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Abstract: Plant—plant interactions are a central driver for plant coexistence and community assembly.
Chemically mediated plant-plant interactions are represented by allelopathy and allelobiosis. Both
allelopathy and allelobiosis are achieved through specialized metabolites (allelochemicals or signaling
chemicals) produced and released from neighboring plants. Allelopathy exerts mostly negative effects
on the establishment and growth of neighboring plants by allelochemicals, while allelobiosis provides
plant neighbor detection and identity recognition mediated by signaling chemicals. Therefore, plants
can chemically affect the performance of neighboring plants through the allelopathy and allelobiosis
that frequently occur in plant—plant intra-specific and inter-specific interactions. Allelopathy and
allelobiosis are two probably inseparable processes that occur together in plant-plant chemical
interactions. Here, we comprehensively review allelopathy and allelobiosis in plant—plant interac-
tions, including allelopathy and allelochemicals and their application for sustainable agriculture and
forestry, allelobiosis and plant identity recognition, chemically mediated root—soil interactions and
plant-soil feedback, and biosynthesis and the molecular mechanisms of allelochemicals and signaling
chemicals. Altogether, these efforts provide the recent advancements in the wide field of allelopathy
and allelobiosis, and new insights into the chemically mediated plant—plant interactions.

Keywords: allelochemical responses; chemical signals; neighbor identity recognition; molecular
mechanisms; plant—plant signaling interaction; root exudates; root—soil interactions; volatiles

1. Introduction

When two or more plants coexist, a series of intra-specific and inter-specific interac-
tions occur either positively or negatively. Productivity and the establishment of mixed-
species systems or variety mixtures (single-species) are ultimately the net result of positive
and negative interactions among the component species or varieties [1,2]. The interplay
and balance between positive and negative interactions are important and recurrent topics
in plant ecology. Plant-plant negative interactions are mainly involved in competition,
parasitism, and incompatibility, while positive interactions include heterospecific facilita-
tion, conspecific cooperation, and complementarity. These patterns can arise through a
variety of ecological mechanisms, such as resource partitioning, niche divergence, kinship
strategy, and other species-specific behaviors [3—6]. The performance and outcomes of plant
coexistence and community assembly depend on multiple biotic and abiotic interactions,
but the central driver must be plant—plant interactions.

Plant-plant interactions are mediated physically and chemically. An increasing num-
ber of studies have shown that chemically mediated plant-plant interactions are important
driving forces for plant coexistence and community assembly [7-9]. Chemically mediated
plant—plant interactions can be represented by allelopathy and allelobiosis. Allelopathy
means that plants produce and release allelochemicals to inhibit the establishment and
growth of co-occurring plants [10]. Despite the allelochemical actions that are in some

Plants 2024, 13, 626. https:/ /doi.org/10.3390/plants13050626 1 https://www.mdpi.com/journal /plants
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way growth-stimulating, by the mainstream perspective, allelopathy is defined as negative
interactions among plant species because the term is based on the Greek terms allelo,
meaning ‘one another’, and path, for ‘suffering’ [11], while allelobiosis is a relatively new
term and consists of allelo and biosis, meaning ‘mutualism’, denoting positive or neutral
interactions [12,13]. Both allelopathy and allelobiosis are ecological phenomena leading to
chemical interference among plants. Allelopathy describes that plants produce and release
allelochemicals to exert negative effects on neighboring plants. In contrast to negative
plant—plant allelopathic interactions, allelobiosis describes the transmission of signaling
chemicals in plant—plant interactions where the response of the coexisting plants affects
their growth and defense strategy and is related to herbivores and their natural enemies,
resulting in positive or neutral effects [14,15]. Importantly, allelobiosis is involved in
chemical-mediated plant neighbor detection and identity recognition [16]. Accordingly,
allelopathy and allelobiosis cover any positive or negative effects on chemically mediated
interactions among plants.

The importance of allelopathy and allelobiosis in plant-plant interactions has received
a great deal of attention in the past decades [17-21]. However, allelopathy and allelobio-
sis are usually studied separately, despite their necessary linkage in nature. There is a
wealth of information on plant—plant allelopathic interactions in natural and managed
ecosystems [17-20,22] but a lack of information on the role of allelobiosis in plant—plant
interactions; the term allelobiosis is sparsely found in the scientific literature. In particular,
most of the allelopathy research has primarily focused on plants and their allelochemical in-
teractions but ignored the plant—plant signaling interactions. Actually, for plant coexistence,
plants first may detect and potentially recognize their neighbors, and then initiate allelo-
pathic interference to regulate inter-specific or intra-specific interactions [16,23]. Therefore,
allelopathy and allelobiosis are two probably inseparable processes that occur together in
plant-plant chemical interactions (Figure 1).
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Figure 1. Allelopathy and allelobiosis in plant-plant interactions. VOCs include volatile allelo-
chemicals, such as camphor and (-)-thujone, and volatile signaling chemicals, such as ethylene and
methyl jasmonate.

Allelopathy and allelobiosis have provided fascinating insights into eco-evolutionary rela-
tionships and represent potential strategies for sustainable agriculture and forestry [9,16,20,21].
This review will focus on the recent advancements in the wide field of allelopathy and
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allelobiosis in plant—plant interactions. In particular, this review will extend and con-
cretize the concept of allelobiosis from a useful definition for evaluating neighbor detec-
tion and identity recognition in plant-plant signaling interactions. Such information is
critical to enhance our understanding of chemically mediated plant-plant interactions
driving plant coexistence and community assembly, stimulating additional research into
plant—plant interactions.

2. Allelopathy, Allelochemicals, and Their Application for Sustainable Agriculture
and Forestry

2.1. Allelopathy, Competition, and Plant Invasion

Plants may affect the performance of neighboring plants through allelopathy, com-
petition, or both. Both allelopathy and competition are naturally occurring ecological
phenomena with a negative effect on neighboring plants. However, allelopathy and com-
petition possess different mechanisms. Allelopathy means that plants produce and release
allelochemicals into the environment to decrease neighbor fitness, but competition is
imposed by the environment where plants draw from the same resource pools (i.e., neigh-
boring plants deplete water and nutrients and provide shade). In addition, allelopathy is a
species-specific behavior, but competition occurs invariably in plant coexistence regardless
of plant species. Importantly, competition occurs only during living plant coexistence, but
allelopathic potential may have an impact on successive plants by releasing allelochemicals
from dead plants and their decomposing residues [11,18].

Allelopathy and competition frequently occur in conspecific and heterospecific plant—
plant interactions. Intra-specific allelopathy is called autotoxicity; a plant releases al-
lelochemicals to inhibit the growth and establishment of other conspecific plants [24].
Intra-specific competition generally must be stronger than inter-specific competition, where
conspecifics interact more intensely because of their similarity [3]. Plant competition for
the same resources is demonstrated by the presence of a neighbor reducing fitness, while
allelopathy chemically suppresses the growth of neighboring plants, providing a compet-
itive advantage for their own growth. Therefore, allelopathy is a plant chemical trait or
behavior to increase competitive ability. Accordingly, it is not realistic to separate resource
competition from allelopathy [25]. Although plants affect the performance of neighboring
plants through competition and allelopathy in ways that are difficult to separate, the effects
of allelopathy and competition on plant performance have been extensively investigated;
however, there is a lack of quantitative synthesis [26]. A meta-analysis of 384 studies
found that allelopathy reduced plant performance by 25% but the variation in allelopathy
was high. In particular, allelopathy became more negative with increasing phylogenetic
distance, indicating that allelopathy might contribute to the coexistence of closely related
species (i.e., convergence) or dominance of a single species [27].

Allelopathy has had a checkered history. The classical cases are that black walnut
(Juglans nigra) produced and released a 1,4-naphthoquinone (juglone) to interfere with the
growth of understory plants [28] and the allelopathic interference of shrubs with grass
through the release of volatile terpenes into southern California coastal grassland [29].
However, the ecological importance of allelopathy was a controversial issue because much
of the early work on the preponderance of phenomenological studies was insufficiently
rigorous and confirmable. In the early 2000s, allelopathy was firmly back on the center
stage in a case study of invasive plants versus their new and old neighbors [30]. This
case study neatly avoids the pitfalls of earlier work and provides compelling evidence
that allelopathy is a mechanism for an exotic invasion of Eurasian spotted knapweed
(Centaurea maculosa) in the western United States [31,32]. The allelopathic invasion of
spotted knapweed in American grasslands resulted in the novel weapons hypothesis,
as many co-occurring native plant species exhibit a lack of evolved tolerance to novel
allelochemicals [33]. Subsequently, an increasing number of studies have shown that
allelopathy can contribute to the success of alien plants [34-37].
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Allelochemicals play a large part in the successful invasion of certain plant species.
Generally, allelochemicals of invasive species have low levels when growing with their
original neighbors due to long-term mutual adaptation. In the invaded habitats, however,
invasive species produce and release allelochemicals at a high level to exert a strongly
allelopathic interference on the native species, conferring a competitive advantage to
the invasive plants [34,38]. Therefore, the allelopathy of invasive species is conditional,
and there is a discrepancy between geographical sites. For example, spotted knapweed
exhibited an allelopathic invasion in the western United States but not in eastern American
grasslands [39]. Bohemian knotweed seems not to rely heavily on allelopathy for its
persistence in invaded sites in the southwest part of Zagreb, Croatia [40].

Invasive plants apply an allelopathic impact on native species to be successful in their
invaded range. It is also worthwhile to note that native species co-occurring with invaders
have evolved a tolerance to allelopathy. A few studies indicated allelopathy and its coevo-
lutionary implications between native neighbors and invasive species [35,36]. For example,
co-occurring native Juncus pallidus may evolve tolerance to the allelochemicals induced by
invasive Cynara cardunculus. In particular, allelochemicals induced by C. cardunculus exert
more suppressive effects on native plants than non-native plants, linking the coevolved
tolerance [36]. Although coevolution can promote the long-term coexistence of two compet-
ing species, plant invasions offer opportunities to capture the process of coevolution [35].
Therefore, allelopathy-based plant invasion may drive coexistence via coevolution, altering
community structure and ecosystem functions. Not only that, allelopathy has broad ecolog-
ical consequences for natural systems, and is particularly important for species distribution,
conditionality of interactions, and maintenance of species diversity [10,17,20,41].

2.2. Allelochemical Responses and Interactions

Plants can modulate their morphological and biochemical traits in response to envi-
ronmental conditions, particularly for the production of secondary metabolites [42-45].
Allelopathic actions depend on the production and release of allelochemicals, and thus,
allelopathy is inevitably regulated by the environmental factors. Numerous studies have
shown that allelopathic potential varies with plant growth conditions, and the categories
and amounts of allelochemicals can be modulated by natural factors. In particular, biotic
and abiotic stressors including herbivores, pathogens, competition, mechanical wounding,
drought, nutrient deficiency, salt, and heavy metals can induce the production and release
of allelochemicals [46—49]. Accordingly, allelopathy is not only a competitive trait, but
also one induced in response to the identity of the neighboring plants. As such, allelopa-
thy could represent the keystone in the argument that plants do differentially detect and
respond to their neighbors [23,50].

Plant—plant allelopathic interactions occur in the presence of conspecific and inter-
specific neighbors, where co-occurring plants are prone to competition. Therefore, an
allelochemical response to competitors is vital to understand allelopathic interactions. The
context-dependent induction of allelopathy in plants under competition has received great
attention in recent decades [23,48,51,52]. The ability to induce allelochemical production in
the presence of competitors is a natural adaptive strategy so that plants can save costs of
metabolite production in the absence of competitors [48,53]. Although competitor-induced
allelochemical response is a general phenomenon in plant—plant allelopathic interactions,
the phenomenon is density dependent. Allelopathic plant species increase allelochemical
concentrations in response to competitors at low or intermediate densities but a high density
of competitors may reduce the production of allelochemicals [23,54]. Plants growing with
a high density of neighbors likely experience an increase in competition, resulting in a
shift from allelochemical defense to growth, i.e., inducible allelopathy to trade off with
constitutive growth [55].

DIMBOA (2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one) is a dominant allelochemi-
cal in cereal (wheat, maize, and rye, but not in rice) against weeds, pathogens, and herbi-
vores [56]. The production of DIMBOA can be induced by a diverse range of weeds [16,57].
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To provide a broader context for the competitor-induced allelochemical response, a dataset
of wheat DIMBOA concentration was produced in the presence of a total of 100 differ-
ent plants species at varying densities. The induction of DIMBOA markedly increased
in heterospecific combinations relative to DIMBOA production when competing with
conspecifics. Significant increases occurred in 38/100 species at a 5:5 proportion, while
occurring in 70/100 species at a 5:8 mixture [23]. Therefore, the presence of either con-
specific or heterospecifc neighbors could induce the allelochemical response in a density-
dependent manner.

Polyacetylenes are putative allelochemicals in invasive species such as Solidago altissima.
A recent study indicated the inducibility of polyacetylenes in response to competition [58].
The presence of competitors induced polyacetylenes, but the inducibility was observed at
an early stage of S. altissima invasion. In addition, induction became more prominent under
nutrient depletion, where induced polyacetylenes may be effectively suppressed by the
growth of competitors [58]. It appeared from the results that allelopathic plant species could
respond to competition by inducing allelochemical production, but competition induced
allelochemicals in a context-dependent manner, and variation in resource availability may
influence plants’ allelopathic capacity.

Allelopathy and allelochemical responses take place both aboveground and below-
ground. Aboveground allelopathy responses mediated by volatile allelochemicals are well
established. This situation is primarily driven by the accessibility of aerial tissues and
the availability of reliable techniques to detect and identify volatile allelochemicals [18].
However, it is extremely difficult to unambiguously demonstrate belowground allelopathy
and allelochemical interactions. Unlike aboveground processes, the study of belowground
allelochemical interactions is hampered by the inability to observe roots [59,60]. Actually,
many allelopathic species release allelochemicals through their root systems into the soil,
exerting a negative effect on cooccurring species, particularly for hindering the growth of
surrounding roots [60,61].

Allelochemical interactions at the root level are commonly measured as a change in
root biomass. However, a meta-analysis of 61 studies to assess the effect of allelochemi-
cals on root morphology found that the allelochemicals significantly inhibited root length
overall but had little effect on root biomass, root surface area, and root volume [62]. Fur-
thermore, allelopathic wheat challenged with 60 other plant species was used to document
the combinations of root morphology, revealing root length as a more responsive trait than
root biomass in plant-plant allelopathic interactions [63]. Importantly, allelopathic plants
release allelochemicals to alter the placement patterns of neighboring roots. Neighboring
plants adjust root placement to avoid these allelochemicals. Allelopathic species generally
proliferated roots toward the neighboring target species, while most target species showed
root avoidance [60,61,63]. If neighboring species do not alter root placement, their roots
should be inhibited by root-secreted allelochemicals from allelopathic species.

Allelopathic species may interfere with cooccurring plants through the induction and
release of allelochemicals, resulting in neighbor suppression. However, allelopathic plants
usually coexist with a broad spectrum of conspecific and inter-specific neighbors. The
growth of some species is inhibited significantly by allelochemicals but that of other species
is not. This issue is partly due to the allelochemicals released from the allelopathic species
having relative activity on the specificity of neighbors in a dose-dependent manner, or to
some cooccurring species being able to resist the allelochemicals, leading to allelochemical
adaptation. Therefore, allelopathic effects may result from multiple factors rather than the
allelochemicals only.

2.3. Allelopathy for Sustainable Agriculture and Forestry

Allelopathy and allelochemicals have important implications and consequences for
plant coexistence and community assembly in natural ecosystems. Particularly intriguing
are their potential importance and application for sustainable agriculture and forestry. Ac-
cordingly, allelopathy has received increasing attention in cropping systems [19,26,57,60,64].
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Much effort has focused on allelopathic interference between crop plants and weeds, partic-
ularly for deciphering field-based evidence for crop allelopathy in weed regulation. Several
practices, including the use of allelopathic plant mulches [65], incorporation into cultural
management options [66], natural herbicides [67], and varietal improvement [68], have
been used to improve weed management in cropping systems.

Many weeds use an allelopathic mechanism to affect crop production. A heavy infesta-
tion of allelopathic weeds in cultivated fields can result in economically destructive effects
on the growth and yield of crop plants. For example, the worst weeds, Ageratum conyzoides
and Ambrosia trifida, can infest and colonize quickly into cultivated fields by producing
and releasing allelochemicals, resulting in adverse effects on the growth and yield of crop
plants [46,69,70]. Attempts to control them by herbicides have met with limited success.
However, these allelopathic weeds and their allelochemicals have been incorporated into
ecological pest management or employed for biorational pesticides [67,71-73], providing
an alternative weed control strategy. Allelopathic weeds have threatened crop production.
Fortunately, a few crop varieties can synthesize and release their own ‘herbicides’, i.e.,
allelochemicals against weeds in fields, resulting in a natural interference of crop plants
with weeds [66]. Allelopathic crop varieties hold promise for sustainable weed regulation.
However, their agronomic characteristics and grain yield do not meet the commercial
standards of the crop industry. Using traditional and biotechnological approaches, selected
elite allelopathic crop genotypes have enabled breeding efforts to improve weed suppres-
sion traits in commercial cultivars. The successful breeding of commercially acceptable
allelopathic rice cultivars with high yield and weed suppression has been incorporated
into present rice production systems to minimize the amount of herbicide used [68].

Allelopathy also offers implications and applications in forestry. Forest regeneration
is a critical ecological process that sustains reproduction through the establishment of
saplings. However, regeneration failure usually occurs in natural and managed tree
systems, particularly in monoculture tree plantations [74-76]. Autotoxicity caused by
intra-specific allelopathy may be responsible for this problem. Long-term exposure to
tree-derived allelochemicals from litter and root exudates may create a barrier effect on
the understory-regenerated saplings, resulting in forest regeneration failure. Apart from
regeneration failure, autotoxicity also is a major reason for the productivity decline of tree
plantations. A tree plantation is an artificial forest where fast-growing tree species are
established in a monoculture manner. However, successive rotations of plantations usually
cause a replanting problem or soil disease, resulting in a decline in productivity and the
loss of biodiversity in plantations [77,78].

Eucalyptus is one of the most widely planted forestry genera with the replanting
problem. Allelochemicals from Eucalyptus litter and roots penetrate into the soil, limiting
the regeneration of understory plants [79]. Moreover, intra-specific allelopathy is more
crucial than resource competition in the replanting problem of Eucalyptus plantations [80].
Juglans is another widely planted forestry genus. Several species, such as Juglans nigra
(Black walnut) and Juglans mandshurica (Manchurian walnut), are commercially planted
worldwide. However, the establishment and productivity decline of replanted walnut
plantations remain a significant problem. Allelopathy of black walnut through the allelo-
chemical juglone has been observed and investigated for thousands of years [28]. Similarly,
autotoxicity is a major reason for the productivity decline of monospecific Manchurian
walnut plantations [81]. Chinese fir (Cunninghamia lanceolata) has been planted for the
large-scale production of wood in China. However, regeneration failure and productivity
decline have remained critical problems in monospecific plantations. The major driver of
the problems is tree-derived allelochemicals and their autotoxicity [75,76].

