the nitrogen content of the soil, but in other intercropping systems,
different effects may occur [30].

Soil microbial diversity is inextricably linked to microbial function, and increased
microbial diversity implies the improved soil biochemical response and sustainability of
soil function [31]. Previous studies considered that the major functions of soil microbes are
regulating soil functional diversity [32], decomposing plant residues [22], maintaining soil
fertility and productivity, participating in carbon and nitrogen cycling [33], and inhibiting
pathogens [34]. The effect of intercropping on soil microbial diversity also can significantly
alter soil function [35]. Complex interactions exist among soil resources, soil enzymes,
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and soil microbes in the intercropping system [5]. Intercropping causes changes in soil
properties and nutrients, significantly affecting the metabolic activities of soil microbes [6],
including the production of cellulase that decomposes polysaccharides, UE, ACP [36], and
neutral and alkaline phosphatases that participate in nitrogen and phosphorus cycles [37].
Moreover, the interactions among microbes, soil nutrients, and various enzymes in the
intercropping system cause changes in the abundance of microbes and enzyme activities,
which can improve the soil micro-ecological environment and functions [38].

However, the effects of intercropping of cash crops on soil microbial communities are
still unclear in tropical farmland. Therefore, the areca nut and pandan intercropping field
experiment was established to: (1) clarify the effects of intercropping on soil properties,
enzyme activities, and microbial community diversity and structure; (2) explore the key
mechanism of how the intercropping system alters soil microbial community diversity and
structure; and (3) investigate the effect of soil microbial community functional change in a
tropical intercropping system.

2. Materials and Methods
2.1. Study Site

The experiment was performed in Sanjiaowei Village, Lingshui County (109◦56′ E,
18◦31′ N, a.s.l. 36 m) in southeastern Hainan Province, China, from 2015. The mean
annual temperature was 25 ◦C and the mean annual precipitation was 1700 mm at the
experimental site. The soil was tidal sand–mud (US Soil Taxonomy classification) with
a pH of 6.00, organic matter of 20.04 g·kg−1, electrical conductivity (EC) of 96.68 S·m−1,
and soil-available nitrogen (SAN), soil-available phosphorus (SAP), and soil-available
potassium (SAK) concentrations of 77.78 mg·kg−1, 17.22 mg·kg−1, and 51.46 mg·kg−1,
respectively. Total nitrogen (TN), total phosphorus (TP), and total potassium (TK) were
1.33 g·kg−1, 0.82 g·kg−1, and 11.93 g·kg−1, respectively.

2.2. Experimental Design and Management

The experiment adopted a randomized block design. Each block had three plots and
each block was replicated 6 times, and one plot was set for each planting mode: areca nut
monocropping (AM), pandan monocropping (PM), and areca nut and pandan intercropping
(I), and the block was repeated 6 times. The cultivation period of areca nut is about 6 years,
and the cultivation period of fragrant pandan is about 3 years. The planting density was
2.5 m × 2.5 m for areca nut and 50 cm × 50 cm for pandan. During the experiment, water
and fertilizer management, pest control, and other field management practices remained
the same in the three planting modes.

2.3. Soil Sampling

Soil samples were collected in June 2021. Five soil samples (0–20 cm) were randomly
collected from each plot with a diameter of 5 cm and then mixed as one soil sample. After
sieving (<2 mm, <0.20 mm) to remove plant roots and other visible foreign bodies, all soil
samples were immediately brought back to the laboratory. Soil samples were divided into
two parts: one was used to analyze soil physicochemical properties after air drying, and
the other was stored in a −80 ◦C freezer for soil microbial community analysis.

2.4. Analysis of Soil Physicochemical Properties and Soil Enzyme Activities

Soil pH was measured using a pH/conductivity meter (FE28, China; soil: water ratio
was 1:2.5). After weighing the fresh weight, the soil samples were oven-dried at 105 ◦C for
24 h and weighed again to calculate the soil water content (SWC) [39]. Electrical conductiv-
ity (EC) was measured using the pH/conductivity meter (DDS-307A conductivity meter,
China) [40]. Soil organic matter was determined by a total organic carbon analyzer (Multi
N/C 3100, Jena, Germany) [41], and bulk density (BD) was measured (BD, g/cm3 = soil dry
weight/soil volume). Alkali-hydrolyzed nitrogen (SAN) was determined using the alkaline
hydrolysis diffusion method. SAP was assessed using Bray’s method (UV2310 II, Shanghai,
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China) [42]. SAK was determined using flame photometry (6400A, Changsha, China) [43].
TN was determined by Kelvin distillation, TP using the molybdenum blue colorimetric
method, and TK by flame photometry [44]. Soil catalase (CAT), soil polyphenol oxidase
(PPO), soil peroxidase (POD), soil acid phosphatase (ACP), and soil urease (UE) were deter-
mined by ultraviolet–visible spectrophotometry using kits (Suzhou Comin Biotechnology
Co., Ltd., Suzhou, China). PPO can catalyze pyrogallol to produce colored species with
characteristic light absorption at 430 nm. H2O2 has a characteristic absorption peak at
240 nm. By measuring the change in the absorbance of the solution at this wavelength
after reacting with the soil, the activity level of CAT can be reflected. POD catalyzes the
oxidation of organic substances to quinones, which have characteristic light absorption
at 430 nm. Using the indophenol blue colorimetric method, the NH3-N generated by the
urease hydrolysis of urea was identified (www.cominbio.com).

2.5. Soil DNA Extraction and Sequencing

Total soil DNA was extracted and purified using the EZNA® Soil DNA Extraction Kit
(Omega, Norwalk, CT, USA). Using barcode-tagged primer sequences for bacteria: 338F
(5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′),
and fungi: internal transcribed spacer (ITS) 1F (5′-CTTGGTCATTTAGAGGAAGTAA-
3′) and ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′), the corresponding soil bacterial 16S
rRNA V3-V4 region and fungal ITS-1 region sequences were amplified, and 2% agarose
gel electrophoresis was used to detect the length of the amplified products. According
to the quantitative detection results, the amplified products were mixed into one sample,
and a clone library was constructed. The loading amount for each library was calculated
based on the library search results, and the paired-end sequencing method was used on the
Illumina MiSeq high-throughput platform for sequencing. The data were analyzed using
the Majorbio cloud platform (www.Majorbio.com (accessed on 22 September 2022)).

2.6. Bioinformatics Analysis

Paired-end reads of raw DNA fragments were merged using FLASH 1.2.11 [45] soft-
ware and quality filtered using QIIME 1.9.1 software [46]. Valid sequences were obtained,
and reads that could not be assembled were discarded. Unique sequences with 97% or
greater similarity were clustered into operational taxonomic units (OTUs) using UPARSE
7.0.1090 software. MOTHUR 1.30.2 [47] annotated each OTU using the small subunit rRNA
SILVA database (v 138) [48] and UNITE 8.0 fungi database [49]. The sample with the least
data was used as the standard for normalization (normalization using the normalization
method: the sequences of all samples are randomly selected to that amount of data accord-
ing to the minimum number of sample sequences). Soil microbial community diversity and
richness were calculated using QIIME.

2.7. Statistical Analysis

Taxonomic alpha diversity was calculated as the estimated community diversity by the
Shannon index using the Mothur software package (v.1.30.1), and nonmetric multidimen-
sional scaling (NMDS) was selected to reflect the changes in the microbial structure under
intercropping modes, these changes were referred to as microbial beta diversity. Network
interaction analysis of microbial composition was analyzed and painted by SPSS 23.0 and
Cytoscape V3.8.2, respectively. FAPROTAX (v1.2.1) [50] and FUNGuild (v1.0) [51] were
used to analyze and predict the microbial community functions, respectively. The same
community with different guild annotations was selected for all annotations in FUNGuild
using three classification levels: highly probable, probable, and possible. The microbial
community was divided into bacteria and fungi in this study (after confirmation, no ar-
chaeal taxa were found in the 16 s dataset). The experimental indicator (soil physical and
chemical properties, soil enzyme activity, soil fungal–bacterial diversity and community
structure, and prediction of soil fungal–bacterial functional communities) was analyzed
by one-way ANOVA to determine differences between intercropping and monocropping
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modes. NMDSs were statistically assessed using a permutational analysis of variance
(PERMANOVA). The statistical significance (p < 0.05) was calculated using Duncan’s test.
Correlations between soil properties, soil enzyme activities, and soil microbial community
diversity were calculated and analyzed using a Spearman correlation matrix. Redundancy
analysis was performed and mapped using the analysis of soil microbial community com-
position about environmental factors; the model was assessed for 999 iterations based on
Monte Carlo permutations. Data analyses were performed using SAS V8 and Canaco 5.0.
The graphs were plotted using Origin 2021b and R.4.0.5.

3. Results
3.1. Changes in Soil Physicochemical Properties and Enzyme Activities

One-way ANOVA revealed the significant effects of planting modes on soil prop-
erties and enzyme activities. Compared to the AM mode, intercropping significantly
increased pH, BD, and TK by 0.47 (absolute difference, p < 0.001), 16.71% (absolute dif-
ference, p < 0.001), and 18.44% (relative difference, p < 0.05), respectively, whereas EC,
SOC, SAK, SAN, SOP, TN, and TP were significantly decreased by 41.52% (p < 0.001),
22.28% (p < 0.001), 47.80% (p < 0.001), 36.98% (p < 0.001), 23.79% (p < 0.01), 22.33% (p < 0.001),
and 47.24% (p < 0.01) under the intercropping mode, respectively (Figure 1). Most of the
soil physical and chemical properties were significantly lower under the intercropping
mode when compared with PM monoculture (p < 0.01), except the soil TK content was
significantly increased by 9.94% (p < 0.001), and SWC, SAK, and SAN were not affected.
Compared to the AM mode, intercropping significantly increased ACP and UE activity by
36.64% and 8.27% (relative difference, p < 0.01). However, the activity of CAT, PPO, and
UE were significantly decreased by 14.61%, 37.07%, and 20.04% when compared with PM,
while POD and ACP in the intercropping mode were significantly higher than in the PM
mode by 70.64% and 33.48%, respectively (Figure 2). There is a gigantic difference between
the AM and PM modes in the physicochemical characteristics and enzyme activity. The
soil properties and enzyme activities of the areca nut forest were altered dramatically after
intercropping with pandan in this study.

3.2. Changes in Soil Microbial Community Diversity

The number of soil bacterial community sequences per sample ranged from 29,519
to 62,515 (mean = 41,633), whereas the number of fungal community sequences ranged
from 54,987 to 87,289 (mean = 66,394). The intercropping mode significantly increased the
bacterial Ace and Chao indices by 28.30% and 27.26% (relative difference), whereas other
soil microbial diversity indices did not change significantly (Figure 3). One-way ANOVA
revealed that intercropping did not affect the Shannon or Simpson index when compared
with AM or PM, whereas it significantly increased Ace and Chao indices by 28.24% and
28.67%, respectively, in the bacterial community when compared with PM. When compared
with AM, intercropping increased the bacterial Shannon index by 5.08%. Ace and Chao
indices were increased by 72.17% and 69.95%, respectively, in the fungal community after
intercropping, when compared with PM (p < 0.05, Figure 3).

Nonmetric multidimensional scaling analysis (NMDS) was conducted to reflect micro-
bial beta diversity (Appendix A, Figure A1). The soil bacterial characteristics for the AM
and intercropping treatments were nearly the same, whereas the soil bacterial characteris-
tics under PM treatment were quite different from the intercropping AM mode. The soil
fungal characteristics were not greatly affected by the intercropping modes in this study
(Appendix A, Figure A1).
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Figure 1. Soil properties under different cropping patterns (n = 9). Different letters indicate signifi-
cant differences (ANOVA, p < 0.05, and Tukey’s HSD post hoc analysis) among different intercrop-
ping patterns. * is significant at the 0.05 level; ** is significant at the 0.01 level; and *** is significant 
at the 0.001 level. AM represents areca nut monocropping; I represents areca nut intercropping with 
pandan; and PM represents pandan monocropping. Different lowercase letters indicate significant 
differences between treatments under the same index (p < 0.05). Note: a-pH, b-EC, c-SWC, d-BD, e-
SOC, f-,SAK g-SOP, h-SAN, i-TN, j-TP, k-TK. 

 
Figure 2. Soil enzyme activity under different cropping patterns. Different letters indicate significant 
differences (ANOVA, p < 0.05, and Tukey’s HSD post hoc analysis) among different planting modes. 

Figure 1. Soil properties under different cropping patterns (n = 9). * is significant at the 0.05 level;
** is significant at the 0.01 level; and *** is significant at the 0.001 level. AM represents areca
nut monocropping; I represents areca nut intercropping with pandan; and PM represents pandan
monocropping. Note: (a)-pH, (b)-EC, (c)-SWC, (d)-BD, (e)-SOC, (f)-SAK, (g)-SOP, (h)-SAN, (i)-TN,
(j)-TP, (k)-TK.
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Figure 2. Soil enzyme activity under different cropping patterns. Different letters indicate significant 
differences (ANOVA, p < 0.05, and Tukey’s HSD post hoc analysis) among different planting modes. 

Figure 2. Soil enzyme activity under different cropping patterns. Different letters indicate significant
differences (ANOVA, p < 0.05, and Tukey’s HSD post hoc analysis) among different planting modes.
AM represents areca nut monocropping; I represents areca nut intercropping with pandan; and PM
represents pandan monocropping. Different lowercase letters indicate significant differences between
treatments under the same index (p < 0.05).

3.3. Changes in the Composition and Structure of Soil Microbial Community

The phyla with relative abundance greater than 1% in soil bacterial and fungal com-
munities are usually considered the dominant phyla. The 12 dominant phyla in the
bacterial community were Proteobacteria (25.44%), Actinobacteria (20.94%), Acidobacte-
ria (15.64%), Firmicutes (10.40%), Chloroflexi (7.89%), Bacteroides (4.24%), Myxococcota
(3.24%), Methylomirabilota (1.96%), Verrucomicrobia (1.59%), Gemmatimonadota (1.25%),
Planctomycetota (1.13%), and Bdellovibrionota (1.07%). The four dominant phyla in the
fungal community were Ascomycota (76.77%), Basidiomycota (11.33%), unclassified fungi
(7.62%), and Rozellomycota (2.75%) (Figure 4). Compared with AM, Firmicutes in inter-
cropping significantly decreased by 12.61%, whereas Methylomirabilota and unclassified
bacteria were significantly increased by 2.88% and 0.68%, respectively, and Acidobacteria
abundance increased by 5.86%. Compared with PM, Proteobacteria, Ascomycota, and
Chloroflexi were significantly reduced by 1.62%, 16.45%, and 1.89%. Methylomirabilota
and Verrucomicrobia were significantly increased by 1.35% and 1.93% (absolute difference,
all p < 0.05), respectively, after intercropping (Figure 4, Appendix A, Table A1). There
was a strong positive correlation among the dominant bacteria groups: Acidobacteriota,
Actinobacteriota, Bacteroidota, Chloroflexi, Firmicutes, Methylomirabilota, Myxococcota,
and Proteobacteria. However, the dominant fungal community Ascomycota showed a
strong negative correlation with other fungal groups except Zoopsgomycota (Figure 5).
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Figure 3. Changes in soil microbial alpha diversity index under different planting patterns ((a–d):
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131



Forests 2022, 13, 1814Forests 2022, 13, x FOR PEER REVIEW 9 of 21 
 

 

 
Figure 5. Network interaction diagram of dominant bacterial (a) and fungal (b) phyla. The line be-
tween the circles indicates that there is a correlation, red lines indicate a positive correlation, while 
the blue lines show a negative correlation. The size of the points represents the magnitude of phyla 
abundance, while the thickness of the line represents the correlation size. Each circle represents a 
microbial phylum. Red indicates a positive correlation, and blue indicates a negative correlation (p 
< 0.05). 

3.4. Changes in Soil Microbial Functional Profiles 
The functional prediction of the soil bacterial community showed that the main func-

tional groups in each plot were “chemoheterotrophy” and “aerobic chemoheterotrophy”. 
The majority of bacteria in nature are chemoheterotrophic bacteria, and their energy 
comes from the oxidation and decomposition of soil organic matter. The relative content 
of chemoisomeric bacteria in the AM and I modes was significantly lower than in the PM 
(Figure 6a, Appendix A, Table A2). The main functional prediction of the soil fungal com-
munity was “soil saprotroph”. Soil saprophytic fungi absorb nutrients from dead plant 
residues or other organic substances, which are also chemoautotrophic microbes in na-
ture. The relative abundance of soil saprotroph fungi in the PM treatment was slightly 
lower than that in the AM and I treatments in this study. It was worth noting that the 
relative abundance of “Symbiotroph” in fungi under the intercropping treatment was sig-
nificantly lower than that in the AM or PM treatment (Figure 6b, Appendix A, Table A3). 

 

Figure 5. Network interaction diagram of dominant bacterial (a) and fungal (b) phyla. The line
between the circles indicates that there is a correlation, red lines indicate a positive correlation, while
the blue lines show a negative correlation. The size of the points represents the magnitude of phyla
abundance, while the thickness of the line represents the correlation size. Each circle represents a
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3.4. Changes in Soil Microbial Functional Profiles

The functional prediction of the soil bacterial community showed that the main func-
tional groups in each plot were “chemoheterotrophy” and “aerobic chemoheterotrophy”.
The majority of bacteria in nature are chemoheterotrophic bacteria, and their energy comes
from the oxidation and decomposition of soil organic matter. The relative content of chemoi-
someric bacteria in the AM and I modes was significantly lower than in the PM (Figure 6a,
Appendix A, Table A2). The main functional prediction of the soil fungal community was
“soil saprotroph”. Soil saprophytic fungi absorb nutrients from dead plant residues or
other organic substances, which are also chemoautotrophic microbes in nature. The relative
abundance of soil saprotroph fungi in the PM treatment was slightly lower than that in
the AM and I treatments in this study. It was worth noting that the relative abundance of
“Symbiotroph” in fungi under the intercropping treatment was significantly lower than
that in the AM or PM treatment (Figure 6b, Appendix A, Table A3).
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3.5. Relationship between Soil Properties and Soil Enzymes

A close relationship was observed between soil properties and enzyme activities.
There was a positive and negative correlation between TP (R = 0.87), SWC (R = −0.66), and
PPO, respectively. POD was significantly negatively correlated with TP (R = −0.84). ACP
was highly significantly negatively correlated with SOC (R = −0.96), TN (R = −0.91), EC
(R = −0.84), and TP (R = −0.82), SOP (R = −0.78), whereas it was positively correlated with
BD. UE was significantly positively correlated with TP (R = 0.71) and pH (R = 0.85). How-
ever, CAT was not correlated with soil physicochemical properties (all p < 0.05, Figure 7).
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Figure 7. Relationship between soil environmental factors and soil enzyme activities. * Correlation
is significant at the 0.05 level. Red indicates a positive correlation and blue indicates a negative
correlation, and the darker the color, the stronger the correlation. Electrical conductivity (EC), soil
water content (SWC), soil bulk density (BD), soil organic carbon (SOC), soil-available potassium
(SAK), soil-available phosphorus (SAP), alkali-hydrolyzed nitrogen (SAN), total nitrogen (TN), total
phosphorus (TP), total potassium (TK), soil catalase (CAT), soil polyphenol oxidase (PPO), soil
peroxidase (POD), soil acid phosphatase (ACP), and soil urease (UE). Same below.