To mitigate and overcome autotoxicity in tree plantations, one promising option
involves mixed-species plantations instead of monocultures. The introduction of certain
tree species can alleviate the autotoxicity and soil deterioration caused by allelochemicals
in plantations [59,81,82]. Mixed-species plantations of Eucalyptus with an introduced N-
fixing species Albizia lebbeck increase productivity and maintain soil fertility [82]. The
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establishment and productivity of Manchurian walnut can be improved in the presence
of Larix gmelini [81]. A broadleaf species Michelia macclurei enhances the growth and
regeneration of Chinese fir [59]. One of the explanations for the improvement is that
allelochemicals released from an autotoxic tree species may be decreased in the presence of
a “good” neighbor like L. gmelini and M. macclurei. Furthermore, good neighbors not only
induce a microbial shift to accelerate the decomposition rates of allelochemicals but also
balance the negative effects of root competition [59,83]. These successful mixed-species
plantations, based on empirically established traditional practices, reveal many potential
advantages and the ecological importance of allelopathy. Understanding allelopathy will
be a key step in using ecological approaches to design species mixtures in tree plantations.

3. Allelobiosis and Plant Identity Recognition
3.1. Allelobiosis and Plant—Plant Signaling Interactions

Plant-to-plant signaling is a key mediator of interactions among plant species. The
interpretation of plant-to-plant signaling can help plants adapt to the local environment. In
particular, plants can perceive and respond to chemical cues emitted from their neighbors,
altering survival and performance and impacting plant coexistence and community assem-
bly [7,9,84]. Plant-emitted chemical cues mediate plant sensing and communication [85],
acting as alarm signals to warn neighboring plants of an imminent herbivorous or pathogen
attack [86], or serving as an inter- and intra-plant signal for the detection of neighbors,
even kin and non-kin individuals within a species [23,87]. Much of the research into
chemical-mediated plant—plant signaling interactions has dealt with volatiles induced by
herbivory in initiating defensive responses from a tritrophic perspective [88-90]. Therefore,
allelobiosis was first introduced by Ninkovic as a volatile signal interpretation and its
effects were studied on the plant and subsequent trophic levels. The term “allelobiosis”
was given three key aspects of the effect: (1) chemical communication between undamaged
plants, (2) benefits for the recipient plants, and (3) the recipient plant’s response influencing
other trophic levels of organisms [13].

Allelobiosis originated from volatile-mediated aboveground signaling interactions
that have been investigated in greater detail [7,89,90]. However, a great deal of recent atten-
tion has been paid to root exudate-mediated belowground signaling interactions among
plant species [16,84,91,92]. Accordingly, allelobiosis reasonably extends to plant—plant be-
lowground signaling interactions mediated by root-secreted chemical signals. Allelobiosis
refers to the communication among plants through phytochemicals, carrying valuable in-
formation that transmits signals between adjacent plants, thereby influencing plant growth,
defense, and reproduction. However, the use of the term allelobiosis is relatively limited
because allelobiosis shares conceptual similarities with plant chemical communication
and signal transduction. Plant chemical communication sometimes includes allelochemi-
cal interactions. A few allelochemicals, such as benzoxazinoids and momilactones, may
also serve both roles of toxic inhibitors and nontoxic signals [93,94]. Whereas allelobiosis
places a stronger emphasis on the role of non-toxic signaling chemicals with an infor-
mative value for co-occurring plants, highlighting a specific contribution to chemically
mediated plant—plant interactions. Accordingly, allelobiosis in the context of plant-plant
interactions is orchestrated by signaling chemicals, operating in both aboveground and
belowground components, influencing intra-specific and inter-specific dynamics within
plant populations.

Plant-plant signaling interactions involve both physical and chemical signals, includ-
ing light reflection, nutrient availability, and plant-released secondary metabolites, forming
a complex and intricate plant social network. These signals trigger a series of plant response
strategies, such as shade avoidance, root foraging, and chemical defense [74,84,89,95]. The
perception of light signals plays a crucial role in various aspects of plant growth and
development, competition, and adaptation to the environment [96-98]. Plants perceive
light signals through phytochromes, photoreceptors, and UVRS, and shaded plants pri-
marily perceive light in the green and far-red spectra [99-101]. This alteration influences
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the synthesis and transport of auxins, triggering shade responses in plants, such as stem
elongation, adjustment of leaf angle, and modulation of flowering time [100,101], and
consequently, the outcomes of aboveground interactions among plants.

Plants are surrounded by a diverse array of chemical signals in their growth environ-
ment (Table 1). Plants need to discern and capture valuable information from these signals,
eliciting specific physiological and biochemical responses. Ethylene was the first gaseous
signal within the plants, changing the immediate environment of the producer, its neigh-
bors, and attackers [102]. Subsequently, methyl jasmonate [103,104], methyl salicylate [105],
and other volatile organic compounds (VOCs) [106-113] have been identified as chemical
signals for inter- and intra-plant communication, mediated through the air. Methyl ben-
zoate, serving as an aboveground chemical signal in plants, is frequently released into the
air environment, participating in the information transmission and interaction between
plants [114]. Isoprene, 3-caryophyllene, trans-f3-ocimene, and several terpenes [7,109] also
serve as air-borne chemical signals, inducing neighboring plants to develop resistance
against pests. Plant-emitted indole induces the production of defensive metabolites in
neighboring plants, contributing to information transmission among plants [115]. Such sig-
naling perception-dependent defenses enable plants to more effectively cope with external
environmental challenges and enhance their survival.

Table 1. Plant-released Aboveground and Belowground Signaling Chemicals.

Signaling Chemicals Function/Response References
Alarm and induce defense [102]
Participate in plant neighbor detection [116]
Ethylene Induce shade avoidance response [117]
Alarm for roots to avoid compacted soils [118]
Methvl i Alarm and induce defense [103]
ethyl jasmonate Attract natural enemies of the herbivores [104]
(Z)-3-Hexenyl acetate Induce glycosylation reaction [106]
(E)-2-Hexenal Induce defense responses [107]
(2)-3-Hexenol Induce defense responses [108]
Air-borne signals [-caryophyllene Induce defense responses [109]
Myrcene Induce the accumulation of MeJA [110]
Ocimene Induce the accumulation of MeJA [110]
4,8-Dimethylnona-1,3,7-triene Induce defense responses [111]
(E)-Nerolidol Induce defense responses [112]
4,8,12-Trimethyltrideca-1,3,7,11-tetraene Induce defense responses [113]
Methyl salicylate Induce defense responses [105]
Indole Induce defense responses [115]
Methyl benzoate Trigger phytotoxic effects [114]
Jasmonic acid Induce allelopathy [119]
asmonic ac Participate in plant neighbor detection [23]
S Participate in plant neighbor detection

Salicylic acid and allelopathy [16]
All . Participate in kin recognition in rice [87]
Soil-borne signals antoin Activate stress response [120]
Participate in plant neighbor detection [23]
Induce defense responses [121]
(-)-Loliolide Mediate plant kin recognition [122]
Modulate flowering time [123]
Modify the rhizosphere microbial community [124]
The symbiosis between roots and arbuscular [125]

Strigolactones mycorrhizal fungi
Root-microbe signals Induce parasitic weeds to search for potential hosts [126]
Luteolin Attract rhizobia; induce the early formation of [127]

Quercetin-3-O-rhamnoside

root nodules

Compared to air-borne chemical signals, soil-borne chemical signals (Table 1) have
faced challenges and limitations due to the complexity, opacity, and difficulties in directly



Plants 2024, 13, 626

observing and collecting underground secretions imposed by the soil environment [84,92].
This hinders our understanding of the critical component for comprehensive plant—plant
interactions and plant survival strategies. In recent years, there has been increasing in-
depth research on the identification and functionality of signaling chemicals in the root
exudates and soil environment [23,128-130]. Root-secreted jasmonic acid and salicylic
acid from barnyardgrass can induce the production of rice allelochemicals [119]. Salicylic
acid also stimulates glucosinolate in the root exudation of rapeseed [131]. Root-secreted
(-)-loliolide, the most ubiquitous lactone, can induce the production of allelochemicals
in rice and wheat [23,130]. This ubiquitous (-)-loliolide can act as a general soil-borne
signaling chemical common to plants [132,133]. Co-occurring plants utilize root-secreted
(-)-loliolide to convey information on neighbor detection and identity recognition. In
addition, (-)-loliolide may act as a phytochemical cue to explain the fitness cost of herbicide-
resistant weeds by regulating vitality and fecundity, yielding critical insights into plant—
plant signaling interactions [134].

Root-secreted chemical signals involve the common mycelial networks (CMNs) of
arbuscular mycorrhizal fungi (AMF) and plant roots (Table 1). CMNs can function as con-
duits, transferring signals between plants. Between-plant signaling mediated by CMNs has
a profound impact on plant—plant interactions [135]. Strigolactones, serving as root signals,
play a role in recruiting AMF to colonize plant roots [136]. However, these signals can also
be intercepted by parasitic plants, facilitating successful parasitism [125,126,135]. Quercetin-
3-O-rhamnoside attracts rhizobia, inducing the early formation of root nodules [127]. The
signaling mechanisms between plants and rhizospheric microorganisms contribute to
plant adaptation in complex soil environments, and the promotion of synergistic growth
among plants.

3.2. Plant Neighbor Detection and Identity Recognition

Due to the sessile growth characteristics, a plant cannot select its living environment
and neighbors. Therefore, plant-plant interactions are inherently local in nature and mostly
occur among immediate neighbors. From a traditional perspective, plants only passively
adapt to the presence of their neighbors. Recent studies have shown that plants also
engage in active detection and recognition of neighboring individuals [23,84,137]. Unlike
the passive adjustments that plants make to adapt to their environment, the detection of
neighbors by plants represents a proactive behavior, actively engaging in communication
and interaction with surrounding plants to achieve more efficient resource utilization
and survival strategies [8,84]. In particular, plants actively respond to their neighbors by
changing their defensive strategy based on the identity of neighbors [44,63]. Such plant
neighbor detection and identity recognition are driven by chemical signals [23,84,92,138].

Chemically, plants can modify their environment by releasing secondary metabolites
such as root exudates (liquid) or gaseous VOCs [84,139]. Therefore, plants may detect
neighbors through plant volatiles as air-borne signals or root exudates as soil-borne sig-
nals. These chemical signals drive aboveground and belowground plant—plant signaling
interactions (Figure 1). However, most studies on plant neighbor detection and identity
recognition have focused on air-borne signals (Table 1). The studies on soil-borne signals
are extremely difficult because the transduction of belowground chemical signals requires
root—soil interactions. Nevertheless, neighbor detection and identity recognition do occur
at the root level in plants [91]. Many studies have shown that allelopathic plants may
detect and recognize their neighbors through the root exudates and respond by increasing
the allelochemicals [23,51,57,140,141]. However, most studies did not clarify which indi-
vidual constituents in the root exudates were responsible for the neighbor detection and
allelochemical response.

To unambiguously demonstrate plant neighbor detection and allelochemical response
by root-secreted chemical signals, three open questions must be addressed: (1) Is plant
neighbor detection and allelochemical response a general phenomenon or is it restricted to
the specific identity of neighbors? (2) How do researchers demonstrate that the chemical-



Plants 2024, 13, 626

mediated responses happen belowground rather than in aboveground signaling interac-
tions? (3) Which signaling chemicals are responsible for neighbor detection and allelochem-
ical response in allelopathic plant—plant interactions? It appears from an allelopathy-based
wheat-neighbor system that plant neighbor detection and allelochemical response are
a general phenomenon. When wheat was paired with 100 other plant species, wheat
was able to detect the presence of neighbors in a density-dependent response to neigh-
boring plants regardless of species. Further, in a segregation-based approach with and
without root contact, mycorrhizal fungi and soil clearly distinguished aboveground and
belowground signaling interactions in neighbor detection and allelochemical DIMBOA
response, and the study showed that root exudates are sufficient to induce the response
(Figure 1). Importantly, root-secreted (-)-loliolide and jasmonic acid are responsible for
the plant neighbor detection and allelochemical response [23]. In particular, root-secreted
(-)-loliolide as a general soil-borne signal is common to competitors, and belowground
exposure to (-)-loliolide provides an effective signal-mediating response for plants against
competitors, and ultimately increases plant survival and fitness.

Although there are likely to be additional signaling mechanisms that could allow
species-specific responses, plants are able to commonly detect and respond to their com-
petitors. In cropping systems, the signaling chemicals enable crucial staple food crop
plants to detect their competing weeds and respond accordingly to ensure their sur-
vival [23,64,130,138]. Plant competitor detection and allelochemical elicitation play impor-
tant roles in regulating crop—weed inter-specific interactions. Once a cultivated field is
infested with weeds, allelopathic crop plants may detect and then enhance the release of
allelochemicals to inhibit the weeds, reducing reliance on traditional herbicides for effective
weed management.

Plants have evolved chemical defense mechanisms that produce and release spe-
cialized metabolites against interacting competitors. These defense mechanisms start
from the recognition of intricate signaling networks while plant defensive metabolites
reduce the performance of competing plants to strongly affect plant survival and fit-
ness [19,134,142]. Although aboveground plant-plant signaling interactions and chemical
defenses have substantial impacts on plant survival and fitness, relatively less is known
about the signaling-mediated belowground interactions. Signals regulating underground
plant-plant interactions are whispers in the dark. A key but still poorly understood mecha-
nism for plant neighbor detection and identity recognition is through the perception and
recognition of signals derived from root exudates [92].

3.3. Relatedness-Mediated Neighbor Recognition

Plant neighbor detection and identity recognition occur among one or more species
and within a species, even individuals at a family level. Accordingly, the concept of identity
recognition includes species recognition, self/non-self-recognition, kin recognition, and
cultivar recognition. Species recognition, that plants can distinguish between members
of the same species and those of different species, is described as above in Section 3.2.
The self/non-self-recognition arises from the neighbor detection generated by the plant
itself. i.e., a plant may also specifically respond to the presence of a competing neighbor
by competing or not competing itself [50,143]. Therefore, self/non-self-recognition is
identity recognition that allows plants to avoid within-plant competition for resources. The
most of research on self/non-self-recognition has particularly focused on the root systems
where apparent competition or non-competition between plants can be found [143,144].
For example, the clone plant Buchloe dactyloides responds to both self and non-self root
systems. When exposed to its own root system, the roots become smaller and shorter.
However, coexistence with a non-self root system significantly enhances root growth [144].
Similar root responses to self and non-self phenomena have also been observed in Ambrosia
dumosa [145], Glycine max [146], Phaseolus vulgaris var. Kenya [147], Pisum sativum [148],
and Trifolium repens [149].
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Despite a variety of observations that have been obtained for self/non-recognition via
root systems in a relatively short burst of activity, these studies have been criticized for
their experimental design because these experiments simply show root growth differently
from one larger twin plant. In particular, there is no convincing mechanism that could
account for self/non-self-recognition [50]. Due to the flaw in experimental design and the
problem of lacking a convincing mechanism, work on self/non-self-recognition has no
longer been conducted in the last decade. In contrast, identity recognition has been focused
on relatedness-mediated neighbor recognition.

Relatedness-mediated neighbor interactions involve kin recognition, kin discrimina-
tion, and kin selection. Kin recognition is the ability to detect the difference in level of relat-
edness between oneself and another individual, while kin discrimination is a relatedness-
dependent cooperative behavior. Plants can distinguish their conspecific neighbors based
on their genetic relatedness (i.e., kin recognition) and adjust their ‘behavior” accordingly
(i.e., kin discrimination) [150]. Such kin recognition and kin discrimination have been
observed in individuals [151], populations, biotypes [122,152], and cultivar levels [87]. Kin
recognition and kin discrimination allow behaviors toward kin groups. Cooperative behav-
ior can be promoted through kin selection. Kin selection theory states that an altruistic trait
can be favored by natural selection when the altruist and the recipient are related [153].
Importantly, kin recognition is associated with kin discrimination, but kin recognition and
associated kin discrimination are not necessary for kin selection to occur [6].

Kin recognition is identity recognition at the level of siblings vs. non-siblings from the
same population and species. Kin recognition in plants was proposed in 1980 [154] and first
found in an annual plant, Cakile edentula, in 2007. The annual plant greatly expanded its root
systems in the presence of unrelated plants but reduced root growth and competition with
relatives, allowing greater shared access to resources [151]. Subsequent studies have shown
that many plants are able to differentiate relatives from unrelated plants from the same
population. Such kin recognition occurs in various types of plant species, ranging either
from gymnosperms to angiosperms, or from wild species to crop plants [87,122,152,155,156].
The ability to detect relatedness would allow plants to discriminate closely from distantly
related neighbors and optimize response strategies for the composition of their local
neighborhood [6,150,157,158]. Plant kin recognition, without compromising individual
fitness, enhances the survival chances of population offspring, playing a positive role in
plant population reproduction and community assembly.

Cooperation arising from kin recognition makes for behaviors toward relatives that
promote the increase of related offspring. Reducing the energy devoted to competitive
organs allows for greater allocation to reproduction in kin groups [159-161]. Kin recog-
nition and kin discrimination in crop plants can result in less intra-specific competition,
maximizing stand performance and increasing yield [87,162]. For example, rice cultivars
with the ability for kin recognition are capable of distinguishing between closely and
distantly related cultivars and respond to them by altering biomass allocation, increasing
grain yield in closely related cultivar mixtures [87]. Therefore, kin recognition and kin
discrimination in crop plants may be a potential mechanism responsible for performance
and yield in cultivar mixtures [5,87,151]. Different from naturally occurring species where
kin represents plants sharing the same mother as either full or half siblings, artificial
selection generates crop cultivars that are genetically and morphologically uniform. In
the case of highly self-pollinating cultivars, the coefficient of relatedness is very close to
1,ie., r~1[6,156,163]. Therefore, kinship in self-pollinated crop plants is functionally
represented by closely related cultivars rather than siblings within a natural species, and
kin recognition in crop plants occurs at the cultivar level [87,142].

Kin recognition and kin discrimination involve signaling interactions among intra-
specific neighbors [150,161,164]. Most evidence suggests that kin recognition is medi-
ated by a chemical mechanism and requires active secretion by roots, as recognition
can take place under root segregation or before physical contact occurs [87,164]. A few
studies have shown that root exudates can invoke kin and non-kin responses. How-
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ever, it is not clear which root-secreted signaling chemicals are responsible for these
responses [87,128,165]. A specific root-secreted allantoin has a role in kin recognition
in rice lines [87]. However, the nitrogen-rich allantoin may not be the signal of related-
ness but rather the effect of the underlying signal [84]. Root exudates contain signaling
chemicals, such as (-)-loliolide, a common signal for neighbor detection [23,132,133]. This
plant—plant signaling is reminiscent of the role of (-)-loliolide in relatedness-mediated
neighbor identity recognition and discrimination. (-)-Loliolide may function as a biochem-
ical mechanism to discriminate closely related cultivars from distantly related cultivars
(that have therefore not been published).