3.6. Influence of Soil Biological and Abiotic Factors on Soil Microbial Community Diversity

The Ace and Chao indices of the bacterial community were negatively correlated with
SOC (R = −0.79, −0.80; p < 0.05, 0.01) and TP (R = −0.71, −0.73; p < 0.05), respectively, but
positively correlated with ACP (R = 0.83, 0.84, p < 0.01). Fungal Ace and Chao indices were
negatively correlated with SOC (R = −0.75, −0.74; p < 0.05), TN (R = −0.68, −0.67; p < 0.05),
TP (R = −0.91, −0.91; p < 0.001), CAT (R = −0.69, −0.70; p < 0.05), PPO (R = −0.91, −0.92;
p < 0.001), and UE (R = −0.84, −0.84; p < 0.01), respectively, but positively correlated with
POD (R = 0.88, 0.88; p < 0.01). The fungal Shannon index was positively correlated with
EC (R = 0.67; p < 0.05), SAK (R = 0.68; p < 0.05), and SOP (R = 0.73; p < 0.05), respectively,
but negatively correlated with ACP (R = −0.76; p < 0.05). The fungal Simpson index was
positively correlated with ACP (R = 0.82; p < 0.01, Table 1).
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Table 1. Relationship between soil microbial alpha diversity and environmental factors.

Soil Properties
Bacteria Fungi

Shannon Simpson Ace Chao Shannon Simpson Ace Chao

pH −0.19 0.17 0.12 0.10 −0.53 0.30 −0.45 −0.46
EC −0.31 0.28 −0.64 −0.63 0.67 * −0.60 −0.26 −0.24

SWC 0.05 −0.03 −0.02 0.00 0.16 −0.02 0.48 0.49
BD 0.28 −0.16 0.60 0.59 −0.58 0.59 0.26 0.25

SOC −0.61 0.58 −0.79 * −0.80 ** 0.56 −0.65 −0.75 * −0.74 *
SAK −0.16 0.14 −0.48 −0.46 0.68 * −0.53 0.11 0.12
SOP −0.31 0.27 −0.64 −0.63 0.73 * −0.65 −0.15 −0.14
SAN −0.09 0.06 −0.39 −0.37 0.54 −0.37 0.21 0.22
TN −0.42 0.38 −0.64 −0.66 0.59 −0.66 −0.68 * −0.67 *
TP −0.63 0.57 −0.71 * −0.73 * 0.35 −0.53 −0.91 *** −0.91 ***
TK 0.27 −0.25 0.62 0.61 −0.40 0.35 0.36 0.34

CAT −0.11 0.09 −0.05 −0.09 −0.16 −0.02 −0.69 * −0.70 *
PPO −0.50 0.45 −0.47 −0.50 0.04 −0.27 −0.91 *** −0.91 ***
POD 0.50 −0.50 0.52 0.54 0.07 0.13 0.88 ** 0.88 **
ACP 0.64 −0.59 0.83 ** 0.84 ** −0.76 * 0.82 ** 0.64 0.63
UE −0.48 0.45 −0.30 −0.33 −0.22 −0.03 −0.84 ** −0.84 **

Note: * Correlation is significant at the 0.05 level; ** Correlation is significant at the 0.01 level; and *** Correlation
is significant at the 0.001 level. Electrical conductivity (EC), soil water content (SWC), soil bulk density (BD), soil
organic carbon (SOC), soil-available potassium (SAK), soil-available phosphorus (SAP), alkali-hydrolyzed nitrogen
(SAN), total nitrogen (TN), total phosphorus (TP), total potassium (TK), soil catalase (CAT), soil polyphenol
oxidase (PPO), soil peroxidase (POD), soil acid phosphatase (ACP), and soil urease (UE).

3.7. Responses of Soil Microbial Community Structure to Three Planting Modes

The soil TP (F = 6.6, p = 0.004) and pH (F = 5.5, p = 0.012) significantly affected the soil
bacterial community structure in this study (Figure 8a). Soil enzyme activities such as POD
(F = 3.6, p = 0.022) had significant effects on soil bacteria (Appendix A, Table A5).
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enzyme activities (red arrows) at the phylum level. (a) Relationships between soil bacterial commu-
nities and environmental variables and (b) relationships between soil fungal communities and en-
vironmental variables. Bacterial taxa: Proteobacteria (Prot), Actinobacteriota (Acti), Acidobacteriota 
(Acid), Firmicutes (Firm), Chloroflexi (Chlo), Bacteroidota (Bact), Myxococcota (Myxo), Methylo-
mirabilota (Meth), Verrucomicrobiota (Verr), Gemmatimonadota (Gemm), Planctomycetota (Plan), 

Figure 8. Ordination plots of the results from the redundancy analysis (RDA) to identify the re-
lationships among the microbial (bacterial and fungal) taxa (blue arrows) and the soil properties
and enzyme activities (red arrows) at the phylum level. (a) Relationships between soil bacterial
communities and environmental variables and (b) relationships between soil fungal communities
and environmental variables. Bacterial taxa: Proteobacteria (Prot), Actinobacteriota (Acti), Aci-
dobacteriota (Acid), Firmicutes (Firm), Chloroflexi (Chlo), Bacteroidota (Bact), Myxococcota (Myxo),
Methylomirabilota (Meth), Verrucomicrobiota (Verr), Gemmatimonadota (Gemm), Planctomycetota
(Plan), and Bdellovibrionota (Bdel). Fungal taxa: Ascomycota (Asco), Rozellomycota (Roze), and
Basidiomycota (Basi). Soil properties: electrical conductivity (EC), soil water content (SWC), soil bulk
density (BD), soil organic carbon (SOC), soil-available potassium (SAK), soil-available phosphorus
(SAP), alkali-hydrolyzed nitrogen (SAN), total nitrogen (TN), total phosphorus (TP), total potassium
(TK), soil catalase (CAT), soil polyphenol oxidase (PPO), soil peroxidase (POD), soil acid phosphatase
(ACP), and soil urease (UE). Same below.
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Most bacterial phyla, such as Proteobacteria and Actinobacteria, were negatively cor-
related with TN, SOC, PPO, and POD, respectively. Ascomycota was negatively correlated
with SOC, SAK, and TN, respectively (Figure 8b). The results of the multiple stepwise
regression analysis of the soil microbial phyla indicated that TK, TP, TN, SOC, SAK, EC, UE,
and pH were the main factors affecting the abundance of soil bacterial communities such as
Actinobacteria, Acidobacteria, and Ascomycota. Among these, the most significant factors
affecting soil microbes were TK and SOC (Appendix A, Table A4). Soil fungi community
structure was not affected by soil physicochemical properties and soil enzyme activities
(Appendix A, Table A5).

4. Discussion
4.1. Effects of Planting Modes on Soil Enzyme Activities

Soil enzymes are biologically active substances and catalysts involved in soil bio-
chemical processes such as organic matter decomposition and nutrient cycling [52]. The
enhancement of soil enzyme activities can accelerate the transformation of organic nutrients
and improve the utilization efficiency of nutrients. However, the activities of different soil
enzymes differ based on the different crops and planting modes, and the response of soil
enzyme activities to soil management varies greatly [29]. In general, researchers consider
that soil enzymes were increased with intercropping in the chestnut – tea or cereal–legume
intercropping systems [15,53]. However, a meta-analysis indicated that intercropping had
an increase, decrease, or neutral effect on soil enzyme activities in most intercropping
systems [54].

Specifically, soil ACP catalyzes the mineralization of SOP compounds into inorganic
phosphorus, and its activity directly affects SOP decomposition, transformation, and
bioavailability [55]. A significant negative correlation was observed between ACP and
SOP and TP, indicating that the demand for phosphorus significantly increases in crops
under the intercropping mode, thus, stimulating the activity of ACP in the present study
(Figure 7). The increase in ACP activity is conducive to the turnover of phosphorus
between plants and soil. The soil UE is usually related to the soil nitrogen cycle, and it
hydrolyzes urea into ammonia for plant utilization [56,57]. Compared with the AM mode,
the soil UE activity of PM was significantly increased, but the soil alkaline-hydrolyzed
nitrogen content was significantly reduced, indicating that the demand for nitrogen might
be significantly higher in pandan than in areca nut. The soil CAT is mainly related to
the degradation of hydrocarbons and heavy metals in soil, and PPO decomposes organic
matter and accelerates soil humification [58]. Compared with the PM mode, the decreased
CAT and PPO activities under intercropping indicated that the intensity of SOC metabolism
(mineralization) significantly decreased when pandan was planted between the areca nut
forest in this study (Figures 2 and 7).

4.2. Regulatory Mechanisms of Planting Modes on Soil Microbial Diversity

Plant cultivation methods are the key factors affecting soil microbial communities
and biological health [59]. The increase in crop varieties and the rational allocation of time
and space between crops improve the soil rhizosphere microenvironment and nutrients,
regulate the nutrient metabolism balance of microbes, and promote the functional potential
as well as the relative stability of soil microbial communities [60]. The interactions among
crop roots, rhizosphere soil, and soil microbes in the intercropping mode promote the
accumulation of root exudates (i.e., organic acids) and the activity of soil catalytic substances
(i.e., soil enzymes), increase the stability and anti-interference ability of the soil ecosystem,
and improve microbial diversity [61]. Soil bacterial diversity was significantly increased
after intercropping, which might be attributed to the regulation of soil properties and
enzyme activities by soil bacteria (Figure 8). At the same time, more diverse plant litter and
root secretions may have a positive impact on bacterial diversity [10,62].

SOC are a nutrient source for plants and soil microbes. The reduced SOC content
reflects the decline in soil bacteria utilization of the carbon source and metabolic rate [63].

135



Forests 2022, 13, 1814

The negative correlation between SOC and the Ace and Chao indices indicated that the
reduced content of SOC after intercropping was one of the main reasons for the addition
in bacterial diversity. Phosphorus plays an important role in root development, stem
growth, production of root secretions, and ATP synthesis [64]. The reduction in elemental
phosphorus increased the complexity of the soil bacterial symbiotic network and affected
the original metabolic level of soil bacteria [65]. Therefore, the soil bacterial diversity
index was significantly and negatively correlated with both soil TP and SOP, thereby
suggesting that soil bacteria were sensitive to the phosphorus content at the experimental
site. Intercropping could significantly improve bacterial diversity by further reducing the
phosphorus content in this study (Figures 1 and 5).

4.3. Key Regulatory Factors of Different Planting Modes on Soil Microbial Community
Composition and Structure

The composition, structure, and function of the soil microbial community in the
farmland ecosystem are closely related in the current study [66]. Reasonable intercropping
is mainly performed indirectly by changing nutrient content and soil enzyme activities [67],
which is beneficial to keep the soil microbial community structure stable, thereby improving
the metabolic activity and functional diversity of beneficial microbes and, thus, inhibiting
the growth of anaerobic bacteria, denitrifying bacteria, and other harmful microbes that
occur in monoculture cultivation [68].

The decrease in Proteobacteria and Actinobacteria, the two abundant bacterial phyla,
may be related to the biological properties of soil bacteria and different optimal growth
environments. Proteobacteria perform the function of nitrogen fixation in the soil bacte-
rial community and, using UE catalysis, convert soil’s organic nitrogen to ammonia for
plant uptake [69]. The decrease in Proteobacteria abundance after intercropping may be
attributed to the significant reduction of soil TN content, because Proteobacteria, soil UE
activity, and plants maintained the balance of soil nitrogen content in this study (Figure 8a).
Actinobacteria genera such as Actinomyces, Micromonospora, and Streptomyces produce
enzymes that dissolve phosphorus and accelerate the effective degradation of organic
matter [70]. Thus, the decrease in soil TP content in the intercropping mode may have
been one of the main reasons for the decrease in Actinobacteria-relative abundance in this
study (Figures 1i and 6a) [71,72]. Acidobacteria are slow-growing oligotrophic bacteria
with a K-selected life strategy, and Acidobacteria abundance is higher when the soil organic
matter content is low [73]. The above conclusion was confirmed by the fact that the content
of soil organic matter decreased, but Acidobacteria abundance increased in areca nut soil
after the intercropping with pandan in this study. Species of Firmicutes are often found in
nutrient-rich soil environments and can produce antimicrobial substances that promote
plant growth and reduce the growth of pathogenic bacteria, while the acid soil environment
may have a negative impact on Firmicutes abundance and activity [74]. The reduction of
soil pH after intercropping may be the main reason for the decrease in Firmicutes in this
study (Figures 4 and 5).

Soil bacteria and fungi responded differently to the modes of pandan intercropped
with areca nut. In terms of fungal community composition, Ascomycota, Basidiomycota,
and Rozellomycota were the three dominant fungal phyla, which were consistent with pre-
vious studies [75]. Compared with the significant changes in the bacterial community, the
fungal community, except Ascomycota, was insensitive to changes in soil physicochemical
properties, nutrients, and enzyme activities caused by intercropping. Ascomycota com-
prises decomposing fungi that decompose lignin and other organic substances that are not
easily decomposed in soil, and it was also closely related to soil organic matter [76]. Thus,
the decrease in the soil organic matter content might be the main reason for the decrease in
Ascomycota abundance under the intercropping mode in this study (Figures 1 and 5).
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4.4. Effects of Different Planting Modes on Soil Microbial Functional Groups

The FAPROTAX database was created to generate functional profiles by connecting
individual organisms to ecologically relevant metabolic activities and applies to the func-
tional annotation of bacteria associated with environmental samples [77]. The FAPROTAX
prediction, which has been utilized frequently by other researchers, is arguably the best
method for predicting probable microbial roles in samples [78]. Soil bacterial community
function is highly correlated with the type of plants in the land, and changes in apoplectic
inputs and root secretions in the intercropping system bring changes in the environment for
soil bacteria to survive, which may lead to changes in soil bacterial community function [79].
Chemoheterotrophy and aerobic chemoheterotrophy have been found to be the most sig-
nificant functions of the soil bacterial population in this study. Aerobic chemoheterotrophy
can speed up the biodegradation of organic materials, and both are involved in the C cycle
process. Chemoheterotrophic bacteria are decomposers in nature and are responsible for
in situ restoration in all ecosystems [77]. The leaf litter of areca nut affects the growth of
pandan, which needs to be cleared regularly. Therefore, there was a lack of carbon input
from the areca nut litter in the intercropping model. During the experiment, the leaves of
pandan were also harvested, so almost no litter material was produced, and the organic
matter from litter material in the intercropping system was reduced, and the organic matter
content decreased. In this study, the SOC, TN, and SAN contents in the soil were lower
in the I mode than in the AM mode, and the closely related aerobic chemoheterotrophy
and chemoheterotrophy functional communities were also significantly reduced, further
demonstrating the close relationship between the bacterial functional communities and
environmental factors (Figures 1 and 6).

For the functional determination of fungi, FUNGuild is an effective tool because it
can identify the functional group roles of fungi from the perspective of trophic guilds,
rather than from individual OTUs [80]. The results obtained from the FUNGuild procedure
showed that soil saptrotrophs dominate the functions exercised by the fungi, which may
play a central role in organic decomposition [51]. The proportion of functional groups of
wood saprotroph fungi and lichenized fungi was increased under the intercropping mode,
which related to the increased crop root biomass, but the specific functions still need to be
further investigated in this study.

5. Conclusions

Intercropping pandan with areca nut had a positive impact on soil microbial diversity
and dynamic balance, despite the fact that the bacterial community was more sensitive
to the intercropping mode than the fungal community in the tropical plantations. We
suggest that the decrease in soil nutrient content under the intercropping mode was the
main reason for the increase in soil microbial diversity. Moreover, the change in soil enzyme
activity may have changed the competitive relationships between the different kinds of
microbes and nutrients, and then significantly changed the microbial community structure
and functional groups. Complex interactions among soil properties, enzyme activity, and
microbial communities not only resist the impact of intercropping management on soil
functions but are also conducive to improving biodiversity in the tropical plantation.
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Appendix A

Table A1. Soil dominant microbial composition under different planting patterns (phylum level).

PM I AM

Bacteria
Proteobacteria 19,202.33 ± 332.93 b 20,230.33 ± 1974.88 b 24,117.33 ± 866.37 a
Actinobacteriota 16,801.00 ± 1021.31 b 15,365.33 ± 712.89 b 20,129.67 ± 298.15 a
Acidobacteriota 10,725.33 ± 1697.53 a 14,804.67 ± 2381.47 a 13,546.33 ± 2433.41 a
Firmicutes 14,715.33 ± 3308.49 a 4676.67 ± 519.08 b 6590.33 ± 1202.16 b
Chloroflexi 6552.67 ± 992.70 ab 5415.00 ± 93.15 b 7745.33 ± 1054.78 a
Bacteroidota 3069.67 ± 894.62 a 3479.67 ± 1728.98 a 4053.67 ± 167.99 a
Myxococcota 2568.67 ± 160.48 a 2770.00 ± 427.36 a 2750.33 ± 315.78 a
Methylomirabilota 458.33 ± 176.98 c 2624.33 ± 531.17 a 1812.00 ± 317.02 b
Verrucomicrobiota 1187.67 ± 936.47 ab 2081.67 ± 328.36 a 706.33 ± 296.01 c
Gemmatimonadota 920.33 ± 126.75 a 1126.67 ± 29.30 a 1074.33 ± 122.40 a
Planctomycetota 915.67 ± 307.42 a 1308.33 ± 496.08 a 602.33 ± 101.11 a
Bdellovibrionota 811.00 ± 149.08 a 751.67 ± 255.58 a 1102.67 ± 31.13 a
unclassified Bacteria 420.00 ± 51.68 b 909.67 ± 280.23 a 994.33 ± 206.93 a
Fungi
Ascomycota 107,293.00 ± 6816.14 a 85,814.67 ± 10,179.97 b 112,730.67 ± 5197.99 a
Basidiomycota 14,402.00 ± 2356.95 a 20,973.67 ± 18,341.30 a 9764.33 ± 5609.52 a
Unclassified Fungi 10,493.67 ± 3031.47 a 13,498.33 ± 5525.81 a 6377.67 ± 2092.01 a
Rozellomycota 4314.00 ± 1480.56 a 3867.67 ± 2074.86 a 2791.00 ± 2524.00 a

Note: Different letters indicate significant differences between treatments under the same soil microbes (p < 0.05).

Table A2. Relative abundance of bacterial functional groups based on intercropping under the
FAPROTAX tool.

Bacteria PM I AM

Aerobic_chemoheterotrophy 8183.83 ± 1148.68 a 5707.67 ± 1096.84 b 6216.83 ± 1358.33 b
Chemoheterotrophy 7349.50 ± 3765.68 a 5907.00 ± 1153.43 a 6550.17 ± 1440.54 a
Animal_parasites_or_symbionts 1519.00 ± 1102.83 a 913.33 ± 291.12 a 760.67 ± 135.74 a
Human_pathogens_all 1490.5 ± 1089.56 a 892.83 ± 301.78 a 721.50 ± 146.22 a
Nitrate_reduction 1326.00 ± 944.36 a 735.67 ± 270.20 a 677.83 ± 207.45 a
Nitrogen_fixation 590.17 ± 316.09 b 726.67 ± 91.09 ab 897.17 ± 201.86 a
Predatory_or_exoparasitic 477.67 ± 291.51 a 504.67 ± 170.19 a 500.17 ± 73.51 a
Human_pathogens_pneumonia 538.50 ± 276.01 a 538.33 ± 119.02 a 398.67 ± 162.01 a
Invertebrate_parasites 882.33 ± 887.74 a 292.83 ± 211.82 a 281.83 ± 157.54 a
Aromatic_compound_degradation 561.50 ± 166.59 b 401.33 ± 208.33 ab 227.17 ± 104.81 a
Chitinolysis 636.83 ± 657.41 a 289.83 ± 315.06 a 155.50 ± 148.64 a
Ureolysis 316.00 ± 204.44 a 337.00 ± 329.12 a 326.83 ± 137.34 a
Phototrophy 403.33 ± 428.91 a 277.17 ± 69.48 a 244.33 ± 51.35 a
Cellulolysis 127.83 ± 71.19 b 208.50 ± 147.37 ab 503.67 ± 469.15 a
Photoautotrophy 380.50 ± 428.29 a 233.17 ± 66.01 a 172.00 ± 85.81 a
Fermentation 192.83 ± 104.82 a 195.67 ± 165.37 a 302.50 ± 152.66 a
Others 2946.83 ± 1281.30 a 2191.50 ± 614.30 a 2000.17 ± 1076.32 a

Note: Different letters indicate significant differences between treatments under the same bacterial functional
groups (p < 0.05).
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Table A3. Relative abundance of fungi functional groups based on intercropping under the FUN-
Guild tool.