Ecological and evolutionary approaches to improving crop mixtures have been com-
monly used throughout the world [2,166]. The benefits of mixed cropping systems have
been attributed to niche complementarity, facilitation, and within-species diversification in
inter-specific interactions [166-168] but have rarely been invoked in relatedness-mediated
intra-specific interactions. Kin recognition and kin discrimination among crop plants are
predicted to increase yield by reducing intra-specific competition and shifting resource
allocation to reproduction [87,150,169]. Preferentially reducing competitive effects on rela-
tives may improve our understanding of the processes at play in kin recognition to develop
cultivar mixtures that increase grain yields in the limited area suitable for agriculture.

4. Chemically Mediated Root-Soil Interactions and Plant-Soil Feedback
4.1. Root—Root Interactions and Root Placement Patterns

Roots function primarily in the acquisition of nutrients and water and interacting with
soil. Therefore, root systems have recognizable developmental plans that are primarily
driven by resource availability. However, root-root interactions are much more sophisti-
cated than previously thought as regards foraging for resources only. Plant roots detect and
respond to complex physical and chemical cues from the soil environment [170,171]. The
ability of roots to avoid obstacles has been observed for over a century. The phenomenon
and its mechanisms may be explained by chemically mediated root detection and action.
The roots of Pisum sativum can detect and avoid growth towards obstacles. Importantly,
Pisum sativum root-secreted allelochemicals to inhibit their own roots, resulting in root nav-
igation by self-inhibition [172]. Such obstacle avoidance by self-inhibition could optimize
root systems, increasing plant performance by limiting resource allocation. Soil compaction
limits the ability of roots to penetrate harder soils, reducing root growth. A recent study
has shown that plant roots sense soil compaction through restricted ethylene diffusion.
In a compacted soil environment, ethylene accumulated in root tissues acts as a warning
signal for roots to restrict root growth towards compacted soils [118]. Importantly, roots
can chemically identify and respond to roots of conspecific and inter-specific neighbors and
even self from non-self roots and kin from non-kin roots within a family [40,87,143,144,151],
resulting in a series of root-root interactions that determine belowground ecological pro-
cesses to a large extent. Any change in root-root interactions is likely to alter the soil
resource availability, and subsequently, the plant fitness.

In the interactions among roots of Ambrosia dumosa and Larrea tridentata in the Mojave
Desert community, Larrea roots released allelochemicals into the soil to inhibit either Larrea
or Ambrosia roots in their vicinity. However, Ambrosia roots inhibited conspecific con-
tacted roots only, indicating their different root-root interactions are mediated by allelopa-
thy rather than simple competition for a limiting resource. [145]. Chemically mediated
root-root interactions have been extensively observed in crop-weed interactions and mixed-
species plantations. The paddy weeds detect and respond to the presence of rice by altering
root growth and distribution in a cultivar-dependent manner. In the presence of common
rice cultivars, the root growth and distribution of paddy weeds are intrusive, unresponsive,
and avoidant towards rice roots. However, the roots of paddy weeds avoid the roots of
allelopathic rice cultivars [60]. In the M. macclurei and Chinese fir mixed-species planta-
tion, Chinese fir root systems develop differently in the presence of their own roots than
M. macclurei roots. In particular, Chinese fir root growth increased towards neighboring M.
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macclurei roots. This response was attenuated by activated carbon, indicating that there
were chemically mediated root-root interactions in the mixed-species plantation [59].

Roots may discriminate the roots of self/non-self and respond by either stimulating
the growth of self-roots or inhibiting the intrusion of non-self-roots. Self/non-self-root-root
recognition is carried out with electrical or turgor-associated signals [91,173], such as the
electrical signal-mediated root communication between A. dumosa and L. tridentat [157], and
root self-recognition by differential internal oscillatory signals in Pisum sativum and Buchloe
dactyloides [143,144]. Nonetheless, self- and non-self-root-root interactions are likely to be
mediated by root-secreted chemical signals alone or in combination with physical signaling.

Roots can detect and discern roots from close relatives and unrelated plants from
the same species or family through the root exudates [165]. Rice cultivars with the ability
for kin recognition can detect the presence of closely and distantly related cultivars, and
respond to them by adjusting their root placements and biomass. A root-secreted allantoin
may be responsible for the relatedness-mediated root-root interactions [87]. Furthermore,
the intra-specific kin recognition contributes to inter-specific allelopathy in allelopathic
rice interference with paddy weeds. Closely related cultivar mixtures not only reduce the
production of rice allelochemicals by lowering the defense cost, but also are capable of
preferential root placement towards weeds [142].

In response to neighbor roots and root-root interactions, plants actively alter root place-
ment patterns to buffer root competition and provide potential advantages for their own
growth and fitness. Generally, root-root interactions represent intrusive (approaching, over-
proliferation), avoidant (repelling, underproliferation), or unresponsive patterns [60,174].
However, root placement responses are reciprocal with neighboring roots. Therefore, pair-
wise plant—plant interactions can potentially generate nine combined patterns. A recent
study has experimentally documented the occurrence of these nine root placement patterns,
including intrusive-intrusive, intrusive-avoidance, intrusive-unresponsive, avoidance-
intrusive, avoidance-avoidance, avoidance-unresponsive, unresponsive-intrusive,
unresponsive-avoidance, and unresponsive-unresponsive patterns, in pairwise allelopathic
wheat and 60 other plant species systems [63]. Importantly, the neighbor-modulated root
placement patterns are mediated by both allelochemicals and signaling chemicals. Sig-
naling (-)-loliolide from neighbor species triggered wheat allelochemicals to inhibit root
growth with degrading starch grains and inducing an uneven distribution of auxin in
neighbor species roots, altering root placement patterns [63].

Neighbor-modulated root-root interactions and root placement patterns driven by
root-secreted allelochemicals and signaling chemicals are important mediators of below-
ground interactions, impacting plant fitness, reproduction, and survival [84,128,173]. Root
placement patterns alter the spatial and temporal distribution of root systems in the soil,
whereas the spatial and temporal distribution of root systems affect the dormant microbes of
over 95% of the microbial biomass in soil. These dormant soil microbes can be activated by
exudates from arriving roots. In turn, activated microbes may induce root exudation [175].
Accordingly, root placement patterns may determine the rhizosphere microbiome and soil
microbial community assembly, ultimately altering root—soil interactions and belowground
ecological processes.

4.2. Soil Mobility and Microbial Interactions

Plant-plant chemical interactions are mediated by allelochemicals and signaling chem-
icals, either volatiles or root exudates from plants into the environment, mostly into the
soil. The action of allelochemicals and signaling chemicals in soil requires their presence
in the vicinity of the target plants. Thus, allelochemicals and signaling chemicals endure
under soil processes, such as retention, transport, and transformation, once released [176].
Of these processes, the mobility of allelochemicals and signaling chemicals, as well as
their bio-transformed by soil microbes, are a determinant for belowground plant—plant
interactions. The mobility and microbial degradation affect the final destination and con-
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centration of the allelochemicals and signaling chemicals in the soil surrounding neighbors,
and subsequently, their activities.

The mobility of 10 typical allelochemicals, including ferulic, p-hydroxymandelic, phy-
droxybenzoic and vanillic acids, vanillin, coumarin, daidzein, 1x-angeloyloxycarotol, DIM-
BOA, and m-tyrosine, was evaluated by using a soil thin-layer chromatography (soil TLC)
combined with a bioassay approach [177]. There were significant differences in mobility
factor (Rf) among these allelochemicals. Four phenolic acids (ferulic, p-hydroxymandelic,
phydroxybenzoic, and vanillic acids) had very poor mobility (Rf <0.1). In contrast to pheno-
lic acids, phenolic aldehyde and lactone (vanillin and coumarin) showed excellent mobility
(Rf > 0.5) in soil. Whereas daidzein (flavonoids), 1ax-angeloyloxycarotol (terpenoids), DIM-
BOA, and m-tyrosine (non-protein amino acid) showed good mobility and their Rf values
range from 0.24 to 0.32. Accordingly, the mobility factor is dependent on the structural
specificity of allelochemicals, as polar allelochemicals could not easily be moved from the
allelopathic plants to target species in the soil environment. However, binary mixtures of
these allelochemicals led to an increase in mobility factors for selected combinations [177].
Similarly, the mobility of the four signaling chemicals, jasmonic acid (Rf, 0.21), salicylic
acid (Rf, 0.07), (-)-loliolide (Rf, 0.68), and luteolin (Rf, 0.32), in soil was evaluated by using
a soil TLC. Among them, the root-secreted signaling chemical (-)-loliolide had a higher
soil mobility and could easily be moved from the rhizosphere to bulk soil [23]. Therefore,
(-)-loliolide may be a soil-borne signaling chemical in plant-plant signaling interactions.

Plants release allelochemicals and signaling chemicals at rates of significance to interact
with soil microbes. Allelochemicals and signaling chemicals are able to exert an effect
on soil microbes. In turn, soil microbes consume and decompose allelochemicals and
signaling chemicals. Allelopathic rice seedlings released 5,4’-dihydroxy-3,5'-dimethoxy-7-
O-p-glucopyranosylflavone into soil, where the glucopyranosylflavone rapidly hydrolyzed
glucose by soil bacteria into allelochemical 5,7,4’-trihydroxy-3',5'-dimethoxyflavone [178].
The allelochemical not only inhibited the root growth of paddy weeds but also reduced
the culturable microbial population and total microbes in the soil. Therefore, allelopathic
rice can modify the soil microbial community through root-secreted allelochemicals and
their microbe-transformed production [179]. Similar results occur in wheat and barley
allelopathy. Allelopathic wheat root-secreted DIMBOA and then microbe-transformed
into 6-methoxy-benzoxazolin-2-one (MBOA) as allelochemicals against pests. There was
a positive relationship between wheat DIMBOA and MBOA levels and soil microbial
population. DIMBOA associated with yielding MBOA increased soil fungi, affecting
the soil microbial community structure [140]. Barley produces the allelopathic alkaloids
gramine and hordenine, whose biosynthesis and accumulation are preferentially located
in roots [180,181]. The allelopathic alkaloids impact the community structure of field
soil bacteria. Gramine caused the proliferation of many potentially beneficial strains.
Furthermore, gramine biosynthesis was accompanied with the association of distinct
bacterial communities in the soil [181].

Soil disease caused by a continuous monoculture of crop plants and woody trees was
involved in the build-up of soil pathogens. Allelochemicals may contribute to the shift in
soil microbial communities in continuously cultivated fields and plantations. The levels
of allelochemicals in the rhizosphere correlate with the presence of various microbes in
soil [140,182,183]. A case study indicated rhizosphere isoflavone (daidzein and genistein)
levels and their relation to soil microbial community structure in a 13-year experiment
of continuous soybean monocultures. As a result, soil microbial community structures
were induced by both daidzein and genistein, and thereby daidzein and genistein in the
soybean rhizosphere may act as allelochemicals in the interactions between the root and
soil microbial community in a long-term mono-cropped soybean field [183]. Similar results
have been found in 25-year-old monospecific Chinese fir plantations. There were negative
relationships among allelochemical cyclic dipeptide concentration, microbial community
composition, and Chinese fir root biomass in plantations. In particular, allelochemical
cyclic dipeptide accumulated potentially pathogenic fungi, altering the soil microbial
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compositions and community structures. Allelochemical-mediated soil microbial com-
munity with a negative feedback result in a productivity decline of continuous Chinese
fir monocultures [76,77]. Further clarification of the root-microbe interactions mediated
by allelochemicals may contribute to solving the problem of continuous monocultures in
cropping systems and tree plantations.

Extensive research has shown that soil microorganisms are an important determinant
of allelopathic activity [182,184,185]. However, determining how allelochemicals affect
the soil microbiome and how soil microbial changes mediate plant performance is chal-
lenging. Recent microbiome technology development makes an effort directed toward
understanding the impact on soil microbial composition and the community structure of
allelochemicals in the soil environment. Several studies have shown allelochemical-selected
microbiomes and their effects on plant performance [186,187]. Allelochemicals affect soil
microbiome structure by altering core bacterial and fungal taxa. The allelochemical-selected
soil microbiome mediated plant performance across 13 plant species, mitigating allelo-
pathic inhibition of plant productivity [186]. Rhizosphere microbial communities are vital
for plant performance. A recent study indicates metagenomic insights into the responses of
rhizobacteria and their alleviation role in licorice allelopathy. Allelochemical glycyrrhizin
inhibited the growth and development of licorice, resulting in autotoxicity. However,
specific rhizobacteria, such as the Novo-sphingobium genus, accounted for a relatively high
proportion of the enriched taxa and appeared in metagenomic assembly genomes, such as
degraded glycyrrhizin, to alleviate the allelopathic autotoxicity [187]. The results provide
potential implications for resolving the problem of continuous monocultures using an
allelochemical-selected rhizobacterial community.

Despite increasing knowledge of the allelochemicals involved in the soil microbial com-
munity, little is known about signaling chemicals in the rhizosphere and interactions with
the soil microbial community [188]. The nitrogen-rich allantoin, as a potential root-secreted
signaling chemical, significantly stimulated populations of bacteria and actinomycetes
but had no effect on fungi in paddy soil [189]. Signaling allantoin increased the ratio of
anaerobe:aerobe and bacteria:fungi but decreased the ratio of Gram-negative bacteria:Gram-
positive bacteria, and the fungal signature lipid marker 18:2w6,9¢ under flooded rice soil.
The allantoin-induced shifts in microbial community composition increased microbial
diversity as well as the living microbial biomass in rice soil [190].

Several studies have shown the role of root-secreted signaling (-)-loliolide in soil
microbial compositions and community structures [116,117,124]. (-)-Loliolide affected the
signature lipid biomarkers of soil bacteria, actinobacteria, and fungi, resulting in changes
in soil microbial community structures [191]. In penoxsulam-resistant barnyardgrass-
mediated root microbial communities, (—)-loliolide and jasmonic acid in the root exudates
were correlated with the core microbes in the rhizosphere soil [192]. Similar correlations
between (-)-loliolide and rhizosphere bacteria occurred in Arabidopsis, indicating that
Arabidopsis may regulate the rhizosphere bacteria through root signaling (-)-loliolide [124].
In addition, ethylene is a typical air-borne chemical signal to participate in plant neighbor
detection [116] and to induce a shade avoidance response [117]. A recent study has shown
that ethylene emitted from peanut roots can reorganize the rhizosphere microbial net-
work, and the reassembled rhizosphere microbial community can provide more available
nutrients for peanut roots to promote growth and reproduction [193].

4.3. Belowground and Aboveground Interactions

Soil microbes play a crucial role in belowground ecological processes, such as nutrient
cycling and antibiotic resistance [193-196]. Importantly, soil microbial communities affect
aboveground performance, either through inter-specific or conspecific plants, or even
kin and non-kin individuals [116,142,197]. Plants can shape soil microbiota through root-
secreted allelochemicals and signaling chemicals [140,175,179,184,198]. In turn, chemically
mediated soil microbial communities drive plant—soil feedback, affecting flowering and
reproduction [22,199,200], and thus altering plant fitness (Figure 2).
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Figure 2. Chemically mediated root-soil interactions and plant-soil feedback.

Flowering is a key means for plant species to obtain maximum reproductive capacity.
The flowering of plants is mostly aboveground leaves sensing environmental factors.
Recent studies have shown that rhizosphere and soil microbial communities can alter
the selection intensity of plant flowering phenology and flowering time [199,201-203].
In particular, root-secreted signaling chemicals can recruit specific microbes to alter the
rhizosphere and soil microbial communities, impacting the flowering of plants [124,201].
A novel metabolic network in which soil microbiota influenced plant flowering time has
been found in Arabidopsis, where the root exudates affected plant rhizosphere microbiota,
modulating flowering time by IAA production [201]. Furthermore, the flowering time of
Arabidopsis shifted with root signaling (—)-loliolide and rhizosphere bacteria. There were
differential rhizosphere and soil bacterial communities between two genotypes with and
without root-secreted (-)-loliolide, suggesting that the flowering time of Arabidopsis may
be mediated by rhizosphere bacteria with root-secreted chemical signals [124]. Despite
microbiome being a major contributor to phenotypic variation, flowering time may be
determined by specific rhizobacteria rather than the whole microbiome. A recent study
has shown that rhizosphere bacteria (Cupriavidus metallidurans, Bacillus, Solibacillus, and
Planococcus) affect the flowering time of Arabidopsis [204].

Chemically mediated belowground ecological interactions among roots, microbes,
and nutrients can feed back to the plant aboveground, affecting growth, flowering, and
reproduction [200-203]. Plants release allelochemicals and signaling chemicals to alter the
rhizosphere and soil microorganisms that increase and decrease nutrient bioavailability,
resulting in a positive or negative plant—soil feedback (Figure 2). Plant-soil feedback has
been recognized as an important mechanism behind intra- and inter-specific interactions,
affecting plant performance, species diversity, and community structure [205]. Allelo-
chemicals and signaling chemicals affect plant inputs into the soil subsystem via litter
and rhizodeposits. In particular, root exudate metabolites drive plant—soil feedback on
growth and defense by shaping the rhizosphere microbiota and modulating microbial
succession [200,206-208]. These chemically mediated interactions may cause specific plant—
soil feedback where the match between the species identity of living roots plant nutrition is
evaluated [200,205].
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The intricate chemical communication plays an instrumental role in regulating the
balance and function of the plant-microbe—soil system. The communication network
profoundly affects the growth, metabolism, and interactions of microorganisms, thereby
influencing the structure and function of soil ecosystems. Different types of allelochemicals
and signaling chemicals exhibit selective effects on different microorganisms, thereby
governing the composition and abundance of microbial communities. The regulation
of such interactions is a complex process that involves the integrated effects of multiple
factors and signaling pathways. Moreover, the specific mechanisms and effects may vary in
different plant species and under different environmental conditions, necessitating further
research and exploration.

5. Biosynthesis and Molecular Mechanisms of Allelochemicals and Signaling Chemicals
5.1. Biosynthesis and Mechanisms of Allelochemicals

Plants biosynthesize a wide variety of allelochemicals including phenolics (simple
phenolic acids, flavonoids, coumarins, and quinones), terpenoids (monoterpenes, sesquiter-
penes, diterpenes, and steroids), nitrogen-containing chemicals (alkaloids, benzoxazinoids,
and cyanogenic glycosides), and many other chemical families [18,19]. These allelochem-
icals are regulated by various genes, including those that encode transcription factors,
subsequently determining allelopathic potentials [209].

The biosynthesis of phenolic allelochemicals is related to the shikimic acid and the
phenylpropanoid pathways. In the shikimic acid pathway, hosphoenolpyruvate syn-
thetase (PEPs) and erythrose-4-phosphate (E4P) are catalyzed into phenylalanine under
the 3-deoxy-D-arabino-heptulosonate-7-phosphate synthase (DAHPS), 3-dehydroquinate
synthase (DHQS), and shikimate dehydrogenases (SDH) [210]. The phenylpropanoid
metabolism pathway begins with phenylalanine; under the catalysis of phenylalanine
ammonia-lyase (PAL) and cinnamic acid 4-hydroxylase (C4H), it transforms into p-coumaric
acid. Through the catalysis of enzymes, such as p-coumarate-3-hydroxylase (C3H), caffeate
3-O-methyltransferase (COMT), ferulate-5-hydroxylase (F5H), and 4-coumaroyl-CoA ligase
(4CL), p-coumaric acid is further converted into caffeic acid, ferulic acid, sinapic acid,
p-coumaroyl-CoA, and chlorogenic acid [210]. Finally, under the catalysis of chalcone
synthase (CHS) and chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H), flavanone
3’-hydroxylase (F3'H), flavonol synthase (FLS), and flavone synthase (FNS), p-coumaroyl-
CoA is transformed into flavones, flavonols, and other related flavonoids [210,211]. In
addition to key enzymes before, TFs such as MYB, bHLH, WD-WDR, NAC, and WRKY
can coordinately regulate the expression of enzymatic genes at the transcriptional level in a
spatial manner [212].

Phenolic acids are common allelochemicals and their molecular mechanisms have
been revealed. In maize, the constitutive expression of ZmMyb-IF35 can promote ferulic
acid and chlorogenic acid accumulation [213]. The specific expression of StANT and StMTF1
in Solanum lycopersicum promotes the synthesis of chlorogenic acid and caffeic acid [214].
The constitutive expression of AtMYB12 in Arabidopsis thaliana increases the content of
chlorogenic acid [215]. SmMYB98 positively regulates the synthesis of salvianolic acids
in Salvia miltiorrhiza, and SmMYB2 significantly increases the level of salvianolic acids by
upregulating the synthesis gene CYP98A14 [216]. In rice, the transcriptional activator VP64
can upregulate OsMYB57, inducing the synthesis of phenolic acids and enhancing rice
allelopathy against barnyardgrass [209].

Flavonoids are a crucial component of phenolic allelochemicals. In Arabidopsis, At-
MYBI11, AtMYB12, and AtMYB111 can independently activate genes encoding CHS, CHI,
F3H, and FLS, and then determine the content of flavonols, collectively [217]. AtMYB4
has the ability to inhibit the expression of AtMYB7, and silencing AtMYB4 can increase
the biosynthesis of flavonols in Arabidopsis thaliana [218]. MYBP3 and MYBP4 can enhance
the flavonol level by activating related genes in both Arabidopsis thaliana and Gentiana
trifloral [219]. Furthermore, the transcription factor MYB regulates flavonol synthesis in
Vitis vinifera, Malus pumila, Fragaria ananassa, Glycine max, and Ginkgo biloba [214,220-222].
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Transient expression of GmMYBJ3 can activate CHS8 and CHI1A, promoting the synthe-
sis of isoflavones in soybeans [223]. Moreover, in the roots of leguminous plant Callerya
speciosa, nine CsMYBs TFs are identified to form a regulatory network with bHLH, increas-
ing isoflavone content by activating synthesis genes [224]. Overexpression of CaMYB39
activates early flavonoid biosynthetic genes (EBG), including SYNTHASE2, which can
induce the biosynthesis of flavanones, flavonols, isoflavones, and others [225].

Quinone is another important group of phenolic allelochemicals, including benzo-
quinones, naphthoquinones, anthraquinones, and others. Juglone is a classic naphtho-
quinone allelochemical derived from several pathways, including the o-succinylbenzoate
pathway (OSB), the 4-hydroxybenzoic acid (4HBA)/geranyl diphosphate (GPP) pathway,
the acetate-polymalonate pathway, and the homogentisate (HGA)/mevalonic acid (MVA)
pathway [226]. Recent studies indicate that specialized 1,4-naphthoquinones may evolve
from 1,4-dihydroxynaphthoic acid (DHNA), an intermediate in the biosynthesis of phyllo-
quinone [227]. In particular, the naphthalenoid moiety of juglone in Juglans nigra originates
from DHNA produced via the phylloquinone pathway [228].

Terpenoids constitute the second-largest group of allelochemicals, characterized by
poor water solubility, making it challenging for rainwater to leach them into the soil [229].
The precursors of terpenoids are synthesized through two pathways: the MVA pathway
that occurs in the cytoplasm and the methylerythritol phosphate (MEP) pathway that takes
place in the plastids. The MVA synthesis pathway involves six enzyme-catalyzed reactions,
starting from three molecules of acetyl CoA and being catalyzed by enzymes such as
AACT, HMGS, HMG CoA, and others to produce isopentenyl diphosphate (IPP). The MEP
synthesis pathway is completed through seven enzyme-catalyzed reactions, beginning
with the condensation of D-glyceraldehyde-3-phosphate and pyruvate. Enzymes such as
DXS, DXR, CMS, and HDR catalyze the formation of IPP and dimethylallyl pyrophosphate
(DMAPP). Finally, under the catalysis of different enzymes, IPP and DMAPP go through
various condensation reactions to produce terpenoids [230].

The synthesis genes for various terpenoids have been identified. In tea trees, genes
such as CsTPS, CsFPS, CsOCS2, and CsBOS1 have been identified to regulate the levels of
allelochemicals in tea plants, such as (E)-nerolidol, (E)-3-ocimene, geraniol, 3-myrcene, D-
limonene, and (E)-p-farnesene [231,232]. A-type diterpenoid allelochemical momilactone is
catalyzed by class II diterpenoid cyclases and class I diterpenoid synthetases, respectively.
In rice, CYP76MS is responsible for the generation of momilactone [233]. In addition, TFs
involved in the synthesis of plant terpenoids include AP2/ERF, bHLH, and MYB. These
TFs can effectively regulate multiple enzyme genes in the terpenoid biosynthetic pathway.
Therefore, achieving global regulation of the terpenoid biosynthetic pathway through
transcriptional regulatory networks is more effective.

Compared to phenolics and terpenoids, nitrogen-containing allelochemicals are rela-
tively scarce, mainly comprising alkaloids, such as gramine and hordenine [180,181] and
non-protein amino acids, such as d-hydroxynorleucine, L-canavanine, L-DOPA, L-meta-
tyrosine, 3-(3-isoxazolin-5-one-2-yl)-alanine, and mimosine [18,19]. Solanidine or solanine
is a general term for glycosylated derivatives of steroidal alkaloids (SAs) in plants. Among
them, x-chaconine and «-solanine are the most abundant, constituting 90% of the total
solanidine content [234]. Chemically, solanidine is a glycosylated derivative of cholesterol
and its synthesis involves a multi-gene process divided into three stages: (1) acetyl-CoA
is converted into terpenoid compounds; (2) synthesis of cycloartenol; and (3) reduction
of cycloartenol to cycloartanol and further synthesis into cholesterol, which is then trans-
formed into solanidine. Finally, solanidine is glycosylated into x-solanine and «-chaconine
through three different solanidine glycosyltransferases (SGT) [234].

In addition to alkaloids and non-protein amino acids, there are other nitrogen-containing
allelochemicals, with the most representative being benzoxazinoids (BXs) produced by
wheat and maize. Natural BXs are divided into three groups based on their N-substituents:
lactams, methyl derivatives, and hydroxamic acids [235]. The BX synthesis pathway
is a branch of the tryptophan biosynthetic, initiating with 1-(2-carboxyphenylamino)-I-
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deoxyribulose-5-phosphate that catalyzes by indole-3-glycerolphosphate synthase (IGPS)
to form indole-3-glycerol phosphate, followed by the action of indole-glycerol phosphate
aldolase (Bx1) and four consecutive cytochrome P450 enzymes (Bx2-Bx5) and gluco-
syltransferases (Bx8/Bx9) to generate DIBOA-Glc (2,4-dihydroxy-1,4-benzoxazin-3-one-
glucoside) [56,236]. DIBOA-GIc is further transformed by O-methyltransferases (BX10
to BX12) into 2-hydroxy-4,7-dimethoxy-1,4-benzoxazin-3-one glucoside (HDMBOA-GIc).
When DIMBOA-GIlc and HDMBOA-GIc stored in vacuoles come in contact with specific
glucosidases, they are converted into DIMBOA and MBOA, respectively [237].

Although the genes involved in the biosynthesis of BXs have been extensively investi-
gated, the transcriptional regulation of BX genes is beginning. Some transcription factors
have been reported to play a role in maize. Upon biotic stress, ZmWRKY75, ZmMYB61,
ZmNAC35, and ZmGRAS37 are upregulated in maize, leading to the upregulation of ZmBx1
and ZmBx13 expression and an increase in BX level [238]. Zhou et al. (2020) identified
transcription factor families, such as MYB, NAC, and GRAS, through gene regulatory
networks (GRNSs) that can regulate BX genes in maize [239]. However, these studies were
conducted using maize transcriptomics methods and did not directly test the functions of
identified transcription factors. The following studies reported that in wheat, TaMYB31 can
bind to the promoters of Bx1 and Bx4, catalyzing the biosynthesis of BXs in response to
biotic and abiotic stress [240].

5.2. Biosynthesis and Mechanisms of Signaling Chemicals

Plants can rely on information mediated by signaling chemicals to recognize neighbors
and adjust their survival strategies. Volatile organic compounds (VOCs) emitted from
plants are vital signaling chemicals, including green leaf volatiles (GLVs), terpenes, methyl
jasmonate (MeJA), methyl salicylate (MeSA), ethylene, and indole. Root exudates also
are key components of plant-plant signaling interactions but the root-secreted signaling
chemicals have not been well-known. So far, strigolactones (SLs), (-)-loliolide, jasmonic
acid (JA), and allantoin have been identified as root-secreted signaling chemicals that
are responsible for belowground signaling interactions (Table 1). Once these signaling
chemicals are received and recognized by neighboring plants, they may trigger a series
of plant responses through signal transduction, changes in the transcriptome, proteome,
and metabolome, resulting in corresponding functional alterations [84,89]. Therefore, the
signaling chemicals and their biosynthetic pathways as well as regulatory mechanisms
have been investigated in the past decades.

Terpenes and terpenoids are major signaling chemicals in plants. Abscisic acid, brassi-
nosteroids, cytokinins, gibberellins, strigolactones, and (-)-loliolides are all classified as
terpenoids. The biosynthesis of terpenoids involves three stages: (1) The generation of C5
precursors isopentenyl pyrophosphate (IPP) and its isomer dimethylallyl pyrophosphate
(DMAPP); (2) The generation of direct precursors farnesyl diphosphate (FPP), geranyl
diphosphate (GPP), geranylgeranyl diphosphate (GGPP), etc.); (3) The terpenoid forma-
tion and modification stage [241]. The synthesis of IPP and DMAPP occurs through
either the mevalonic acid (MVA) pathway, which is located in the cytoplasm and utilizes
acetyl-CoA as a substrate, or the deoxyxylulose-5-phosphate (DXP) or methylerythritol
phosphate (MEP) pathway, which is located in the plastids and utilizes pyruvic acid
and glyceraldehyde-3-phosphate as substrates [242]. The MVA pathway provides pre-
cursors (such as FPP, C15) for the biosynthesis of sesquiterpenes, triterpenes, and sterols
(such as brassinosteroids). The rate-limiting enzyme in this pathway is 3-hydroxy-3-
methylglutaryl-coenzyme A reductase (HMGR). Meanwhile, the MEP pathway provides
precursors for the synthesis of monoterpenes (GPP, C10) and precursors for the synthesis of
diterpenes, gibberellins, and carotenoids (GGPP, C20). The key enzyme in this pathway is
1-deoxyxylulose-5-phosphate synthase (DXPS). Finally, the direct precursors are catalyzed
by terpene synthases to produce various terpenes [243].

The biosynthesis of terpenoids is regulated by various transcription factors. Artemisinin
is a sesquiterpene lactone isolated from Arfemisia annua, and several transcription factors
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associated with artemisinin biosynthesis have been identified. The sesquiterpene synthase
amorpha-4,11-diene synthase (ADS) and P450 monooxygenase (CYP71AV1) are two key
enzymes involved in artemisinin biosynthesis. Two JA-sensitive AP2/ERF transcription
factors, AaERF1 and AaERF2, induce the promoter activity and promote the transcription
of ADS and CYP71AV1. Overexpression of AatERF1 or AaERF2 leads to increased accumu-
lation of artemisinin and artemisinic acid [244]. The AabHLHI1 protein could bind to E-box
cis-elements in the promoters of ADS and CYP71AV1 and had transcription activity in yeast.
In addition, transient expression of AabHLH1 in A. annua leaves increased the transcription
levels of genes involved in artemisinin biosynthesis (such as ADS, CYP71AV1, and HMGR).
These results indicate that AabHLH1 positively regulates artemisinin biosynthesis [245].
The synthesis of allelochemical saponins in Medicago truncatula and Conyza blinii interaction
is regulated by bHLH and the jasmonic acid-responsive transcription factor WRKY, respec-
tively. The bHLH transcription factors TSAR1 and TSAR2 impact saponin biosynthesis in
M. truncatula by regulating the expression of HMGR1 [246], CbWRKY24 enhances the total
saponin content in C. blinii by upregulating the expression levels of multiple MVA pathway
genes [247].

Generally, volatile terpenoids participate in plant chemical communication by modu-
lating the expression patterns of key genes, activating relevant signal transduction path-
ways. Monoterpene volatiles regulated the expression of Arabidopsis transcription factors
or defense genes, inducing the accumulation of methyl jasmonate [110]. The release of
4,8-dimethylnona-1,3,7-triene (DMNT) from tea plants damaged by Ectropis obliqua induced
the expression of LOX1 and LOX3 in neighboring plants [111]. Fusarium oxysporum infec-
tion in tomatoes revealed the release of different volatiles from susceptible and resistant
tomato plants. In resistant tomato plants, several genes involved in volatile biosynthesis
and fatty acid derivative pathways (such as MTS1, TomloxC, TomloxD, AOS, and JAZ7) are
significantly induced by F. oxysporum, activating the JA pathway [248]. Diaphorina citri is
involved in the recognition process of host plants through the regulation of genes encoding
odorant-binding proteins (OBPs) and chemosensory proteins (CSPs) such as DcitOBP3,
DcitOBP6, DcitOBPS8, DcitOBP9, DcitCSP1, and DcitCSP12 [249]. Nerolidol, as a volatile
signaling chemical, participated in regulating the expression of MAPK and WRKY genes
and proteins, defense-related signaling molecules, and H,O; levels in tea plants [112].

Strigolactone (SLs), as a type of carotenoid-derived sesquiterpenoid, serves not only as
an internal hormone but also as a signaling chemical mediating plant-root interactions in
the rhizosphere [250]. SLs are synthesized through the carotenoid pathway. 3-Carotenoid
isomerase (D27), carotenoid cleavage dioxygenase 7 (CCD7), carotenoid cleavage dioxyge-
nase 8 (CCDS8), and cytochrome P450 monooxygenase (P450) play an important role [251].
Additionally, AtD14, MAX2 encoding an F-box protein, and the transcription factors
BRC1/2 are involved in the strigolactone signaling pathway in Arabidopsis [251]. Strigolac-
tones not only participate in stimulating the germination of parasitic plants like striga but
also play a crucial role in the symbiosis between plant roots and arbuscular mycorrhizal
fungi [252]. Recent studies have found that root-secreted strigolactones promote plant
symbiosis with beneficial microorganisms and participate in the interaction between plants
and pathogenic microorganisms. For example, SLs play a negative regulatory role in the
defense of rice against the rice blast fungus (pyricaria oryzae). The reduction in strigolactone
levels in rice enhances its defense against the rice blast fungus by activating jasmonic acid
and sugar signaling pathways, as well as accumulating flavonoid phytoalexins [252].

(-)-Loliolide, a 3-carotene derivative, serves both exogenous and endogenous roles
in plant—plant signaling interactions [132,133,137]. (-)-Loliolide are commonly found in
the root exudates and participate in plant-plant allelopathic interactions, inducing the
production of allelochemicals and upregulating the expression of key genes involved in
the biosynthesis of allelochemicals, such as the rice allelochemicals tricin (CYP75B3 and
CYP75B4) and momilacton B (CPS4, KSL4, and MAS) [130]. (-)-Loliolide triggered the pro-
duction of wheat allelochemicals by upregulating the expression of DIMBOA biosynthetic
genes, especially Taglu, inducing the expression of defense-related genes, and activating
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defense-related signaling pathways accompanied by an increase in jasmonic acid and H,O,
concentrations [132]. A recent study has found that (-)-loliolide participates in regulat-
ing the defense response and altering the flowering time of tobacco by modulating the
expression patterns of tobacco defense and flowering-related genes [137].

Salicylic acid (SA) is an important plant defense hormone. The biosynthesis of SA
begins with chorismate and proceeds through the isochorismate synthase (ICS) and pheny-
lalanine ammonia-lyase (PAL) pathways. SA is recognized by receptor proteins such as
NPR1 and NPR3/4. SA enhances its DNA binding ability by phosphorylating TGA3 and
promotes the formation of the NPR1-TGA3 complex, thereby activating the expression of PR
genes to enhance Arabidopsis resistance to diseases [253]. The salicylate hydroxylase gene
FgNahG from Fusarium graminearum encodes a protein that can catalyze the conversion of SA
to catechol in wheat against fusarium head blight. The expression of FgNahG in transgenic
Arabidopsis reduces SA levels and decreases resistance to F. graminearum in leaves [254].
Furthermore, plant immune responses may involve crosstalk between different signaling
pathways in the plants. Arabidopsis AtSR1 (a Ca?*/calmodulin-binding transcription
factor) is a negative regulator of plant immunity, inhibiting the expression of EDS1 (a SA
regulator) by interacting with its promoter. In addition, the binding of Ca?*/calmodulin to
AtSR1 is necessary for suppressing plant defense. Thus, the Ca?* signal is linked to SA-
mediated immune responses through calmodulin, AtSR1, and EDS1 [255]. Transcription
factors play a crucial regulatory role in salicylic acid-mediated plant defense responses.
Arabidopsis transcription factors TGA3 and WRKY53 interact with the CmYLCV promoter
through the NPR1-dependent SA signaling pathway, enhancing its promoter activity [256].

Methyl salicylate (MeSA) plays a crucial role as a signaling chemical in regulating plant
communication processes. In the natural environment, pathogen-induced volatile MeSA
affects both the plant itself and neighboring plants. The expression of pathogenesis-related
la (NbPR1a) and NbPR?2, associated with disease resistance, is upregulated in response to
MeSA treatment, confirming that MeSA enhances the systemic acquired resistance (SAR)
capacity of tobacco. Thus, plants can perceive volatile defense chemicals, forming plant
memory to enhance their SAR [257]. Indole, as a signaling chemical, is produced via the
shikimate pathway via tryptophan or indole-3-pyruvate in higher plants. Indole can initiate
the biosynthesis of defense-related metabolites and induce defense responses in tea trees
infested with Ectropis oblique by enhancing Ca®* signaling pathway and JA signaling [258].
Exposure of rice to exogenous indole induces the expression of its leucine-rich repeat
receptor-like kinase gene (OsLRR-RLK1) and activates the expression of mitogen-activated
protein kinases OsMPK3 and OsWRKY70 as well as JA biosynthesis-related genes, leading
to the accumulation of JA, which regulates rice’s resistance to herbivores [259].