Fungi AM I PM

Wood_Saprotroph 11,270.17 ± 7010.83 a 4806.83 ± 1352.41 b 7946.67 ± 1797.94 ab
Soil_Saprotroph 858.17 ± 164.50 a 417.33 ± 245.91 a 894.17 ± 827.92 a
Plant_Pathogen 1706.00 ± 565.32 a 1601.50 ± 2539.11 a 2047.33 ± 1870.07 a
Plant_Pathogen_Wood_Saprotroph 1186.83 ± 891.84 a 333.83 ± 267.63 b 344.83 ± 608.14 b
Animal_Pathogen 453.83 ± 361.55 ab 689.67 ± 280.65 a 221.83 ± 242.93 b
Endophyte 16.17 ± 24.31 b 645.67 ± 699.13 a 433.17 ± 150.1 ab
Ectomycorrhizal 28.17 ± 20.95 a 696.00 ± 1028.55 a 128.17 ± 100.88 a
Fungal_Parasite 93.50 ± 54.34 a 256.17 ± 315.36 a 263.17 ± 198.15 a
Arbuscular_Mycorrhizal 8.33 ± 5.47 b 258.67 ± 239.75 a 115.33 ± 112.58 ab
Epiphyte 274.67 ± 423.17 a 0.33 ± 0.82 a 79.50 ± 193.27 a
Dung_Saprotroph 101.00 ± 47.92 a 27.00 ± 24.76 a 134.83 ± 142.33 a
Plant_Saprotroph 55.00 ± 27.40 a 27.00 ± 21.72 a 58.00 ± 58.36 a
Others 4.17 ± 1.72 a 21.67 ± 23.75 a 36.67 ± 63.59 a

Note: Different letters indicate significant differences between treatments under the same fungi functional groups
(p < 0.05).

Table A4. Stepwise regression analysis model of soil dominant microorganisms and environmen-
tal factors.

Soil Microorganisms Regression Model R2 F Value p Value

Actinobacteriota Actinobacteriota = 2831.888 + 11,364.551 × TP + 325.103 × TK 0.951 57.843 0.000
Ascomycota Ascomycota = 10,079.723 + 5134.928 × SOC 0.734 19.297 0.003
Chloroflexi Chloroflexi = −906.557 + 7427.543 × TN 0.643 12.632 0.009
Firmicutes Firmicutes = −5205.866 + 388.736 × SAK 0.846 38.479 0.000
Methylomirabilota Methylomirabilota = 5797.752 − 58.409 × EC 0.908 69.196 0.000
Proteobacteria Proteobacteria = 5845.745 + 21.631 × URE 0.761 22.343 0.002
Unclassified Bacteria Unclassified Bacteria = −8218.610 + 1235.298 × pH + 84.372 × SWC 0.913 31.443 0.001
Verrucomicrobiota Verrucomicrobiota = 5945.663 − 258.262 × SOC 0.575 9.469 0.018

Table A5. Redundancy analysis of soil bacteria and fungi, soil environmental variables.

Name Explains (%) F P

Environment-Bacteria
pH 24.5 13.6 0.002
TP 48.6 6.6 0.004

POD 11.2 3.6 0.022
EC 6.4 2.7 0.108
UE 3.8 2.0 0.146

SOC 2.3 1.4 0.312
SAK 1.8 1.3 0.434
SOP 1.4 <0.1 1

Environment-Fungi
SAN 23.5 2.2 0.144
TK 11.6 1.1 0.330
BD 28.0 3.8 0.102

SWC 8.2 1.2 0.354
PPO 18.5 5.5 0.064
UE 9.4 26.5 0.032

POD 0.3 0.7 0.554
pH 0.4 <0.1 1
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Figure A1. Effects of intercropping patterns on soil microbial (bacterial and fungal) beta diversity 
(NMDS) across the experimental period. AM represents areca nut monocropping; I represents areca 
nut intercropping with pandan; and PM represents pandan monocropping. ((a): F = 1.9485, p = 0.09; 
(b): F = 1.969, p = 0.066, calculated by PERMANOVA). 
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Abstract: The intercropping of nitrogen-fixing and non-nitrogen-fixing tree species changed the
availability of soil nitrogen and soil microbial community structure and then affected the regulation
process of soil carbon and nitrogen cycle by microorganisms in an artificial forest. However, there is
no consensus on the effect of soil nitrogen on soil microorganisms. In this study, the intercropping
of mulberry and twigs was completed through pot experiments. Total carbon, total nitrogen, and
total phosphorus in the rhizosphere soil were determined, and the composition and structure of
the soil microbial community were visualized by PCR amplification and 16S rRNA ITS sequencing.
The analysis found that the intercropping of Morus alba L. and Lespedeza bicolor Turcz. had no
significant effect on soil pH but significantly increased the contents of total carbon, total nitrogen,
and total phosphorus in the soil. The effect on the alpha diversity of the bacterial community was
not significant, but the effect on the evenness and diversity of the fungal community was significant
(p < 0.05). It was also found that soil nutrients had no significant effect on bacterial community
composition but had a significant effect on the diversity within the fungal community. This study
added theoretical support for the effects of intercropping between non-nitrogen-fixing tree species
and nitrogen-fixing tree species on soil nutrients and microbial community diversity.

Keywords: nitrogen-fixing plant; soil microorganism; nitrogen; Lespedeza bicolor; Morus alba

1. Introduction

Soil microorganisms are a kind of significant link between the aboveground vegetation
community and the underground ecological process [1,2]. They are involved in soil organic
matter decomposition, adjusting the forest ecosystem circulation process of material circu-
lation, and energy flow in soil. It is the most momentous driver of ecosystem function and
the “engine” of soil nutrient cycling [3,4]. Changes in the utilization pattern and utilization
efficiency of soil organic carbon by microbial communities may affect forest ecosystems
in organic matter decomposition, the emission of greenhouse gases (CO2 and CH4), and
the carbon sequestration [5]. Soil phosphorus and nitrogen are mainly in the shape of an
organic state, which cannot be directly absorbed and utilized by plants. The nutrients
that must be transformed, absorbed, and “temporarily” preserved by soil microorganisms
are the “effective reservoirs” for plants to absorb nutrients. Soil microbial community
composition (bacteria and fungi) affects soil nutrient transformation and availability [6].
The intercropping between nitrogen-fixing plants and non-nitrogen-fixing plants changes
the availability of soil nitrogen and microbial community structure and then affects the reg-
ulation process of soil carbon and nitrogen cycling by artificial forest microorganisms. [7].
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However, there is still no consensus on the relationship between soil nitrogen and soil mi-
croorganisms. It has been found that increasing soil nitrogen content can increase microbial
biomass [8]. Some studies have also found that an increase in soil nitrogen can sometimes
harm soil microbial biomass, and sometimes this impact is negligible [9,10].

Nitrogen-fixing plants remarkably increased soil organic matter and nitrogen con-
tent [11,12]. The results of Wang et al. showed that the soil organic matter and nitrogen
content in the surface layer of nitrogen fixation artificial forests were 40%–50% and 20%–50%
higher than that of non-nitrogen fixation plantations, respectively [13]. The increase of soil
nitrogen not only affects plant growth but also changes soil physicochemical properties and
affects the structure and function of soil microorganisms, thereby affecting the activity of
soil enzymes and their stoichiometric ratios. Wang et al. have shown that increases in soil
nitrogen (such as nitrogen addition) can change the stoichiometric ratio of soil nutrients,
such as carbon to nitrogen ratio (C/N), carbon to phosphorus ratio (C/P), and nitrogen to
phosphorus ratio (N/P) [14]. Using five years of nitrogen addition experiments, Zeng et al.
found that nitrogen application reduced the N requirement of soil microorganisms in
Phyllostachys pubescens forest [15]. However, in a three-year nitrogen addition experiment in
the mid-subtropical Castanopsis carlesii natural forest, it was found that nitrogen treatment
could significantly accelerate the soil C cycle [16]. In addition to directly affecting the
soil due to their nitrogen-fixing ability, nitrogen-fixing plants can also affect other plants
through their interaction with the soil. Nitrogen-fixing plants can provide abundantly
available nitrogen for other plants through root secretion or litter decomposition [17–19],
which in turn promotes the growth of those [20], improves productivity [21], and promotes
secondary growth of vegetation [22]. They have important ecological functions in the
ecosystem. The roots of nitrogen-fixing plants can coexist with nitrogen-fixing bacteria, and
the nitrogen-fixing effect of nitrogen-fixing bacteria can continuously increase the content
and effectiveness of soil nitrogen, thereby improving plant productivity.

The intercropping compound system is a typical resource-efficient planting model,
which can not only effectively utilize resources through the complementation of species
vegetative niche and spatial niche but also increase species diversity and improve soil
quality, thereby achieving high yield [23,24]. Intercropping can change soil physicochemical
properties, further cause changes in soil microbial communities, and affect soil health and
quality [25]. Legume crops have the function of biological nitrogen fixation, which can
effectively supplement nitrogen in the soil, and their advantages in intercropping with
non-legume crops are very prominent. Previous studies have shown that interbreeding
with nitrogen-fixing plants has positive effects on increasing soil nitrogen content and
nitrogen availability [26,27], thus increasing the organic carbon storage in ecosystems [28].
More importantly, the competition of intercropping species for soil nitrogen stimulates
legume crops to rely more on symbiotic nitrogen fixation, broadening the nitrogen nutrient
niche and further improving the nitrogen use efficiency of the intercropping system [29,30].
Soil nitrogen and atmospheric nitrogen fastened by legume crops are the main sources of
nitrogen for low-input legume and non-legume intercropping. Legume crops show strong
nitrogen dominance when participating in intercropping.