Jasmonic acid (JA) and methyl jasmonate (MeJA) are ubiquitous signaling chemicals
in a plant’s response to biotic stressors. Feeding by herbivores induces the release of JA and
MeJA from leaves, activating the expression of defense-related genes in neighboring healthy
plants [113]. JA and MeJA are formed through the specific oxidation of C18 unsaturated
fatty acids by lipoxygenase (LOX), resulting in intermediates with hydroperoxy groups at
positions 9 and 13. The 13-hydroperoxide intermediate is then converted to JA through the
catalysis of allene oxide synthase (AOS) and 12-oxo-phytodienoic acid reductase 3 (OPR3).
JA is further transformed into methyl jasmonate (MeJA) under the catalysis of JA carboxyl
methyltransferase (JMT). In plant cells, MeJA can be converted to jasmonic acid-isoleucine
(JA-Ile) in an ATP-dependent manner by the action of jasmonic acid-amino synthetase
(JAR1) [260].

Green leaf volatiles (GLVs) are produced in the fatty acid derivative pathway. The
intermediate products of 9-hydroperoxide and 13-hydroperoxide are converted to C6 and
C9 aldehydes through the action of hydroperoxide lyase (HPL). These aldehydes can then be
reduced to alcohols and further transformed into esters. The resulting products are referred
to as GLVs [261]. Z-3-hexenyl acetate (Z-3-HAC) in GLVs stimulates the generation of
reactive oxygen species in wheat, leading to the regulation of the plant’s phenylpropanoid
pathway and induction of its glycosylation reactions [106]. In Arabidopsis, after pre-
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treatment with (E)-2-hexenal, the content of anthocyanins significantly increases upon
treatment with MeJA, indicating that (E)-2-hexenal can trigger MeJA-induced plant defense
responses [107]. Z-3-hexenol (Z-3-HOL) can trigger a tomato plant’s defense pathways
mediated by JA and SA, thereby enhancing resistance to whitefly infestation. Pre-treatment
of maize with Z-3-HOL enhances the expression of the ZmWRKY12 gene, which can
regulate maize’s defense against herbivorous insects [108].

Allantoin plays an important role in plant stress and plant-organism interac-
tions [120,189]. Root-secreted allantoin is also a potential signaling chemical for kin
recognition in rice lines [87]. Allantoin is an intermediate product of purine metabolism.
Adenosine monophosphate (AMP) and guanosine monophosphate (GMP) undergo deami-
nation in the cytoplasm to form xanthine. Subsequently, xanthine is catalyzed by xanthine
dehydrogenase (XDH) to produce urate. Urate then enters the peroxisome and is cat-
alyzed by urate oxidase (UOX) to generate 5-hydroxyisourate (5-HIU). The 5-HIU is further
converted to allantoin through the action of allantoin synthase [262]. Plants accumulate
allantoin to help in scavenging reactive oxygen species and activating stress responses.
The enhanced plant stress tolerance regulated by allantoin may be achieved through the
activation of abscisic acid metabolism [263]. Allantoin can also activate the JA signaling
pathway regulated by MYC2 through abscisic acid [264].

Biosynthesis and molecular mechanisms of signaling chemicals involve distinct biosyn-
thetic pathways, signaling pathways, and regulatory transcription factors. However, plants
are complex organisms; the reception of a chemical signal often triggers the crosstalk of
several different signaling pathways. Therefore, a systematic analysis of the signal trans-
duction pathways induced by plant chemical communication is essential to explore the key
components and molecular mechanisms underlying signal crosstalk.

5.3. Molecular Mechanisms of Signaling-Induced Allelochemical Responses

Plant neighbor detection and allelochemical response are driven by signaling chemi-
cals. The signals released by neighbor plants enter the cell through stomata or the cuticle.
After being recognized by receptors on the cell membrane, they enter the cell compart-
ment (stomata or pass through the cuticular wax layer) and regulate changes in the plant
cell’s ion flux, triggering a burst of ROS and activating MAPK and various signaling path-
ways. Subsequently, the activated pathways further regulate the expression of downstream
genes and promote the synthesis of secondary metabolites, including allelochemicals and
phytoalexins, etc. (Figure 3).

The cuticle serves as the final barrier for the release of VOCs into the atmosphere and
acts as an obstacle for VOCs to enter the plant [265]. Previous research on stomata mostly
focused on their involvement in plant immunity. Recent results indicate that stomata
are also one of the effective pathways for VOCs to enter neighboring plants. During the
day, VOCs can enter plants through stomata. At night, due to stomatal closure, signaling
chemicals primarily diffuse through the cuticle layer for propagation [266]. The signals
traverse the cell wall and bind to the receptor complexes on the membrane, thus further
transmitting the signal downstream. However, there is limited research on signal receptors
in plants [85]. The ethylene receptor ETHYLENE RESPONSE1 (ETR1) was identified in
Arabidopsis thaliana in the 1990s [267]. Recently, TOPLESS-like proteins (TPLs) induced
by THE tpl (TOPLESS) and tpr (TOPLESS-related) genes were found to specifically bind
the signal -ionone in tobacco. Simultaneously, they interact with TFs, modulating gene
expression in hormone signaling (influencing auxin signaling) and stress responses (influ-
encing JA signaling) [268]. Additionally, plants can facilitate the passage of VOCs through
the membrane via transport proteins. After silencing the ABC transporter synthesis gene
PhABCG1 in Petunia hybrida, this protein is involved in the active transport of VOCs be-
tween plant cells [269]. Apart from traditional signals, plant signals can also be considered
damage-associated molecular patterns (DAMPs), microbe-associated molecular patterns
(MAMPs), and herbivore-associated molecular patterns (HAMPs) [270]. GLVs are fatty
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acid derivatives that may be sensed by leucine-rich repeat-receptor-like protein kinases
(LRR-RLKS) localized on the membrane [266].
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Figure 3. The signaling-induced allelochemical responses at the molecular level.

Calcium serves as a ‘second messenger’ involved in almost all external environmental
responses and self-development signal transduction. Upon receiving external stimuli,
there is a transient increase in calcium ion concentration in plant cells, leading to an influx.
Under the action of Ca?* sensors, such as CDPK, CaM, and CBL-CIPK, the signals are
transmitted downstream [255]. Additionally, ocimene, myrcene, and pinene can also
trigger cytosolic calcium influx in Arabidopsis thaliana [271]. ROS not only plays a role
when plants are infected by pathogens but also is an indispensable part of the signal
transduction network. The transcription factor VgWRKY31 increases the accumulation of
SA and ROS, facilitating the expression of defense-related genes and the accumulation
of disease-resistant metabolites, including stilbenes, flavonoids, and proanthocyanidins,
and enhances grapevine resistance to powdery mildew [272]. Furthermore, the production
of ROS has been proven to depend on Ca?* signals in many studies. After knocking out
the Ca?* channel genes CNGC2 and GLR3.3, the ROS generation induced by MAMPs and
DAMPs is significantly inhibited. In Arabidopsis, MAMP-induced ROS bursts are inhibited
in CDPK4/5/6/11 mutants, while the overexpression of CDPK promotes ROS generation in
tomatoes [273]. A recent study has demonstrated that (-)-loliolide may mediate the content
of allelochemicals based on Ca%* and ROS signaling [132].

MAPK cascades are highly conserved and crucial signal transduction pathways in
eukaryotes, primarily composed of three classes of protein kinases: MAPKKK/MEKK,
MAPKK/MEK, and MAPK. MAPK cascades can receive upstream stimulus signals and
amplify them through cascading, participating in the regulation of various processes such
as plant growth, development, and responses to biotic and abiotic stresses [274]. Decreasing
the expression of MPK3 and MPK4 can reduce the defense response induced by the volatile
compound indole [259]. PD98059 is a MAPK inhibitor widely used in the research of MAPK
cascades. After treating corn with PD98059, the activity of the ABA-mediated MAPK path-
way was decreased and the expression of related antioxidant genes was downregulated.
When grasses are cut or damaged, the released signal can rapidly activate the MAPK cas-
cade response in neighbor plants, like Lolium temulentum [275]. Additionally, sesquiterpene
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(E)-nerolidol and indole can directly or indirectly regulate the expression of key genes in
the MAPK cascade [259]. As a central pathway in plant metabolism, the MAPK cascade not
only responds to upstream signals but also participates in regulating downstream hormone
signal interaction networks and activating defense genes. A well-known example is the
AtMAPK3/5-AtMAPKK4/5-AtMAPK3/6 cascade reaction, which is involved in regulating
the synthesis of ETH and camalexin in Arabidopsis [276]. Furthermore, the MAPK cascades
are also involved in the JA and SA signal cross-talk. SIMPK6-1 and SIMPK6-2 in tomatoes
can act as positive regulators of JA biosynthesis and signal pathways, and silencing these
genes can reduce the expression of JA biosynthesis and JA-dependent defense genes [277].

After the aforementioned series of signaling cascades, the synthesis of secondary
metabolites, including allelochemicals, is regulated by activating corresponding transcrip-
tion factors. TFs associated with secondary metabolites include WRKYs, MYBs, and others.
For example, the transcription factor NaWRKY?70 mediates the synergistic regulation of
scopoletin and scopolin biosynthesis by JA and ethylene signaling [278]. The receptor
proteins NPR1and NPR3/4, as well as the transcription factor TGA, are involved in the SA
signaling pathway. The SmNPR4-SmNPR1-SmTGA?2 and SmNPR4-SmTGAS5 module me-
diates SA regulation of phenolic biosynthesis in Salvia miltiorrhiza [279]. MeJA upregulates
CYP98A14 by activating SmMYB2 and SmMYB98, promoting the generation of phenolic
substances [216]. Additionally, MeJA can also enhance the binding of AaWRKY1 to the
ADS promoter in A. annua, thereby increasing the content of artemisinin [280].

Plant—plant chemical interactions mediated by specialized metabolites are crucial
for affecting plant performance and survival. Allelopathy and allelobiosis mediated by
allelochemicals and signaling chemicals are interconnected and inseparable. There is
extensive research on the signaling-inducing allelochemical response, but the molecular
mechanisms involved remain limited. There is a lack of molecular evidence regarding how
signaling chemicals affect the entire process of plant—plant allelopathic interactions. There-
fore, the content introduced in this section primarily pertains to plant defense rather than
solely allelopathic interactions. Exploring the signaling-induced allelochemical responses
at the molecular level is crucial for a further understanding of the chemically mediated
plant-plant interactions.

6. Perspectives and Outlooks

The importance of plant—plant interactions in fitness-determining processes, such as
performance, survival, resource capture, and biochemical interactions, cannot be overem-
phasized in natural and managed ecosystems. Recent efforts have made considerable
progress toward understanding allelopathy and allelobiosis in plant—plant interactions.
Nevertheless, much work is needed to clarify the details of this interesting and important
area in the near future. The central focus at present is the identification and determination
of new signaling chemicals, particularly for soil-borne signaling chemicals. The others are
as follows:

e Identifying chemical mediation before a plant—plant interaction is considered to be
allelopathy or allelobiosis.

e  Developing an ecological context for allelopathy and allelobiosis, particularly for a
linkage between allelopathy and allelobiosis.

e  Deciphering field-based evidence for allelopathy and allelobiosis in plant coexistence
and community assembly.

e  Detecting and determining spatiotemporal dynamics of allelochemicals and signaling
chemicals from the living plants and their environments in situ.

e Interpreting the concept of plant neighbor detection and identity recognition, particu-
larly for relatedness-mediated neighbor detection and identity recognition and their
altering of the consequences of intra-specific and inter-specific interactions in species
or cultivar mixtures.

e  Deciphering root-soil interactions, particularly for chemical mechanisms that structure
competitive rhizosphere interactions as well as the rhizosphere microbiome.
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Evaluating allelopathy and allelobiosis under environmental variability and global changes.
Elucidating molecular mechanisms of allelopathy and allelobiosis in plant—plant
interactions from gene expressions, protein receptors, and their transportation.

e  Applying ecological approaches to agriculture and forestry by allelopathy with allelo-
chemicals and allelobiosis with signaling chemicals.

Allelopathy and allelobiosis profoundly affect the performance of plants, altering
the consequences of intra-specific and inter-specific interactions in plant coexistence and
community assembly. Understanding the chemically mediated plant—plant interactions
is necessarily a multidisciplinary science, integrating cellular processes, gene regulation,
soil microbiology, and ecological interactions. Some new technologies, such as micro-
dialysis, stable isotope labeling (e.g., 1*C, 1°N), imageology and multi-omics, and meta-
transcriptomics, could shed light on identifying the role of allelopathy and allelobiosis in
plant-plant interactions via the indirect way of rhizosphere microbiomes and belowground
signaling interactions. In particular, recent methodological developments in high-resolution
chemical detectives with molecular and imaging technologies will certainly clear the way
for additional root chemical signals and their mediated interactions to be discovered.

Allelopathy and allelobiosis synergistically impact interacting plants or coexisting
species. Their effects may be expressed by changes in growth, competitive outcomes,
and soil resource dynamics, among others. Of course, any effects and their consequences
are only part of the potential suite of interactions between species or individuals within
a species. It is the overall direction and strength of the interaction that will determine
community dynamics and structure. What these more traditional ecological studies bring
to the conceptual table is a broader perspective on the implications of chemically me-
diated plant—plant interactions and the potential to incorporate these interactions into
broader theories of community organization. A thorough understanding of allelopathy
and allelobiosis and the mechanisms underlying the chemically mediated plant—plant
interactions not only broadens our insight into the eco-evolutionary relationships but also
helps us to explore ecological approaches to improve tillage management in agriculture
and forestry, and enhance the predictive ability of natural and managed ecosystems to
respond to environmental changes.
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Abstract: The fruit of Forsythia suspensa (Thunb.) Vahl has been used in traditional Chinese medicine
as “Forsythiae fructus”. The species is also grown in parks and gardens, and on streets and building lots,
as an ornamental plant, but it requires pruning. In this study, the allelopathic activity and allelopathic
substances in the leaves of pruned branches of F. suspensa were investigated to determine any potential
application. The leaf extracts of F. suspensa showed growth inhibitory activity against three weed
species; Echinochloa crus-galli, Lolium multiflorum, and Vulpia myuros. Two allelopathic substances
in the extracts were isolated through the bioassay-guided purification process, and identified as
(-)-matairesinol and (-)-arctigenin. (-)-Matairesinol and (-)-arctigenin, which showed significant
growth inhibitory activity at concentrations greater than 0.3 mM in vitro. The inhibitory activity of
(-)-arctigenin was greater than that of (-)-matairesinol. However, both compounds were more active
than (+)-pinolesinol which is their precursor in the biosynthetic pathway. The investigation suggests
that F. suspensa leaves are allelopathic, and (-)-matairesinol and (-)-arctigenin may contribute to the
growth inhibitory activities. Therefore, the leaves of the pruned branches can be applied as a weed
management strategy in some agricultural practices such as using the leaf extracts in a foliar spray
and the leaves in a soil mixture, thereby reducing the dependency on synthetic herbicides in the crop
cultivation and contributing to developing eco-friendly agriculture.

Keywords: arctigenin; eco-friendly agriculture; lignan; matairesinol; soil additive; pinolesinol;
pruned waste

1. Introduction

Forsythia suspensa (Thunb.) Vahl belongs to the Oleaceae family. The genus of Forsythia

consists of about 10 species, which are native to eastern Asia except one species (Forsythia europaea)

that is native to southern Europe. F. suspensa is native to China, is a deciduous shrub with 1
m-3 m high. The opposite leaves are usually simple, but occasionally three-foliolate. Leaf
blades are ovate-oblong, 6 cm-10 cm long and 1.5 cm-5 cm wide with a rounded to cuneate
base and an acute apex. The petioles are 0.8 cm—1.5 cm long. The species bears flowers at leaf
axils with a 5 mm—6 mm long pedicel. The corollas are yellow and divided into four lobes,
and the lobes are 1.2 cm-2 cm long and 0.6 cm~-1 cm wide. Pistils are 5 mm~-7 mm long with
3 mm-5 mm long stamens. The fruits (capsules) are ovoid to ellipsoid, 1.2 cm—2.5 cm long
and 0.6 cm-1.2 cm wide with 0.7 cm-1.5 cm long stalks [1-3]. Its chromosome number is 2n =
48 [4,5]. The species grows in grassy and thicket areas in valleys and on slopes at 300 m—2200
m above sea level in the warm temperature zones [1,6]. Some of the F. suspensa population
showed cold- and/or drought tolerance [6].

The dried fruits of the species have been used in traditional Chinese medicine as
“Forsythiae fructus”. Forsythiae fructus has a bitter flavor, and has been traditionally ap-
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plied for thousands of years as an effective remedy for the treatments of carbuncle,
scrofula, gall tumor, malignant ulcer, gonorrhea, nephritis, and erysipelas. This medic-
inal herb is effective in clearing heat channel and releasing the heart of stomach and
spleen according to traditional medicine [1,7,8]. Recent investigations have shown that
Forsythiae fructus has several pharmacological activities such as anti-inflammatory, antibac-
terial, anti-allergic, anti-cancer, anti-HIV, antioxidant, and neuroprotective activities in vivo
and in vitro [1,7-9]. More than 300 compounds in many chemical classes such as lignans,
phenylethanoid glycosides, flavonoids, terpenoids, steroids and alkaloids have been identi-
fied in Forsythiae fructus, and the pharmacological activity of some of these compounds has
been demonstrated [1,7,9].

F. suspensa is also cultivated widely in East Asia, Europe and North America in
parks and gardens, and on streets and building lots as an ornamental plant because of
its beautiful flowers [10-13]. The species blooms in early spring before the leaves appear,
and the whole tree looks to be golden, which is attractive to people as an ornamental
plant species (Figure 1). However, the plant grows vigorously and its branches straggle
pendulously. Therefore, pruning is necessary to maintain the species as an ornamental
plant (Figure 2) [10-13]. Pruning produces a large amount of waste because the plant is
fast-growing. Consequently, developing a beneficial application of the pruned waste to
help reduce the environmental and economic concerns is necessary.

Leaves Flowers

Figure 1. Leaves and flowers of F. suspensa.

Before pruning After pruning

Figure 2. Before and after the pruning of F. suspensa.
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Many medicinal plants have been shown to possess relatively high allelopathic ac-
tivity [14,15]. Allelopathy is the chemical interaction between donor plants and receiver
plants through certain plant secondary metabolites defined as allelochemicals [16-19]. The
allelochemicals can suppress the germination and growth of other plants including weed
plant species [20,21]. Several allelopathic plant species are effective in weed management
practices in agricultural fields [22-25]. Therefore, allelopathic plants can be useful as a
weed management option to reduce the application of commercial herbicides. F. suspensa
may also contain allelochemicals because it is used as a medicinal plant and contains many
secondary metabolites, so its pruned waste may be effective in weed management practices.
However, no information on the allelopathy and allelochemicals of F. suspensa is available.
The objective of this research was to evaluate the allelopathic activity of F. suspensa leaves
against three weed species; Echinochloa crus-galli (L.) P.Beauv., Lolium multiflorum Lam.,
and Vulpia myuros (L.) C.C.Gmel., and to isolate and characterize the allelochemicals in the
leaves of the pruned branches to develop a beneficial application of the pruned waste.

2. Results
2.1. Allelopathic Activity of the F. suspensa Leaves

The leaf extracts of F. suspensa significantly inhibited the growth of the roots and
coleoptiles of E. crus-galli, L. multiflorum and V. myuros at concentrations higher than
100 mg leaf extract per mL (Figure 3). The concentrations of the extracts causing 50%
growth inhibition (ICsy values) of the extracts for the root growth were 3.8 mg, 39.4 mg
and 12.4 mg leaf equivalent extract per mL for E. crus-galli, L. multiflorum and V. myuros,
respectively, and the ICsg values for the coleoptiles were 43.9 mg, 46.1 mg and 18.1 mg leaf
extract per mL for E. crus-galli, L. multiflorum and V. myuros, respectively. The extracts also
inhibited the roots and hypocotyls of cress (Lepidum sativum L.) at concentrations greater
than 100 mg and 30 mg leaf extract per mL for roots and hypocotyls, respectively (Figure 4).
The ICsq values of the extracts against the cress roots and hypocotyls were 91.5 mg and 40.1
mg leaf equivalent extract per mL, respectively.

100

E. crus-galli | L. multiflorum I V. myuros
Coleoptile Coleoptile Coleoptile

80

60

40

20

100

E. crus-galli
Root

L. multiflorum V. myuros
Root Root

80

Length (% of control)

60

40

20

10 30 100 300 10 30 100 300 10 30 100 300
Concentration (mg equivalent extract/mL)

Figure 3. Effects of the leaf extracts of F. suspensa on the growth of the roots and coleoptiles of
E. crus-galli, L. multiflorum and V. myuros. Concentration (mg leaf equivalent extract/mL) corresponds
to the amount of the extracts obtained from 10, 30, 100 or 300 mg leaves per mL. Mean =+ SE from
4 independent experiments with 10 seedlings for each determination are shown. Asterisks indicate
significant differences between control and treatment: ***, p < 0.001.
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Figure 4. Effects of the F. suspensa leaf extracts on the growth of the roots and coleoptiles of cress.
Other conditions were as described in Figure 3. Asterisks indicate significant differences between
control and treatment: *, p < 0.05, ***, p < 0.001.

2.2. Purification and Identification of the Allelochemicals in the Leaves

The extract of the F. suspensa leaves was purified through the bioassay-guided purifi-
cation process outlined in Figure 5. The ethyl acetate fraction was separated through silica
gel chromatography, and the activity of all the separated fractions was determined using a
cress bioassay. Allelopathic activity was found in fractions 5 and 9 (Figure 6). However, the
fraction 9 significantly inhibited the growth of cress roots but not the hypocotyls. Fraction
5 inhibited the growth of the cress roots and hypocotyls to 35% and 41% of the control
roots and hypocotyls, respectively. Therefore, the fraction 5 was further purified using a
Sephadex LH-20 and ODS cartridge (Figure 5), and two compounds, 1 and 2, showing
allelopathic activity were isolated using HPLC (Figure 7).

| Leaves I

| Extract I

I Ethyl acetate fraction Water fraction

| Silica gel column chromatography |
I 70% Ethyl acetete in 7 -hexane I

I Sephadex LH-20 column chromatography |
I 50% Methanol in water I
I
| ODS cartridge |
I 40% Methanol in water I
I
| HPLC |
| I
| Compound 1 I | Compound 2 I

Figure 5. Purification process of compounds 1 and 2 from the leaf extract of F. suspensa.
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Figure 6. Effects of the fractions separated by a silica gel column chromatography on the root and
hypocotyl growth of cress. Concentration of tested samples corresponded to the extract obtained
from 0.3 g of F. suspensa per mL. Other conditions were as described in Figure 3. Asterisks indicate
significant differences between control and treatment: **, p < 0.01, ***, p < 0.001.
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Figure 7. HPLC chromatogram and chemical structures of compounds 1 and 2. HPLC condition;
column: reverse-phase, Inertsil ODS-3, 4.6 mm i.d. x 250 mm in length (YMC Ltd., Kyoto, Japan),
solvent: 70% aqueous methanol (flow rate, 0.8 mL), detection: 220 nm.

The molecular formula of compound 1 was determined as CoH2,Og by HRESI-MS.
The 'H NMR spectrum showed the presence of six aromatic proton signals at dyy 6.81 (1H,
d,]=79),6.80 (1H, d, ] =8.0), 6.61 (1H, d, ] =1.7), 6.60 (1H, dd, ] =7.9, 1.7), 6.51 (1H,
dd, ] =8.0,1.7) and 6.41 (1H, d, ] = 1.7), two methyl proton signals at dy; 3.82 (3H, s) and
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3.81 (3H, s); and two methine proton and six methylene proton signals at 6y 4.15 (1H, dd,
J=9.1,7.4),3.89 (1H,dd, ] =9.1,7.3),2.95 (1H, dd, ] = 14.1,5.3),2.88 (1H, dd, ] = 14.1, 7.0),
2.61 (1H, dd, ] = 13.6, 6.7) and 2.58—2.42 (3H, m). The optical rotation was [¢]*'p = —38.6
(c 0.07, acetone). Based on the spectrum data and published data in the literature [26,27],
the chemical structure of compound 1 was characterized as (-)-matairesinol (Figure 8).
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Figure 8. Chemical structures of (-)-matairesinol and (-)-arctigenin.

The molecular formula of compound 2 was found to be Cy1H4O¢ by HRESI-MS. The
'H NMR spectrum showed the presence of six aromatic proton signals at dyy 6.82 (1H, d,
J=8.0),6.75(1H, d, ] =8.2), 6.64 (1H, d, ] =1.2), 6.61 (1H, dd, ] = 8.0, 1.2), 6.55 (1H, dd,
J=8.2,1.4) and 6.46 (1H, d, | = 1.4), three methyl proton signals at iy 3.85 (3H, s), 3.82
(8H, s) and 3.81 (3H, s); and two methine proton and six methylene proton signals at dy
414 (1H, dd, ] =8.9,7.5),3.89 (1H, dd, ] =8.9, 7.8), 2.95 (1H, dd, | = 14.1, 5.3), 2.90 (1H,
dd, =141, 6.7),2.64 (1H, dd, | =134, 6.1) and 2.59—2.44 (3H, m). The optical rotation
was [¢]*p = —20.6 (c 0.13, MeOH). Compound 2 was identified as (-)-arctigenin (Figure 8)
through these spectrum data and published data in the literature [27].

2.3. Allelopathic Activity of the Isolated Compounds and Pinolesinol

The allelopathic activity of the isolated compounds, (-)-matairesinol and (-)-arctigenin,
and their biosynthetic precursor, (+)-pinolesinol was determined. (-)-Matairesinol signif-
icantly inhibited the growth of the cress roots and hypocotyls at concentrations greater
than 1 mM, and the growth of the L. multiflorum roots and coleoptiles at concentrations
greater than 0.3 mM (Figure 9). The ICs, values of (-)-matairesinol against the cress roots
and hypocotyls were 1.1 mM and 2.1 mM, respectively, and those for the L. multiflorum
roots and coleoptiles were 0.93 mM and 2.2 mM, respectively (Table 1). (-)-Arctigenin
also showed the growth inhibitory activity against the cress roots and hypocotyls, and
the L. multiflorum roots and coleoptiles at concentrations greater than 0.3 mM (Figure 10).
The ICs values of (-)-arctigenin against the cress roots and hypocotyls were 0.79 mM and
1.3 mM, respectively, and those for the L. multiflorum roots and coleoptiles were 0.85 mM
and 1.3 mM, respectively (Table 1). (+)-Pinolesinol was active at concentrations greater
than 1 mM against the cress roots and hypocotyls, and L. multiflorum roots and coleoptiles
(Figure 11). The ICs5q values of (+)-pinolesinol for the cress roots and hypocotyls were
2.1 mM and 2.3 mM, respectively, and those for the L. multiflorum roots and coleoptiles
were 1.1 mM and 2.5 mM, respectively (Table 1).

Table 1. ICs values (mM) of (-)-matairesinol, (-)-arctigenin and (+)-pinoresinol against the growth of
the roots and hypocotyls/coleoptiles of cress and L. multiflorum. Different letters on in the columns
(same organ) indicate significant differences at the p < 0.05 level.

Cress L. multiflorum
Compound Root Hypocotyl Root Coleoptile
(-)-Matairesinol 1.1b 21b 0.93 b 22b
(-)-Arctigenin 0.79 a 13a 0.85a 13a
(+)-Pinoresinol 21c 23b 11c 25b
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Figure 9. Effects of (-)-matairesinol on the growth of the roots and hypocotyls/coleoptiles of cress and

L. multiflorum. Means £ SE from 4 independent experiments with 10 seedlings for each determination

are shown. Different letters on the symbols in the same panels indicate significant differences at the

p <0.05 level.
100 —
6 -
=
c L
o]
o
— L
(@]
i\i L
< 50 —
(@)}
cC L
(D)
J -
L —@— Hypocotyl
. —@=— Root
0 L l
0.1 0.3 1

- L. multiflorum
100 [~
50 [~
. D
. —@— Coleoptile
| —@— Root
0 I I | |
3 10 0.1 0.3 3 10

Concentration (mM)

Figure 10. Effects of (-)-arctigenin on the growth of the roots and hypocotyls/coleoptiles of cress and

L. multiflorum. Other conditions were as described in Figure 9.
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Figure 11. Effects of (+)-pinoresinol on the growth of the roots and hypocotyls/coleoptiles against of
cress and L. multiflorum. Other conditions were as described in Figure 9.

3. Discussion

As an ornamental tree, F. suspensa needs adequate pruning treatments because it is
fast-growing [11-13], and developing a beneficial application of the pruned waste to help
alleviate environmental and economic concerns is necessary. Accordingly, we determined
the allelopathic activity of the leaves of F. suspensa. The leaf extracts inhibited the growth
of the roots and coleoptiles of three weed species (Figure 3): the E. crus-galli roots were
most sensitive to the extracts, and L. multiflorum coleoptiles were the least sensitive of
the three weed species. Based on the growth inhibitory activity of the leaf extracts of
F. suspensa, the leaves may contain certain allelochemicals. Allelochemicals are synthesized
and accumulated in some plant tissues including leaves, and released into the neighboring
environment including the rhizosphere soil through volatilization, root exudation, and
decomposition processes of the donor plant residues in the soil [20-23]. Deciduous tree
plants can also release allelochemicals into their rhizosphere soil over many years through
the decomposition process of their fallen leaves [28-30]. F. suspensa is a deciduous plants
species [1-3]. The compounds liberated from the fallen leaves may accumulate in the soil,
and inhibit the germination and growth of other nearby plant species [31-34]. Therefore,
allelochemicals in F. suspensa leaves may also be released into the neighboring environments
and/or the rhizosphere soil.

The F. suspensa leaf extract was then purified through the bioassay-guided purifi-
cation process (Figure 5), and two active compounds 1 and 2 were isolated (Figure 7).
During the purification process, the allelopathic activity of all fractions obtained after each
chromatography step was evaluated using a cress bioassay, and the fraction showed the
highest activity was subjected to the next chromatography process as described by [35].
The germination rate of E. crus-galli, L. multiflorum, and V. myuros was 20-40% at 48 h after
sowing, and was not stable during the experiments, while the germination rate of cress
was 90% at 48 h after the sowing and stable during the experiments. Therefore, selecting
germinated seeds for the cress bioassay is not necessary because of its high and stable
germination behavior. Comparing the ICsy values of the extracts of the F. suspensa leaves
against cress with ICsg values of the extracts against the three weed species showed that
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the sensitivity of the cress roots was low. However, the sensitivity of the cress hypocotyls
was not high and not low. Therefore, cress was chosen as a bioassay species because of the
convenience, and the growth of cress was monitored during extract purification.
Compounds 1 and 2 were characterized as (-)-matairesinol and (-)-arctigenin, respec-
tively, by the spectrum analysis of HRESI-MS, 'H-NMR and optical rotation (Figure 8).
(-)-Matairesinol and (-)-arctigenin are classified as lignans. Lignans are a structurally diverse
group of plant natural products originating from phenylpropanoids, have important physio-
logical functions in plants, and exhibit pharmacological activity [36]. Forsythia species accumu-
late a considerable amount of lignans such as (+)-pinoresinol, (-)-matairesinol, (-)-arctigenin
and their respective glycosides in the entire plant body [37]. The biosynthetic pathway of
these lignans in Forsythia species has been reported (Figure 12). (+)-Pinoresinol is synthe-
sized by radical coupling of two coniferyl alcohol molecules [38—42], and then converted to
(-)-secoisolariciresinol via (+)-lariciresinol by pinoresinol/lariciresinol reductase (PLR).

OCH; OCH,
OH OH
= l <l | OCHs
(o]
PN N

0 N OH
HO/© 96 /©

OCH, Ock,

OChg

(+)-Pinoresinol (+)-Lariciresinol (-)-Secoisolariciresinol

I SIRD
¥

"‘.,“”4//_\\70*' ﬂ
=

OCH, CHy0 OCH,

(-)-Arctigenin (-)-Matairesinol

Figure 12. The biosynthetic pathway of (-)-matairesinol and (-)-arctigenin in the Forsythia
species. PLR: pinoresinol/lariciresinol reductase, SIRD: secoisolariciresinol dehydrogenase,
OMT: O-methyltransferases.

(-)-Secoisolariciresinol is metabolized to (-)-matairesinol by secoisolariciresinol dehydro-
genase (SIRD), and (-)-matairesinol is metabolized to (-)-arctigenin by O-methyltransferases
(OMT). The majority of those lignans are glycosylated at their hydroxyl groups by a superfam-
ily of enzymes; the uridine diphosphate (UDP)-sugar dependent glycosyltransferases (UGT).
UGT transfers a sugar moiety from an activated UDP-sugar to an accepting substrate [37-42].
(-)-Matairesinol, (-)-arctigenin and (+)-pinoresinol have been reported to show several phar-
macological activities such as anti-tumor, anti-HIV, anti-angiogenic, and estrogenic activ-
ity [36,43,44]. (+)-Pinoresinol isolated from Oleaceae species has also shown the growth
inhibitory activity against several plant species as an allelopathic agent [35,45]. However, the
allelopathic activity of (-)-matairesinol and (-)-arctigenin has not yet been reported.

Cress was selected as for a bioassay species for the isolated compounds because its
growth could be monitored during extract purification. L. multiflorum was also selected as
a bioassay species because its sensitivity to the F. suspensa extract was not high among the
three weed species, E. crus-galli, L. multiflorum and V. myuros (Figure 3). (-)-Matairesinol and
(-)-arctigenin suppressed the growth of the cress roots and hypocotyls and L. multiflorum
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roots and coleoptiles (Figures 9 and 10). The active threshold of the growth inhibition of
(-)-matairesinol was 1 mM and 0.3 mM for cress and L. multiflorum, respectively (Figure 9),
and that of (-)-arctigenin was 0.3 mM for cress and L. multiflorum (Figure 10). The ICs, values
of (-)-matairesinol and (-)-arctigenin against the growth of the hypocotyls/coleoptiles and
roots of cress and L. multiflorum were 0.93 mM-2.2 mM and 0.79 mM-1.3 mM, respectively
(Table 1). Therefore, the IC5y values and active threshold of the compounds show that
the growth inhibitory activity of (-)-arctigenin was greater than that of (-)-matairesinol,
which suggests that the methoxy group (CH3O-) at the C-4 position of (-)-arctigenin
may increase the growth inhibitory activity compared with the hydroxy group (HO-)
at the C-4 position of (-)-matairesinol (Figure 8). The ICsy values of their precursor in the
biosynthetic pathway (Figure 12), (+)-pinolesinol were 1.1 mM-2.5 mM (Table 1). The
active threshold of the growth inhibition of (+)-pinolesinol was 1 mM for cress and L.
multiflorum (Figure 11). Comparing those ICsy values and the active threshold revealed
that the activities of (-)-arctigenin and (-)-matairesinol were greater than (+)-pinolesinol.
In addition, we isolated 26 mg of (-)-matairesinol and 35 mg of (-)-arctigenin from 100 g
of F. suspensa leaves, which indicates the leaves may contain a relatively large amount of
these compounds. Because (+)-lariciresinol and (-)-secoisolariciresinol (Figure 12) were not
isolated from the extracts of the F. suspensa leaves through the bioassay-guided purification
process (Figure 5), the growth inhibitory activity of both compounds may not be high
compared with that of (-)-matairesinol and (-)-arctigenin. There have also been no reports
on the plant growth inhibitory activity of these compounds. In addition, modifying the
structure to increase allelopathic activity is possible [46].

When the leaf extracts and their soaking water obtained from some plant species such
as Lantana camara L., Imperata cylindrica (L.) Beauv., Solidago canadensis L, Tithonia diversifolia
(Hemsl.) A. Gray, Bidens pilosa L., and Leucaena leucocephala (Lam.) de Wit. were applied as
foliar spray and/or irrigation water, the emergence and growth of several weed species
were significantly inhibited under field, greenhouse and laboratory conditions [47-55].
When the leaves of L. camara, I. cylindrica, and L. leucocephala were mixed with soil, the
emergence and growth of several weed species were also suppressed under field and
greenhouse conditions [56-60]. These observations suggest that the leaf extracts and the
soaking water of these plant species, and their residues incorporated into soil showed
allelopathic activity against the emergence and growth of the weed species, and they may
contain allelochemicals. Some of these allelochemicals in the residues may be liberated into
the soil during the decomposition of the leaves [16-23]. Therefore, the leaves of allelopathic
plants can be applied for the weed management purposes in eco-friendly agriculture.
In addition, the allelochemicals of several plant extracts and residues also disturb this
mutualism of weed plant species with rhizobia and/or arbuscular mycorrhizal fungi [31,36,
60]. Rhizobium nodulation enhances the performance of legume plants through nitrogen
supply [60,61]. Arbuscular mycorrhizal fungi enhance the performance of most territorial
plants through increasing the absorption of nutrients, photosynthesis, and their defense
functions [61-65]. The disturbance of this mutualism by allelochemicals may reduce the
competitive ability of these weed species, and may relatively increase the competitive
ability of crop plants.