Lespedeza bicolor Turcz. belongs to the legume family and is an erect shrub of the genus
Lespedeza, with good resistance and strong soil adaptability, and can grow on barren, newly
cultivated land. It is a common species in the habitats of different desertification ecosystems
and is suitable for constructing desertification control projects [31]. It is also a typical case
of nitrogen fixation plants. M. alba L., which belongs to the Moraceae, is an excellent local
plant in China. It has the characteristics of strong flexibility, wide geographical distribution,
a high survival rate of afforestation, and a large crown, and can be used for ecological
afforestation. At present, many scholars have found that M. alba and L. bicolor belong
to the legume family and are erect shrubs of the genus Lespedeza that have the same
strong resistance to various adverse site environments; that is, they have excellent salinity
resistance, barren resistance, and drought resistance [32,33]. This lays the foundation for
the possibility and extension of the intercropping of M. alba and L. bicolor. In this study, the
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native tree species L. bicolor in Zhangwu County area of Liaoning Province and “Shen Sang
No.1” cultivated by the Forestry College of Shenyang Agricultural University were selected
for intercropping experiments to investigate the effects of introducing nitrogen-fixing plants
on soil nutrients and microbial community diversity in M. alba plantations and the effects
of nitrogen-fixing plants on soil nutrients and microbial community diversity in M. alba
plantation. The correlation between soil nutrients and microbial community diversity after
the introduction of nitrogen-fixing plants was analyzed.

2. Materials and Methods
2.1. Tested Varieties and Planting Patterns

Planting experiments began in March 2021 in Zhangwu County, Fuxin City, Liaoning
Province, China (122◦29′52′′ E, 42◦21′24′′ N) (Figure 1). It is located on the southern edge
of the Horqin Sandy Land, which has a north temperate monsoon continental climate and
is a typical sandy land in northwestern Liaoning. A total of three planting patterns were
arranged in the pot experiment, namely M. alba pure planting (Ma), L. bicolor pure planting
(Lb), and intercropping of M. alba-L. bicolor planting (MaLb). Pure forest samples were
planted with four plants per pot, and MaLb was planted with two M. alba and two L. bicolor
per pot. A total of four replicates were set up in the experiment, and each replicate was
randomly placed.
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2.2. Gathered Soil Samples and Admeasurement of Physicochemical Properties

The soil around the roots of each potted plant was obtained using the root shaking
method. Twelve groups of samples were put into sterile ziplock bags and numbered in
August 2021. They were put in an ice box and returned to the lab for further manipulation.
In the laboratory, plant residues, roots, stones, and other garbage were removed from the
sample, and samples were sieved by a 100-mesh (the pore size of 0.015 mm) sieve. The
sieved sample was divided into two parts. A part was air-dried and stored in a refrigerator
at 4 ◦C for the determination of soil chemical properties (total soil carbon, total nitrogen, and
total phosphorus). Another part of the samples was stored in centrifuge tubes according to
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the numbers and stored in a −80 ◦C refrigerator until they were used for the determination
of soil microorganisms.

The soil pH value was extracted with CO2-free water and determined by the poten-
tiometric method (Mettler Toledo pH (FE20), and the water-soil ratio was 2.5:1. Soil total
carbon and soil nitrogen contents were determined by the elemental analyzer (Elementar
Vario EL III Germany). Total phosphorus in soil was determined by the molybdenum–
antimony anti-colorimetric method.

2.3. DNA Extraction and Sequencing of Soil Microorganisms

The OMEGA Mag-bind Soil DNA Kit (Omega M5636-02) (Omega Bio-Tek, Norcross,
GA, USA) was used to extract total DNA and based on the kit-specific extraction, proce-
dures for each sample weighing 0.5 g sample. The quantity and quality of the extracted
DNA were determined by a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scien-
tific, Waltham, MA, USA). Primers 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R
(5′-CGGACTACHVGGGTWTCTAAT-3′) amplified the V3-V4 region of bacterial 16S rRNA
gene [34]; the fungal ITS region was amplified with primers ITS5
(5′-GGAAGTAAAAGTCGTAACAAGG-3′) and ITS2 (5′-GCTGCGTTCTTCATCGATGC-
3′). 2 µL DNA template [35], 1 µL upstream and downstream primers (10 µmol/L), 5 µL
buffer (×5), 5 µL Q5 high-fidelity buffer (×5), high-fidelity DNA polymerase (5 U/µL)
0.25 µL, 2 µL dNTP (2.5 mmol/L), 8.75 µL ultrapure water (ddH2O) constitute the PCR
reaction system. PCR amplification was first pre-denatured at 98 ◦C for 2 min, then re-
peated 25 times in a cycle of 98 ◦C for 15 s, 55 ◦C for 30 s, and 72 ◦C for 30 s, and finally
extended at 72 ◦C for 5 min. The PCR-amplified products were checked by 2% agarose
gel electrophoresis. Then the target fragments were recovered by gel cutting and then by
AXYGEN’s gel recovery kit with Axygen Axy Prep DNA Gel Extraction kit (AP-GX-500).
The final concentrations obtained were 0.63–5.29 ng/µL for bacteria and 0.58–11 ng/µL for
fungi. After the individual quantification step, amplicons were pooled in equal amounts,
and pair-end 2 × 250 bp sequencing was performed using the Illumina NovaSeq platform
with NovaSeq 6000 SP Reagent Kit (500 cycles) at Shanghai Personal Biotechnology Co.,
Ltd. (Shanghai, China). TruSeq Nano DNA LT Library Prep Kit (Illumina) was used in the
sequencing library. In total, 1µL of the library was taken, and the Agilent High Sensitivity
DNA Kit was used for 2100 quality inspections of the library on the Agilent Bioanalyzer
machine. Qualified libraries were sequenced at 2 × 300 bp paired-end using the MiSeq
Reagent Kit V3 (600 cycles) on the MiSeq machine.

2.4. Statistical Analysis

Raw sequence data were demultiplexed using the demux plugin, followed by primers
cutting with the cutadapt plugin [36]. Sequences were then quality filtered, denoised,
merged, and chimera removed using the DADA2 plugin [37]. Non-singleton amplicon
sequence variants (ASVs) were aligned with mafft [38] and used to construct a phylogeny
with fasttree2 [39].

Excel Office 2019 and IBM SPSS Statistics 26.0.0 (Chicago, USA) were used for data
processing and statistical analysis. All the data in Table 1 were mean ± standard deviation
of 4 replicates. The one-way ANOVA method (LSD) was used to compare the different
soil physical and chemical properties and the significant differences of soil microbial
communities. Differences in soil β-diversity were analyzed based on the Operational
Taxonomic Units (OTU) table, and APE package in R (R v.3.4.4) (New Zealand). Common
and unique OTUs of soil microbial communities in each sample were analyzed in R (R
v.3.4.4). Venn diagrams were generated using the “Venn diagram” package [40]. Stacked
histograms of species composition were the most commonly used means of characterizing
the species composition of multiple samples. By statistical analysis of the feature table
after removing Singleton, the visualization of the component distribution of each sample
at different classification levels was realized, and the bar chart was drawn by QIIME2
(2019.4). Data were normalized during α-diversity analysis. The leveling rule adopts
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the qiime feature table refinement function, and the leveling depth is set to 95% of the
minimum sample sequence size. Abundance is represented by the Chao1 index and
observed_species index, while the Shannon and Simpson index represents diversity. The
uniformity was characterized by the Pielou_e index, and the coverage was characterized
by the Good_coverage index. Boxplots were produced using the ggplot2 package in R (R
v.3.4.4) [41]. Non-metric multidimensional scaling analysis (NMDS) was done with R (R
v.3.4.4)’s “vegan” package. It simplified the data structure by reducing the dimension of
the sample distance matrix to trace the distribution characteristics of the sample under
a specific distance scale. By rank ordering the sample distance, ordering the samples in
the low-dimensional space was as close as possible to the similar distance relationship
between each other (rather than the exact distance value). The smaller the stress value
(Stress) of the NMDS results, the better. It is generally believed that when the value is
less than 0.2, the NMDS analysis’s results are more reliable [42]. Cluster analysis was
performed to identify discontinuities in the data. Hierarchical clustering was often used
in Beta diversity clustering analysis, which is in the form of a hierarchy tree according
to the similarity between samples. Through the clustering tree branch, length measures
the quality of the clustering effect. Using the “uclust” function of the R (R v.3.4.4)’s “stat”
package, the Bray–Curtis distance matrix was clustered by the UPGMA algorithm (the
clustering method was average) by default, and the “ggtree” package of R (R v.3.4.4) was
used for visualization.

Table 1. Physical and chemical properties of soil under different planting methods.

Tree Species pH Value Total N/g kg−1 Total C/g kg−1 Total C/Total N Total P/mg kg−1

MaLb 7.94 ± 0.017 aA 0.53 ± 0.003 aA 7.60 ± 0.142 bB 14.43 ± 0.350 bA 4.93 ± 0.268 bB
Ma 7.88 ± 0.023 aA 0.46 ± 0.009 bB 4.38 ± 0.123 cC 9.80 ± 0.030 cB 2.23 ± 0.074 cC
Lb 7.89 ± 0.003 aA 0.54 ± 0.006 aA 8.30 ± 0.047 aA 15.38 ± 0.249 aA 7.12 ± 0.352 aA

Data was expressed as mean ± standard deviation (n = 4). Capital letters in the same row represent a sig-
nificant difference (p < 0.01), and lower-case letters mean significant differences (p < 0.05). Ma: Morus alba;
Lb: Lespedeza bicolor; MaLb: Morus alba-Lespedeza bicolor.

3. Results
3.1. Soil Physicochemical Properties of Different Planting Types

As can be seen from Table 1, there are significant differences in total carbon (total C),
total nitrogen (total N), total phosphorus (total P), and total carbon/total nitrogen (total
C/total N) of different tree species (p < 0.01). At the same time, the pH value differences
between them were not significant (p > 0.0). The soil chemical indexes were the lowest in
Ma and the highest in Lb, including total C, total N, total P, and total C/total N. Unlike soil
chemical indicators, the pH of MaLb was higher than Lb (Table 1).