The present investigation suggests that the leaves of F. suspensa exhibit allelopathic
activity against the growth of E. crus-galli, L. multiflorum and V. myuros, and contain the
allelopathic substances, (-)-matairesinol and (-)-arctigenin. When the leaves of F. suspensa
were incorporated into the soil as a soil mixture, certain allelochemicals in the leaves may
be liberated into the field soil during the decomposition, and the liberated allelochemicals
may suppress the emergence and growth of some weed species. The leaf extracts and
its soaking water can be applied as a foliar spray to inhibit the emergence and growth
of some weed plant species. The fruit of F. suspensa has been used in traditional Chinese
medicine [1,7-9], and the leaves from the pruned branches of F. suspensa may also be useful
for weed management.
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4. Materials and Methods
4.1. Plant Material

F. suspensa leaves were obtained at the Kagawa University campus in April 2023. Three
weed species; Echinochloa crus-galli (L.) PBeauv., Lolium multiflorum Lam., and Vulpia myuros (L.)
C.C.Gmel., were used to evaluate allelopathic activity. Cress (Lepidum sativum L.) was used
during the purification process of the allelochemicals as a bioassay plant because of its conve-
nient handling procedure and stable germination rate.

4.2. Extraction and Determination of the Allelopathic Activity of F. suspensa

F. suspensa leaves (100 g fresh weight) were extracted by soaking in a mixture of water
and methanol (20%: 80%, v/v, 1.5 L; Nacalai, Kyoto, Japan) for 48 h, and filtered using filter
paper (No. 2; Advantec Toyo, Tokyo, Japan). The residue obtained from the first filtration
was extracted again by soaking in methanol (1.5 L) for 48 h and filtering. The two filtrates
were mixed and concentrated under reduced pressure at 40 °C.

The leaf extract was dissolved in methanol, and the dissolved extract was added
to filter paper in a Petri dishes (2.8 cm i.d.). After the methanol in the Petri dishes was
completely evaporated in a fume hood, 0.6 mL solution of Tween 20 (0.05% w/v, Nacalai,
Kyoto, Japan) was applied to the filter paper. The seeds of E. crus-galli, L. multiflorum
and V. myuros were germinated on another filter paper moistened with distilled water in
the dark at 25 °C for 48 h. Ten germinated seeds of each species were then arranged on
the filter paper in the Petri dishes. The length of the roots and coleoptiles of E. crus-galli,
L. multiflorum and V. myuros was determined after the incubation of 48 h in the dark at 25 °C.
The percentage length of the roots and coleoptiles of these weed species was calculated
against the length of the roots and coleoptiles of the control plants. The control plants were
treated using same procedure, with the only difference being not adding the leaf extracts
to the filter paper in the Petri dishes. The allelopathic activity of the extracts was also
determined with cress bioassay. The procedure of the cress bioassay was the same as for
the weed species, but the seeds (not germinated) were arranged in the filter paper on the
Petri dishes.

4.3. Separation of the F. suspensa Extract

The leaf extract of F. suspensa obtained as described in the above section was adjusted
to pH 7.0 with a buffer of 1 M phosphate, and partitioned with ethyl acetate to separate the
ethyl acetate and aqueous fractions (Figure 5). The ethyl acetate fraction was then applied
to silica gel chromatography (silica gel 60, 70-230 mesh; Merck, Darmstadt, Germany).
The allelopathic activity of all the separated fractions by the silica gel chromatography
was determined using a cress bioassay as described above. The most active fraction 5
(Figure 6) was further subjected to a Sephadex LH-20 chromatography (Sigma-Aldrich,
Burlington, VT, USA) and an ODS cartridge (YMC-Dispo SPE; YMC Ltd., Kyoto, Japan).
Active compounds 1 and 2 were then isolated using a reverse-phase HPLC (Figure 7).
The chemical structures of the compounds were determined by the spectrum analyses
of HRESI-MS (Orbitrap Exploris 240, Thermo-Fisher K.K., Tokyo, Japan) and 'H-NMR
(500 MHz, CDCl3; Bruker Avance III 500, Bruker Co., Yokohama, Japan), and optical
rotation (P-1010 polarimeter, Jasco Co., Tokyo, Japan). All other reagents were purchased
from Nacalai at a purity > 99.8.

4.4. Allelopathic Activity of the Isolated Compounds and Pinoresinol

(-)-Matairesinol and (-)-arctigenin were isolated from the F. suspensa leaves as described
above. (+)-Pinoresinol was isolated from the leaves of Osmanthus x fortunei Carriére as
described by [35]. A given quantity of the methanol solution of each compound was
applied onto a filter paper in the Petri dish. After complete evaporation of the methanol
solvent in the Petri dishes, 0.6 mL of a Tween 20 solution was added onto the filter paper.
Then, 10 cress seeds and 10 germinated L. multiflorum seeds, were separately put on the
filter paper and grown, and the allelopathic activity of the compounds was determined as
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described in the Section 4.2. The concentrations of the applied compounds were 0.1, 0.3, 1,
3 and 10 mM.

4.5. Statistical Analysis

The bioassays were conducted with four replications using a completely randomized
design with 10 plants for each determination. Significant differences between control and
treatment were analyzed using Welch'’s t-test (Figures 3, 4 and 6). The bioassay data for
(-)-matairesinol, (-)-arctigenin and (+)-pinoresinol were subjected to a one-way analysis of
ANOVA (SPSS, version 16.0, SPSS Inc., Chicago, IL, USA) and subsequent post-hoc analysis
using Tukey’s HSD test at the p < 0.05 level (Figures 9-11, Table 1). The IC5y values were
obtained using GraphPad Prism 6.0 (Software of GraphPad, Inc., La Jolla, CA, USA).

5. Conclusions

The extracts of the F. suspensa leaves were allelopathic and significantly inhibited
the growth of three weed species; E. crus-galli, L. multiflorum and V. myuros in vitro.
(-)-Matairesinol and (-)-arctigenin were isolated and identified from the extracts as al-
lelopathic agents. Both compounds inhibited the growth of L. multiflorum and cress
in vitro, and the activity of (-)-arctigenin was greater than that of (-)-matairesinol. More-
over, (-)-arctigenin and (-)-matairesinol were more active than (+)-pinolesinol, which is
their precursor in the biosynthetic pathway. The leaves may contain a large amount of
(-)-matairesinol and (-)-arctigenin. When the leaves of F. suspensa were incorporated into
the soil as a soil mixture, certain allelochemicals in the leaves may be liberated into the
field soil during the decomposition process. The liberated allelochemicals may suppress
the emergence and growth of some weed species. The leaf extracts and its soaking water
can be applied as a foliar spray to inhibit the emergence and growth of some weed plant
species. Therefore, because of its allelopathic activity, the leaves and extracts of F. suspensa
are potentially useful for weed manegement options to reduce the application of synthetic
herbicides in crop production and to develop to eco-friendly agriculture. However, evalu-
ating the inhibitory activity of the leaf extracts of F. suspensa as a foliar spray, and the leaves
in a soil mixture is necessary under field conditions.
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Abstract: Cotton aphid Aphis gossypii Glover damages plants such as cotton directly by feeding
on leaves and indirectly by transmitting viruses and excreting honeydew, which interferes with
photosynthesis. The control of A. gossypii is still dominated by the frequent use of insecticides, which
leads to a gradual increase in pesticide resistance in A. gossypii. Research is therefore needed on
non-pesticide controls. In this study, seven plant essential oils (EOs) of Ocimum sanctum L., Ocimum
basilicum L., Ocimum gratissimum L., Mentha piperita L., Mentha arvensis L., Tagetes erecta L., and
Lavandula angustifolia Mill. were examined as potential controls for A. gossypii. We used life tables and
electrical penetration graphs (EPG) to explore the effects of these EOs on the growth, development,
and feeding behavior of A. gossypii, followed by a study of effects of the EOs on honeydew secretion
by A. gossypii as a measure of their antifeedant activity. We found that the EOs of O. sanctum, M.
piperita, M. arvensis and T. erecta significantly extended the pre-adult developmental period. Also,
adult longevity, number of oviposition days, and total fecundity of A. gossypii treated with the EOs of
M. arvensis or T. erecta were all significantly reduced. Aphids treated with the EOs of O. sanctum, M.
piperita, or L. angustifolia showed significant reductions in their net reproductive rate (Rp), intrinsic
rate of increase (rm), and finite rate of increase (A), and significant increases in mean generation
time (T). In terms of their effects on the feeding behavior of A. gossypii, all seven EOs significantly
reduced the total duration of phloem feeding (E2 waves), the number of phloem-feeding bouts,
and the proportion of time spent in secretion of saliva into phloem sieve elements (E1 waves) and
phloem feeding (E2). The total duration and number of E1 waves (saliva secretion) were significantly
reduced by the EOs of O. sanctum, O. gratissimum, and M. arvensis. For C waves (probing in non-
vascular tissues), the total duration spent in this behavior was significantly increased by the EOs of
O. gratissimum, M. piperita, and L. angustifolia, but the number of such probing events was increased
only by L. angustifolia EO. The EOs of O. basilicum, M. arvensis, and T. erecta significantly increased
the total duration of ingestion of xylem sap (G waves), while the total time of mechanical difficulty
in stylet penetration (F waves) was increased by M. arvensis. The total duration and number of the
non-probing events (Np waves) were significantly increased by EOs of O. sanctum and O. basilicum.
After treatment with all seven of these EOs, the area covered by honeydew was significantly reduced
compared with the control. Studies have analyzed that EOs of O. sanctum, M. piperita, and T. erecta
were most effective, followed by the EOs of M. arvensis and L. angustifolia, and finally the EOs of O.
basilicum and O. gratissimum. In the present study, the EOs of O. sanctum, M. piperita, and T. erecta were
found to have potential for the development as antifeedants of A. gossypii, and these data provide a
basis for future research on non-pesticide chemical control of A. gossypii.

Keywords: essential oil; Aphis gossypii Glover; antifeedant activity; growth and development
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1. Introduction

Cotton aphid Aphis gossypii Glover (Hemiptera: Aphididae) has a wide range of hosts
and is harmful to cotton, potato, and melons, among others [1]. Its damage includes
direct feeding injury to foliage and stems and mission transmission of plant viruses [2],
including cotton leafroll dwarf virus [3,4]. Wingless aphids develop faster than winged
aphids. Wingless aphids have adaptations that maximize fecundity, making them more
difficult to control [5]. Insecticides are still the main method for control of A. gossypii in most
agricultural settings. However, past frequent use of insecticides has resulted in A. gossypii
populations resistant to all the major insecticide groups [6]. Nauen et al. showed that field
populations of A. gossypii and Myzus persicae Sulzer in several European countries were
highly resistant to pirimicarb and oxydemeton-methyl [7]. Patima et al. demonstrated that
A. gossypii populations in cotton fields in several regions of Xinjiang, China, have developed
very high levels of resistance to deltamethrin, cypermethrin, and omethoate [8]. Insecticide
use may also harm populations of important natural enemies of pest insect [9], contributing
in this case to resurgence of aphid populations. Therefore, research and development of
non-chemical pesticides for cotton aphid control are needed.

Plant essential oils (EOs) are volatile, naturally occurring, complex compounds found
in aromatic plants, where they act as secondary metabolites. EOs intended for commercial
uses can be collected by distillation, mechanical pressure, or extraction [10]. EOs have
potential as alternatives to commercial synthetic pesticides for use in green agriculture.
Karamanoli demonstrated that EOs of spearmint and peppermint in soil declined about
90% within 30 days [11]. Because of such rapid degradation of EOs in nature, they do
not accumulate in the environment and thus leave no polluting residues. Some botanical
insecticides such as pyrethrum and neem are already well established as commercial pest
control products [12], and are recommended for control of insects such as aphids, mirid
bugs and whiteflies on field crops, as well as pests of glasshouse crops, house plants,
and stored products [13]. Today, more than 100 commercial neem formulations are used
worldwide [14]. Insecticides from the oils of citrus peel, containing limonene, have recently
had moderate commercial success in North America and Europe [15]. Following neem
oil, orange oil was the most frequently used botanical insecticide in California in 2016,
with 7.0 tons of active ingredient being applied [16]. Additionally, the EOs of Chenopodium
ambrosioides L. are used for insect pest management [17], with an average of 8000 kg sold
per year in California, United States [15].

Plant EOs have great potential in the control of aphids. A number of articles have
been published both at home and abroad reporting the fumigant and contact activities
of EOs in the Lamiaceae and Asteraceae families against aphids. The EOs of Mentha
piperita L., Mentha pulegium L., and Ocimum basilicum L. showed excellent efficacy in both
contact and fumigation tests against Lipaphis pseudobrassicae Davis, M. persicae, and A.
gossypii [18]. Lavandula angustifolia Bubani oils had fumigant activity against Acyrthosiphon
pisum Harris [19]. Mentha longifolia L. oils had fumigant and contact activities against
Aphis craccivora Koch, and affected the development, survival, and reproduction of A.
craccivora [20]. Artemisia dracunculus L. had high fumigant toxicity to A. gossypii [21]. The
EOs Santolina chamaecyparissus L. and Tagetes patula L. showed contact activity against
Myzus persicae Sulzer and Rhopalosiphum padi L., while sublethal concentrations of the
two essential oils reduced aphid fecundity [22].

At present, the EOs of Lamiaceae and Asteraceae have been reported to have an-
tifeedant activity against a variety of aphids. Abualfia et al. discovered that the EOs of
Salvia officinalis L., Lavandula spica L. and Mentha spica L. caused different degrees of inter-
ference with aphid feeding [23]. Zhang et al. found that the ethanol extract of Xanthium
strumarium L. had stronger antifeedant activity against aphids feeding on Lycium barbarum
L., with a plant rejection rate of more than 82% [24]. Zhou demonstrated that Flaveria
bidentis L. oil had different levels of antifeedant activity on Lipaphis erysimi Kaltenbach and
Rhopalosiphum maidis Fitch [25]. However, research on the antifeedant activity of plant EOs
on aphids is relatively scarce. We sought to determine whether the EOs from Lamiaceae
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and Asteraceae plants exhibit antifeedant effects on cotton aphids, which will provide a
theoretical basis for the development of subsequent antifeedant.

In this study, we examined the effects of EOs from seven plants (Ocimum sanctum L.,
Ocimum basilicum L., Ocimum gratissimum L., Mentha piperita L., Mentha arvensis L., Tagetes
erecta L., and Lavandula angustifolia Mill.) on the growth, development and fecundity of
A. gossypii. In addition, we analyzed the feeding behaviors of A. gossypii using the EPG
technique. Lastly, we measured honeydew excretion by aphids feeding on cotton leaves
treated with EOs of seven plant species, using honeydew excretion as a measure of aphid
feeding.

2. Results
2.1. Effect of EOs on Cotton Aphid Growth, Development, and Fecundity

The developmental durations of all nymphal instars of A. gossypii, except the third
instar, were affected by exposure to plant EOs (Table 1). Duration of the first instar was
significantly prolonged by three plants: O. basilicum (p = 0.002), M. arvensis (p = 0.005),
and T. erecta (p = 0.004). Similarly, the stage duration of second instars was affected by
three different plant EOs: O. sanctum (p = 0.004), M. piperita (p < 0.001), and L. angustifolia
(p = 0.012). For fourth instars, stage duration was affected by two plants—O. basilicum
(p =0.002) and O. gratissimum (p = 0.024)—while for all instars as a group, four plants” EOs
had significant effects: O. sanctum (p = 0.003), M. piperita (p = 0.001), M. arvensis (p = 0.003),
and T. erecta (p = 0.042).

Table 1. Effects of essential oils of seven plants on the growth and development of Aphis gossypii.

Developmental Times (d) of Life Stages

FOs 1st 2nd 3rd ath Pre-Adults

Control 1.18 + 0.06 cd 1.09 +0.04 d 1.09 + 0.05 ab 1.44 + 0.07 ab 4.80 £0.09d

O. sanctum 1.29 + 0.08 bc 1.39 + 0.07 ab 1.12 £ 0.05 ab 1.40 = 0.07 abc 5.19 £ 0.07 ab
O. basilicum 1.49 +0.07 a 1.18 + 0.06 bed 1.09 + 0.04 ab 1.14 £0.05d 4.89 £ 0.09 cd
O. gratissimum 1.36 + 0.07 abc 1.20 + 0.05 bed 1.10 + 0.04 ab 1.22 + 0.06 cd 4.88 +£0.11 cd

M. piperita 1.34 + 0.07 abc 151+0.14a 121 +0.06 a 1.38 & 0.07 abc 523 £0.06 a
M. arvensis 1.46 + 0.08 ab 1.16 + 0.05 cd 1.18 £ 0.05a 1.38 + 0.07 abc 518 £0.11 ab
T. erecta 1.53 + 0.08 ab 1.15+0.05d 1.10 + 0.04 ab 1.33 + 0.07 be 5.10 £ 0.10 abc
L. angustifolia 1.06 +0.03 d 1.35 + 0.07 abc 1.00 + 0.00 b 154 +0.07 a 4.96 £ 0.05 bed
F7 385 = 4.760 F7 375 = 3.954 F7 373 =1.885 F7 371 =3.332 F7 371 =3.339

p <0.001 p <0.001 p=0.071 p =0.002 p =0.002

Note: Values are means =+ SE. Data in the same column followed by different lowercase letters differed significantly
(p <0.05).

The longevity and fecundity of A. gossypii treated with different plant EOs were
generally shortened by plant EOs (Table 2). The EOs of all seven plants significantly
reduced adult longevity (p < 0.001). Aphid fecundity (as number of offspring produced)
was reduced by the EOs of five plants: O. sanctum (p < 0.001), M. piperita (p < 0.001), M.
arvensis (p = 0.011), T. erecta (p = 0.001), and L. angustifolia (p < 0.001). The number of
reproductive days for adult aphids was shortened by the EOs of four plants: O. basilicum
(p = 0.001), O. gratissimum (p < 0.001), M. arvensis (p < 0.001), and T. erecta (p < 0.001).

Compared with the control group, A. gossypii treated with EOs of three plants (O.
sanctum, M. piperita, and L. angustifolia) showed significant reductions in net reproductive
rate (Rg), intrinsic rate of increase (), and finite rate of increase (A), and significant
increases in mean generation time (T) (Table 3).

2.2. Effect of Plant EOs on Aphid Feeding Behavior

Plant EOs showed effects on various non-phloem feeding behaviors in A. gossypii
(Table 4). Except for the total duration of probing inside cells (Pd waves), which should not
be affected, the seven EOs not only lengthened the total duration of probing in non-vascular
tissues (C waves), ingestion of xylem sap (G waves), and non-probing activity (Np waves).
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EO exposure also increased the number of probing events in non-vascular tissues (C waves)
and of non-probing events (Np waves). For the behavior of probing in non-vascular tissues
(C waves), the total duration was significantly increased by O. gratissimum (p = 0.019), M.
piperita (p = 0.013), and L. angustifolia (p = 0.004). For L. angustifolia, the number of such
events, but not their total duration, was increased (p = 0.002). The EOs of O. basilicum
(p = 0.021), M. arvensis (p = 0.001), and T. erecta (p < 0.001) significantly increased the total
duration of xylem feeding (G waves). The EO of M. arvensis also increased the total duration
of mechanical difficulty in stylet penetration (F waves) (p = 0.011). The total duration of the
non-probing behavior (Np waves) was significantly increased by O. sanctum (p = 0.002), O.
basilicum (p = 0.002), and O. gratissimum (p = 0.025). The number of non-probing behavior
events (Np waves) was significantly increased by O. sanctum (p = 0.001) and O. basilicum
(p = 0.010).