3.2. Soil Microbial Community Composition and Structural Diversity under Different
Planting Methods

A total of 34,193 OTUs were detected in the presence of unique OTUs and shared
OTUs in the three sample bacteria. OTUs of Ma, MaLb, and Lb were 13,515, 167,206, and
14,315, respectively. Among them, the number of OTUs in Ma, MaLb, and Lb was 2837,
among which the unique OTUs in Ma, MaLb, and Lb respectively were 7941, 10,611, and
8115, (Figure 2a). 2035 OTUs were aggregated in the three sample fungi. Ma, MaLb, and Lb
had 1411, 1227, and 1216 OTUs, respectively. Among them, 307 OTUs were shared by Ma,
MaLb, and Lb, and only Ma, MaLb, and Lb shared 851, 642, and 630 OTUs, respectively
(Figure 2b).
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Figure 2. Venn diagram shows three different samples of unique and shared OTUs soil microorgan-
isms. (a): Endemic and shared OTUs of soil bacteria from three different samples; (b): Endemic
and shared OTUs of soil fungi from three different samples. Ma: Morus alba; Lb: Lespedeza bicolor;
MaLb: Morus alba-Lespedeza bicolor.

The samples with different soil ratios were analyzed by the α–diversity index, and
boxplots were drawn. The soil bacterial diversity indices, including the Chao 1 index
(F = 0.751, p = 0.015), Pielou_e index (F = 1.802, p = 0.2), Goods_coverage (F = 0.849,
p = 0.69), Shannon index (F = 0.677, p = 0.58), Simpson index (F = 0.174, p = 0.79), and
Observed_species (F = 1.108, p = 0.37), showed no significant differences among Ma, MaLb,
and Lb. MaLb had the highest Chao 1 index, Observed_species index, and Shannon index,
which were 6942.935, 5682.775, and 11.205, respectively, followed by Lb, while Ma had the
lowest. Ma had the highest abundance, diversity, and evenness (Figure 3a). MaLb had the
lowest Goods_coverage index, Pielou_e index, and Simpson index, which were 0.949, 0.900,
and 0.99841, followed by Lb, while Ma had the highest.

However, the results for fungi were different from those for bacteria. The soil bacterial
diversity index, including Chao 1 index (F = 3.333, p = 0.018), Goods_coverage (F = 5.149,
p = 0.038), Pielou_e index (F = 4.124, p = 0.024), Shannon index (F = 4.682, p = 0.024),
Simpson index (F = 1.516, p = 0.087), and Observed_species (F = 4.237, p = 0.024), ex-
hibited differences among Ma, MaLb as well as Lb. Ma had the highest Chao 1 index,
Goods_coverage index, Observed_species index, Pielou_e index, Shannon index, and Simp-
son index, which were 556.214, 0.99947, 547.475, 0.715, 6.502, and 0.975, respectively. Lb
had the lowest Chao 1 index (was 480.340) and Observed_species index (was 471.950). The
Goods_coverage, Pielou_e index, Shannon index, and Simpson index of MaLb were the
lowest, which were 0.99908, 0.624, 5.562, and 0.926, respectively (Figure 3b).

The relative abundance of microorganisms at the phylum level (others were shown)
in the three soil samples was counted, as shown in Figure 4. At the bacterium phylum
level, the top 10 relative abundances were Actinobacteria, Proteobacteria, Acidobacteria,
Chloroflexi, Firmicutes, Gemmatimonadetes, Bacteroidetes, Rokubacteria, Nitrospirae,
and Patescibacteria. Among them, Actinobacteria was the most abundant phylum in the
three samples. Only Actinobacteria had the highest content in MaLb, which was 35.85%.
Proteobacteria and Acidobacteria were Lb > Ma > MaLb (Figure 4a). At the level of fun-
gal phylum, the top 10 contents were Ascomycota, Mortierellomycota, Basidiomycota,
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Zoopagomycota, Basidiobolomycota, Blastocladiomycota, Glomeromycota, Olpidiomycota,
Chytridiomycota, and Mucoromycota. Only Ascomycota, Mortierellomycota, Basidiomy-
cota, and Zoopagomycota had a relative content of more than 1%. Ascomycota was the
dominant phyla in the three soil samples, and Lb (82.35%) > MaLb (78.33%) > Ma (74.67%).
Mortierellomycota had the highest content in MaLb at 10.48%, while Basidiomycota had it
in Ma and Zoopagomycota in Lb (Figure 4b).
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Figure 4. The relative content of species composition at the soil microbial phylum-level in differ-
ent planting types (others were shown). (a): Relative content of bacterial phylum-level species
composition; (b): Relative content of fungal phylum-level species composition. Ma: Morus alba;
Lb: Lespedeza bicolor; MaLb: Morus alba-Lespedeza bicolor.

Hierarchical clustering analysis at the genus level of soil microbial community showed
that bacterial and fungal communities exhibit the same regularity. Whether at the bacterial
genus level or fungi, Ma clustered into one class, Ma and MaLb into the class. This indicated
that the similarity between Ma and MaLb is high at the genus level, and the similarity to
Ma was low. The inlay on the right showed that the genus-level abundance of the microbial
community was not the same, and although the species composition of each treatment was
similar, the abundance difference was obvious (Figure 5).
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Figure 5. Hierarchical clustering analysis of soil microbial composition of different planting
types at the genus level. (a): Hierarchical cluster analysis at genus level of bacteria; (b):
Hierarchical cluster analysis at genus level of fungi. Ma: Morus alba; Lb: Lespedeza bicolor;
MaLb: Morus alba-Lespedeza bicolor.

The relative abundances of microorganisms at the genus level (others were not shown)
in the three soil samples were calculated, as shown in Figure 6. At the bacterial genus level,
the relative contents of Subgroup_6, KD4-96, RB41, MND1, A4b, MB-A2-108, Mycobacterium,
Nocardioides, Blastococcus, and Solirubrobacter were in the top 10, but their relative contents
did not exceed 10%. Subgroup_6 was the genus with the highest content in the three soil
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samples, with Lb of 8.79%, Ma of 8.22%, and MaLb of 7.75%, respectively. The KD4-96 con-
tent of MaLb was higher than that of Ma and Lb, which was 3.65%, and the content of RB41
was the highest in Ma (Figure 6a). At the fungal genus level, the top 10 relative contents
are Botryotrichum, Acaulium, Mortierella, Tausonia, Fusarium, Lophotrichus, Pseudogymnoascus,
Nectria, Aphanoascus, Pseudaleuria. The genus with the highest Ma content was Tausonia,
accounting for 9.08%, while Botryotrichum had the highest Lb and MaLb content, accounting
for 16.68% and 14.44%, respectively (Figure 6b).

Forests 2022, 13, x FOR PEER REVIEW 11 of 18 
 

 

relative contents did not exceed 10%. Subgroup_6 was the genus with the highest content 

in the three soil samples, with Lb of 8.79%, Ma of 8.22%, and MaLb of 7.75%, respectively. 

The KD4-96 content of MaLb was higher than that of Ma and Lb, which was 3.65%, and 

the content of RB41 was the highest in Ma (Figure 6a). At the fungal genus level, the top 

10 relative contents are Botryotrichum, Acaulium, Mortierella, Tausonia, Fusarium, Lopho-

trichus, Pseudogymnoascus, Nectria, Aphanoascus, Pseudaleuria. The genus with the highest 

Ma content was Tausonia, accounting for 9.08%, while Botryotrichum had the highest Lb 

and MaLb content, accounting for 16.68% and 14.44%, respectively (Figure 6b). 

 

Figure 6. The relative content of species composition at the soil microbial genus level in different 

planting types (others were not shown). (a): Relative content of bacterial genus-level species com-

position; (b): Relative content of fungal genus-level species composition. Ma: Morus alba; Lb: 

Lespedeza bicolor; MaLb: Morus alba-Lespedeza bicolor. 

As can be seen from the NMDS analysis chart, based on the Bray-Curtis algorithm, 

the population structures of three different soil microorganisms were significantly differ-

ent. The degree of similarity in sample microbial population composition was indicated 

Figure 6. The relative content of species composition at the soil microbial genus level in different plant-
ing types (others were not shown). (a): Relative content of bacterial genus-level species composition;
(b): Relative content of fungal genus-level species composition. Ma: Morus alba; Lb: Lespedeza bicolor;
MaLb: Morus alba-Lespedeza bicolor.

As can be seen from the NMDS analysis chart, based on the Bray-Curtis algorithm, the
population structures of three different soil microorganisms were significantly different.
The degree of similarity in sample microbial population composition was indicated by the
distance between samples in the figure. For soil bacterial communities, Ma was distributed
in the first four quadrants, Lb was distributed in the second quadrant, and MaLb was
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distributed in the third quadrant (Figure 7a). Soil fungal communities differed from
bacteria in that both MaLb and Lb were located in the second and third quadrants. Both
Lb and MaLb were distributed on the negative semi-axis of the NMDS1 axis, while Ma
was distributed on the positive NMDS1 axis. It could be seen that Lb and MaLb had great
similarities in soil microbial structure and were quite different from Ma (Figure 7b).
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Figure 7. Nonmetric multidimensional scale analysis (NMDS) of microbial community structure in
different soil samples. (a): soil bacterial communities; (b): soil fungal communities. Ma: Morus alba;
Lb: Lespedeza bicolor; MaLb: Morus alba-Lespedeza bicolor.

3.3. Different Types of Planting Soil Physicochemical Properties and Microbial
Community Diversity

As shown in Table 2, bacterial community alpha diversity had no significant rela-
tionship with the soil’s physical and chemical properties. For the fungal community, soil
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pH was inversely related to the Goods_coverage index (p < 0.01), Pielou_e index, and
Shannon index (p < 0.05). The soil total N, total C, and total C/total N were significantly
negatively correlated with Chao 1 index, Observed_species index, Pielou_e index, and
Shannon index (p < 0.05). Soil total P index was negatively correlated with Chao 1 index
and Observed_species index (p < 0.05) (Table 3).

Table 2. The relationship between soil physicochemical properties and α-diversity of the bacterial
community in different planting types.

Chao1 Goods_Coverage Observed_Species Pielou_e Shannon Simpson

pH value 0.281 −0.305 0.308 −0.390 0.133 −0.200
Total N 0.253 −0.270 0.258 −0.494 0.146 −0.282
Total C 0.334 −0.350 0.326 −0.515 0.197 −0.190

Total C/total N 0.376 −0.392 0.365 −0.531 0.234 −0.158
Total P 0.132 −0.143 0.111 −0.351 0.006 −0.189

Table 3. The relationship between soil physicochemical properties and α-diversity of the fungal
community in different planting types.

Chao1 Goods_Coverage Observed_Species Pielou_e Shannon Simpson

pH value −0.230 −0.760 ** −0.350 −0.614 * −0.595 * −0.444
Total N −0.630 * −0.253 −0.675 * −0.616 * −0.649 * −0.426
Total C −0.647 * −0.286 −0.697 * −0.656 * −0.688 * −0.430

Total C/total N −0.638 * −0.307 −0.691 * −0.669 * −0.698 * −0.436
Total P −0.613 * −0.046 −0.624 * −0.487 −0.528 −0.281

** indicates a significant difference at the 0.01 level. * indicates significant difference at 0.05 level.

At the phylum level, the bacterial phyla and soil physicochemical properties with
the content of bacterial phyla in the top 10 and the fungal phylum content of >1% were
compared for significance analysis. Firmicutes and Basidiomycota were significantly
negatively correlated with soil total N, total C, total C/total N, and total P (p < 0.01).
Nitrospirae was a notable negative correlation between total N (p < 0.01), total C, total
C/total N, and total P (p < 0.05). Bacteroidetes was significantly positively correlated with
soil total P (p < 0.05). Ascomycota was significantly positively correlated with total N,
total C, total C/total N, and total P (p < 0.05). Zoopagomycota was significantly positively
correlated with total C and total C/total N (p < 0.05). Other phyla had no correlation with
the soil ’s biological and biological properties. (Table 4).

Table 4. Correlation between soil physicochemical properties and bacterial phyla levels in different
planting types.

pH Value Total N Total C Total C/Total N Total P

Actinobacteria 0.246 0.245 0.147 0.133 −0.025
Proteobacteria −0.013 −0.078 0.057 0.075 0.172
Acidobacteria −0.234 −0.128 −0.064 −0.064 0.116

Chloroflexi 0.093 0.575 0.493 0.491 0.452
Firmicutes −0.525 −0.852 ** −0.921 ** −0.935 ** −0.855 **

Gemmatimonadetes 0.138 −0.452 −0.339 −0.313 −0.313
Bacteroidetes −0.023 0.403 0.520 0.534 0.663 *
Rokubacteria −0.450 −0.454 −0.521 −0.548 −0.367
Nitrospirae −0.185 −0.788 ** −0.700 * −0.658 * −0.625 *

Patescibacteria −0.288 0.195 0.202 0.202 0.273
Ascomycota 0.085 0.652 * 0.604 * 0.588 * 0.613 *

Mortierellomycota 0.272 0.633 * 0.586 * 0.565 0.451
Basidiomycota −0.284 −0.848 ** −0.853 ** −0.853 ** −0.810 **

Zoopagomycota 0.364 0.499 0.602 * 0.634 * 0.572

The bacterial phylum level listed the top 10 relative content, and the fungal phylum level listed the relative content
>1%. ** indicates a significant difference at the 0.01 level. * indicates significant difference at 0.05 level.
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4. Discussion

Many early studies have shown that intercropping of nitrogen-fixing plants and other
species can improve productivity [43,44]. Studies also found that intercropping with
nitrogen-fixing plants can increase soil nitrogen content [45,46], thereby enhancing the
accumulation of organic carbon and nitrogen in the ecosystem [28]. As a nitrogen fertilizer
crop, the nitrogen content in Lb was significantly higher than in Ma. However, there were
no significant changes between it and MaLb, which might be due to the apparent effect of
L. bicolor in the intercropping of M. alba and L. bicolor. This study found that nitrogen-fixing
and M. alba intercropping could significantly increase the soil total N, P, and K of M. alba, but
had no significant impact on the soil pH. This indicated that nitrogen-fixing plants could
not only enhance soil nutrients in pure M. alba forests but also have the potential to increase
their soil carbon interception potential, similar to previous studies that concluded that those
could significantly reduce soil carbon loss and increase soil carbon sequestration [47,48].
Nitrogen-fixing plants and M. alba were mixed to improve soil nitrogen availability and
nutrients. The increase in available nitrogen content in soil was an important factor in
significantly improving the net productivity of plants [49]. These results suggest that
nitrogen-fixing plants enhance ground plant productivity by increasing the availability
of soil nutrients, especially nitrogen, and provide essential basal metabolites for more
microbial growth. In turn, the soil microbial biomass was increased, and to a certain extent,
it was possible to increase the source of soil organic carbon.

Several recent studies have shown that soil nutrient quality (e.g., total soil nitrogen,
total carbon, and total carbon/total nitrogen) is also a major factor driving changes in
soil microbial communities [50,51], which is similar to the results of the present study.
The introduction of nitrogen-fixing plants increases soil nitrogen content and reduces soil
carbon-nitrogen ratio, which inhibits the growth of soil fungal communities to a certain
extent [52]. The present study found that intercropping of M. alba and L. bicolor significantly
increased soil nutrient content (total N, total C, total P). These changes significantly in-
creased the biomass of soil bacterial communities but significantly decreased the proportion
of fungal communities. This study was also supported by many studies that suggest that
bacterial communities tend to be dominant in fertile soils [53,54].

Soil has a strong metabolic capacity due to the presence of soil microorganisms [55].
Soil microbes are the link between soil and plants, which drives plant growth [56,57].
Changes in pH have the greatest impact on soil bacteria [58,59], and higher pH increases
the activity of soil microorganisms such as Nitrospira [60]. In this study, the pH value of
MaLb was the highest. Still, there was no significant difference among the three treatments,
so pH value was not the dominant factor affecting the soil microbial community in this
experiment. After intercropping with M. alba, nitrogen fixed by rhizobia was available to
mulberries, and this level of nitrogen addition increased the complexity of rhizosphere
bacteria [61]. In this experiment, the top three bacteria in soil content of three treatments
were Actinobacteria, Proteobacteria, and Acidobacteria. The abundance of actinomycetes is
associated with fast-acting nutrients [62]. There are many reasons for the high abundance
of actinomycetes in MaLb. One is because of nitrogen, and the other is because of the
high content of organic matter, which can also be found from higher C/N [63]. In harsh
environments such as salinity, Proteobacteria dominate the soil and have a certain resistance
to such extreme environments [64]. In this experiment, the content of Proteobacteria showed
Lb > Ma > MaLb, so it was speculated that the resistance of M. alba and L. bicolor to the
harsh environment was higher, and the resistance was still retained after intercropping.

In addition, Fungi play an important role in soil, some of which promote crop growth
and development, and some cause crop diseases [65]. Most soil fungi belong to the
Ascomycetes or Basidiomycetes. In this study, Ascomycetes were significantly positively
correlated with soil nutrients (p < 0.05), while Basidiomycetes were negatively correlated
with those (p < 0.01). After the intercropping of L. bicolor and M. alba, the abundance of
the bacterial community decreased. Basidiomycetes are abundant decomposing fungi
in soil, and their abundance increases the decomposition of organic matter in the soil

156



Forests 2022, 13, 1345

faster efficiently. Ascomycete fungi can be parasites, symbiotic, saprophytic, or facultative
saprophytic, while Basidiomycete fungi are mostly saprophytic. Since plants have different
life forms, their properties vary at the phylum level. The proportion of unclassified plants in
the rhizosphere flora was low, indicating that more research is needed into the rhizosphere
flora plants of M. alba and L. bicolor.

Nitrogen is an important nutrient in the soil and often acts as a soil factor limiting plant
growth. Recent studies have shown that nitrogen-fixing plants are capable of increasing soil
nitrogen content, increasing soil organic matter, and also enhancing soil [66–70]. Up to now,
it has not been possible to establish a uniform conclusion on the mechanisms by which soil
nitrogen content and its availability affect soil microbial biomass. Some studies have found
that the increase of soil nitrogen content is beneficial to the reproduction and growth of soil
microorganisms [71,72]. However, some studies have found that increasing soil nitrogen
content sometimes inhibits their reproduction and growth, and sometimes this effect is
minimal [73,74]. This also explained to a certain extent why the bacterial community
structure and composition of different treatments in this study were not significantly
different. In contrast, the fungal community structure and composition were significantly
different. The past state of understanding the key abiotic and biotic factors that underlie
the structural variations in soil microbial communities exists very uncertain [75,76].

5. Conclusions

In this study, the nutrient content, microbial community, and structural composition
of the rhizosphere soil of different samples were measured in the pot experiments of M.
alba-L. bicolor intercropping and pure breeding of M. alba and L. bicolor, respectively. We
found that in terms of soil nutrients, the intercropping of M. alba and nitrogen-fixing
tree species L. bicolor had no significant effect on soil pH but significantly increased the
content of total C, total N, and total P in the soil and improved soil nutrients. Microbial
community composition and structure were visualized by PCR amplification and 16S rRNA
and ITS sequencing of corresponding primers for soil microbes in different samples. It was
found that the intercropping of M. alba and L. bicolor had no significant effect on the alpha
diversity of the bacterial community but did have a significant effect on the evenness and
diversity of the fungal community (p < 0.05). The intercropping of M. alba and nitrogen-
fixing species increased the relative abundance of Actinobacteria in the rhizosphere soil.
Mortierellomycota was more abundant in MaLb than in the other two. According to NMDS
analysis, the similarity between MaLb microbial community and Lb was higher than that
of Ma. The study also found that soil nutrients had no significant effect on bacterial
community composition (p > 0.05) but did have a significant effect on fungal community
richness, diversity, and uniformity (p < 0.05). This study enriched our understanding of the
effects of the introduction of nitrogen-fixing tree species on soil nutrients and microbial
community diversity in M. alba plantations through the intercropping of mulberry and
nitrogen-fixing tree species—L. bicolor. Add a theoretical basis for our understanding of the
impact of soil nitrogen content on soil nutrients and microorganisms in the future.
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