Table 2. Effects of essential oils of seven plants on the longevity and fecundity of Aphis gossypii.

EOs Adult Longevity (d)  Reproductive Days (d) Fecundity

Control 29.67 £ 0.67 a 14.04 £0.32a 53.18 £0.99 a
O. sanctum 2625+ 1.12b 1421 £ 0.78 a 41.69 +2.44 cde
O. basilicum 26.36 £ 0.89b 11.30 £ 036 b 49.55 £ 1.88 ab
O. gratissimum 26.76 £0.75Db 11.08 £0.34b 49.24 +1.27 ab
M. piperita 25.32 + 1.16 bc 13.47 £ 0.82a 39.53 £2.6de
M. arvensis 25.80 £0.98 b 10.81 £ 036 b 46.20 £ 1.95bc
T. erecta 2292+ 0.85¢ 1125+ 0.44 b 43.79 £ 1.46 cd

L. angustifolia 24.25 + 0.99 bc 13.55 £ 0.66 a 36.63 =212

F7 371 =4.27 F7 367 =7.219 F7 371 =8.390

p <0.001 p <0.001 p <0.001
Note: Values are means =+ SE. Data in the same column followed by different lowercase letters differed significantly

(p < 0.05).

Table 3. Effects of essential oils of seven plants on the life table parameters of Aphis gossypii.

EOs Ry T (d) m A

Control 47.86 +2.41 ab 8.99 + 0.16 ¢ 0.4304 £ 0.0099 a 1.5379 + 0.0152 a

O. sanctum 40.02 + 2.59 cde 10.24 £ 0.15a 0.3605 + 0.0072 ¢ 1.4340 + 0.0104 ¢
O. basilicum 43.60 + 2.80 abed 9.27 +0.13 bc 0.4071 + 0.0096 ab 1.5024 4 0.0143 ab
O. gratissimum 4826 £ 157 a 9.23 + 0.15 bc 0.4199 + 0.0073 ab 1.5218 4+ 0.0111 ab
M. piperita 37.16 +2.77 de 10.04 £0.13 a 0.3601 + 0.0080 ¢ 1.4335 + 0.0115 ¢
M. arvensis 46.20 + 1.92 abc 955+ 0.16 b 0.4014 £ 0.0073 b 1.4940 + 0.0109 b
T. erecta 42.02 4+ 1.84 bed 9.25 + 0.16 be 0.4043 + 0.0078 b 1.4982 + 0.0117 ab

L. angustifolia 35.14 +=2.26¢ 9.51 £0.13b 0.3742 + 0.0068 ¢ 1.4538 + 0.0099 ¢

Note: Values are means =+ SE. Data in the same column followed by different lowercase letters differed significantly
(p < 0.05).

Plant EOs also, importantly, affected the phloem-feeding behaviors of A. gossypii
(Table 5). All seven EOs significantly reduced the total duration of phloem ingestion (E2
waves) (p = 0.001), the number of phloem-feeding events (p = 0.045), and the proportion
of time occupied by saliva secretion and phloem feeding combined (E1 and E2 waves)
(p < 0.001). However, for the other behaviors, each essential oil had different effects. The
total duration of salivation (E1 waves) was significantly reduced by O. sanctum (p = 0.002),
O. basilicum (p = 0.025), O. gratissimum (p = 0.017), M. arvensis (p = 0.001), and L. angustifolia
(p = 0.004). Also, the number of salivation events (E1 events) was significantly reduced by
O. sanctum (p = 0.025), O. gratissimum (p = 0.029), and M. arvensis (p = 0.004). The EOs of O.
sanctum (p = 0.026) and T. erecta (p = 0.022) also significantly prolonged the time to the first
salivation event (E1), but had no effect on the time to the first phloem feeding (E2).
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2.3. Effect of Plant EOs on Daily Secretion of Aphid Honeydew

In the experiment, the honeydew distribution was scattered and no large spots were
formed, so the error caused by stacking could not be considered. Exposure to plant EOs
significantly reduced the level of honeydew excretion by A. gossypii compared with the
control (p < 0.001) (Table 6). The levels of antifeedant impact (based on the reduction in
honeydew by a treated aphid relative to a control aphid) due to EOs of O. basilicum, O.
gratissimum, M. piperita, M. arvensis, and T. erecta were 64.6%, 51.1%, 50.7%, 65.2%, and
59.2%.

Table 6. Effect of essential oils of seven plants on honeydew excretion by Aphis gossypii.

A. gossypii
EOs
Proportion Honeydew/mm? Antifeedant Rate%

Control 11.53 £ 0.809 a —
O. sanctum 7.61 +0.853 b 33.40
O. basilicum 4.08 £0.833 c 64.61
O. gratissimum 5.64 £ 0.870 bc 51.08
M. piperita 5.69 £ 0.878 bc 50.65
M. arvensis 4.01 £ 0.686 ¢ 65.22
T. erecta 470 £0.533 ¢ 59.24
L. angustifolia 6.17 £ 0.821 bc 46.49

F7 136 = 9.669
p <0.001
Note: Values are means =+ SE. Data in the same column followed by different lowercase letters differed significantly

(p < 0.05).

3. Discussion

We examined the effects of seven plant EOs (O. sanctum, O. basilicum, O. gratissimum,
M. piperita, M. arvensis, T. erecta, and L. angustifolia) on the growth, development, feeding
behavior, and honeydew excretion of A. gossypii. All seven EOs had varying effects on A.
gossypii, with the most effective from the point of view of aphid control being the EOs of O.
sanctum, M. piperita, and T. erecta.

In general, it is the case that plant EOs can adversely affect the growth and develop-
ment of aphids. For example, the EO of Tagetes minuta L. significantly reduced the fecundity
of Acyrthosiphon pisum Harris, M. persicae, and Aulacorthum solani Kaltenbach [26]. The EOs
of Origanum majorana L., Mentha pulegium L., and Melissa officinalis L. significantly reduced
the longevity and fecundity of M. persicae [27]. We showed that the adult longevity of A.
gossypii was significantly shortened and its fecundity significantly reduced by the EOs of
six of our seven test plants (O. sanctum, O. gratissimum, M. piperita, M. arvensis, T. erecta, and
L. angustifolia). Also, the net reproductive rate (Ry), intrinsic rate of increase (), and finite
rate of increase (A) of A. gossypii were all significantly reduced, and the mean generation
time (T) was significantly increased after treatment with EOs of O. sanctum, M. piperita and
L. angustifolia. The growth, development, and fecundity of A. gossypii were all diminished,
possibly due to a reduction in time spent in phloem and xylem feeding, reducing the level
of nutrition available for growth [28].

Insects assess whether a plant is suitable for feeding by sampling plant parts for their
nutrients [29]. Aphid probing and prolonged feeding are closely associated with the level
of plant tissue damage and plant virus transmission [30]. A. gossypii obtains the nutrients
it needs for growth and development mainly by feeding on the phloem sap [31]. Aphids
promote the success of such feeding by secreting water-soluble saliva, which can prevent
plant phloem proteins from clogging sieve tubes [32]. In our experiment, we observed that
secretion of saliva (E1) and phloem feeding (E2 waves) by A. gossypii were both reduced
after exposure to EOs, leading to less successful feeding by A. gossypii. Similarly, for pea
aphids (A. pisum) treating its host plants with kaempferol led to an increase in the time
spent in non-probing behaviors [33]. When plants infested with A. gossypii were treated
with imidacloprid, A. gossypii spent significantly longer time on intercellular apoplastic
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stylet pathway activities, which are non-production behaviors taking time away from
feeding [34]. For Diaphorina citri Kuwayama non-probing behaviors (Np) were prolonged
after exposure to the EOs of guava (Psidium guajava L.) [35]. Similarly, in our study, A.
gossypii spent more time in non-probing behaviors after exposure to the plant EOs examined
here. Also, the duration and number of events of non-vascular probing (C waves) increased
in A. gossypii following exposure to our test EOs, indicating that more probing occurred
between the plant epidermis and the microtubule bundles, requiring more time to find a
suitable feeding site. Zhou et al. observed plants” aqueous extracts of Nerium indicum Mill.,
Cinnamomum camphora L., Ginkgo biloba L., and Lycopersicon esculentum Mill. significantly
prolonged the duration of non-vascular probing in A. gossypii [36]. In contrast to phloem
ingestion, xylem ingestion supplies water but not nutrition, and increased time spent in
xylem feeding may be linked to a decrease in phloem feeding [37]. Aphids spend more time
xylem feeding when under stress [38]. We found the same behavior in our experiment, in
which the xylem feeding was prolonged after treatment with EOs, presumably to maintain
the internal water equilibrium [39].

After aphids feed on phloem, excess water, which still contains some sugar, is excreted
as honeydew to concentrate sugars in the fluids retained for ingestion [40]. In contrast,
xylem feeding results in little or no honeydew production because most ingested xylem
is retained to maintain water equilibrium [41]. Honeydew excretion is, therefore, closely
tied to the level of phloem feeding by an aphid [42]. Honeydew often covers plant surfaces
and affects photosynthesis and respiration [43]. When an aphid’s level of phloem feeding
is reduced, its rate of growth and development declines, and it excretes less honeydew.
By quantifying the volume of honeydew excreted by cotton aphids, we were able to
determine the degree to which plant essential oils had influenced the feeding of cotton
aphids. Extracts of Syngonium podophyllum Schott, Xanthium sibiricum Petr.et Widd, and
Tephrosia vogelli Hook have been shown to reduce honeydew excretion by M. persicae and
Lipaphis erysimi Kaltenbach [44]. In our study, the daily rate of honeydew excretion by A.
gossypii declined significantly after treatment with plant EOs. This decline in honeydew
production indicates that plant EOs have significant antifeedant effects on A. gossypii, but
the EOs of different plants varied in the levels of their antifeedant effects on A. gossypii.
We observed that the honeydew of A. gossypii was dispersed on the filter paper, likely
indicating that the EO-treated leaves were not acceptable for aphid feeding, and aphids
kept moving and searching for better sites. This suggests that the honeydew production
of A. gossypii was reduced and no suitable sites were located, given that there was no
overlapping of honeydew to from blotches on the filter paper.

From an integrated pest management point of view, when considering the effects of
EOs on pest control, we also need to examine their effects on natural enemies. Chemical
control not only leads to an increase in pest resistance but also kills large numbers of natural
enemies, weakening their contribution to pest control, which may lead to pest outbreaks.
It has, however, been demonstrated that many EOs are much less damaging to natural
enemies than to the target pests. Papadimitriou et al. compared the biological activity of the
EO of M. pulegium against A. gossypii, Tetranychus urticae Koch, and the mirid Nesidiocoris
tenuis Reuter, and found that the plant’s EO was highly lethal to both A. gossypii and T.
urticae at a concentration of 1000 uL /L, but had no toxic effects on N. tenuis [45]. In another
study, the LCsg values of the EOs of M. piperita, Mentha longifolia L., Salvia officinalis L., and
Salvia rosmarinus Spenn. were about four times higher against the coccinellid Coccinella
undecimpunctata L. than to the pest, Aphis punicae Passerini [46]. Ebadollahi et al. observed
that the EO of Satureja intermedia C.A.Mey showed significant contact activity against Aphis
nerii Kaltenbach, but was safe against its predator Coccinella septempunctata L. [47]. These
findings suggest that insect natural enemies may be more tolerant to a wide range of plant
EOs than are target pests.

Although this paper showed that the EOs of O. sanctum, O. basilicum, O. gratissimum,
M. piperita, M. arvensis, T. erecta, and L. angustifolia all had different antifeedant effects on A.
gossypii, in-depth studies are needed to determine their individual antifeedant mechanisms.
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We will identify the active ingredients in plant essential oils in subsequent research and
further evaluate which components in the plant essential oils have antifeedant effects
on cotton aphids. A. gossypii, as a major pest of cotton, has developed a high level of
resistance to conventional chemical control, and botanical antifeedants are a novel means
for its control. Antifeedants appear to both reduce colonization of plants by reducing their
attraction for pests and reduce feeding of any pest individuals that do begin to attack
the host plant, slowing their population growth. EOs protect the host plant and also
avoid harming natural enemies and other non-target insects [48]. EOs can, therefore, be
used in combination with biological control, natural enemy conservation, and other such
techniques to better promote sustainable management of A. gossypii in cotton fields.

Currently, botanical insect antifeedants are not yet used on a large scale due to costs
in their mass production [49]. Plant EOs are also limited by their relatively high volatility,
which limits the duration of their efficacy. Technologies that promote the slow, controlled
release of EOs by means of microencapsulation [50] using polymer films have potential to
increase the persistence of EOs, allowing for and less frequent applications.

4. Materials and Methods
4.1. Sources of Essential Oils and Test Insects

Essential oils were purchased from Poli Aroma Pharmaceutical Technology Co, Shang-
hai and the EOs were diluted with acetone to 1 pg/uL for testing. The seven essential oils
were extracted from plants using the distillation method. The entire plants of O. sanctum,
O. basilicum, and O. gratissimum were subjected to extraction. For M. piperita and M. ar-
vensis, the extraction was performed on the flowering tops and leaves. For T. erecta and L.
angustifolia, the flowers were the parts used for extraction.

We initiated a colony of A. gossypii by collecting wingless aphids from experimental
cotton fields (CAAS, 39.53° N, 116.70° E) of the Lang Fang Experiment Station of the
Chinese Academy of Agricultural Sciences (Hebei Province, China). The aphid colony was
reared in 12-well plates, with each well two-thirds filled with 2% agar on which a cotton
leaf disk excised with a leaf punch from uninfested leaves of cotton plants grown in the
greenhouse. The colony was held at 26 = 1 °C, 50 = 5% rh, a 16 L:8 D photoperiod.

4.2. Growth, Development, and Fecundity

Based on Chen’s experimental method [51], fresh round cotton leaves were cut using
a hole punch (23 mm diameter), and were then placed in an inverted orientation on each
cell of a 12-well cell culture plate on a bed of 2% agar to which we applied 50 uL of plant
essential oil at a concentration of 1 pug/pL. According to Liu and Wang ‘s experimental
method, we used 12-well cell culture plates for the experiment [52,53]. Following Izakmehri
and Castilhos [54,55], we used acetone as the solvent for dissolving the essential oils.
The acetone was allowed to evaporate naturally. For observation of nymphal and adult
development, adult aphids were transferred onto the leaves. One adult aphid was placed
in each cell. After twenty-four hours, one newborn nymph was retained, and the adults
and other nymphs removed with a brush. Plates were covered with nylon gauze to prevent
aphid escape, but still allow the EO to evaporate naturally. The leaves were replaced every
2 days and the essential oil renewed at the same level. Observations were made once a
day to record the molting time of nymphs, the number of nymphs surviving, the daily
production of adult aphids and the number of adult aphids surviving until all adult aphids
were dead. Each treatment had 50 replicates, 1 insect being a replicate. The experiments
were conducted in a constant temperature and light incubator at 26 &= 1 °C, 50 & 5% rh,
and a 16 L:8 D photoperiod.

4.3. Effect of EOs on Aphid Feeding Behaviors

To assess the effect of EOs on aphid feeding behavior, we used a Giga-8 DC-EPG
device (EPG-systems Wageningen, Netherlands) with a signal converter card (Di 710, EPG-
systems, Wageningen, Netherlands), and the Giga-8 DC-EPG was placed in a Faraday cage
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(80 cm x 60 cm x 60 cm). Vigorous A. gossypii adults were selected and starved for 1 h
before testing. A wooden stick was inserted vertically into each cotton seedling nutrient
bowl (specifications: upper diameter of 12 cm, lower diameter of 9 cm, height of 10 cm). A
piece of cardboard larger than the leaf was mounted on the stick, with the height in line
with the cotton leaf. The cotton leaf was turned and affixed to the cardboard. The cotton
leaf was coated with 1 pg/uL of an EO with an artist’s brush, while the control leaf was
coated with acetone. The volume of essential oil used was 500 pL. on each leaf. Acetone did
not damage the plant tissue. Aphids were gently placed on the lower surface of individual
cotton leaf (choosing the third true leaf) after being attached to the gold-wire electrode with
conductive silver paint. One aphid was placed on each cotton plant for testing. Recordings
continued for 8 h for each recording session, and at the end of the recording, the cotton leaf
and aphid were replaced with new ones. The experiment was run in a greenhouse at 26 °C,
75% rh, and continuous light. Each EO treatment and control was replicated more than
10 times [56].

Following Liu and Sandanayaka et al. [28,57], we recorded the following aphid feeding
behaviors: (1) non-probing (Np waves), (2) probing in non-vascular tissues (C waves),
(3) probing inside cells (Pd waves), (4) secretion of saliva into phloem sieve elements
(E1 waves), (5) phloem ingestion (E2 waves), (6) ingestion of xylem sap (G waves), and
(7) mechanical difficulty in stylet penetration (F waves).

4.4. Honeydew Excretion

To measure aphid feeding, we recorded the amount of honeydew produced as a
surrogate parameter using the honeydew color spot area method of Zhang et al. [58], in
which bromophenol green reacts with the amino acids in the honeydew to produce a visible
spot, whose area is determined. To do so, the qualitative filter paper (9 cm dia) was first
soaked with 0.1% bromocresol green solution, an average of 100 mL of solution is soaked
in 10 qualitative filter papers, and then dried in an oven at 75 °C. The filter paper was
then bright orange. Agar (2%) was then poured into plastic cups (6.5 cm dia), and fresh
cotton leaves spread onto the agar to preserve freshness. To each leaf, we applied 500 uL
of the plant essential oil solution, at a concentration of 1 pg/uL. Five third instar aphids
were placed in each cup (after being starved for 1 h before the test). The plastic cups were
then inverted over filter paper so that most of honeydew secreted by A. gossypii would fall
onto the filter paper, which turned peacock blue on contact with honeydew. After 24 h,
the filter paper was removed, and the blue area (mm?) was measured with a transparent
standard calculation paper. The experiment was conducted in a greenhouse at 26 + 1 °C,
50 = 5% rh, and under natural light. Treatments and controls were each replicated 18 times.

4.5. Statistical Analyses

Aphid development, reproduction and population parameters were analyzed ac-
cording to the age-stage hermaphroditic life table theory using the TWOSEX-MS Chart
program (Version 2021.10.30) (http://140.120.197.173 /Ecology / prod02.htm) (accessed on 1
December 2021) [59,60]. Standard errors for nymphal developmental duration, adult aphid
longevity, reproduction, and population parameters were calculated using the bootstrap
method within the software, with a bootstrap count of 100,000, and differences between
treatments were analyzed using the software’s paired bootstrap test (p < 0.05).

The EPG test data were analyzed using Stylet+a software (Version 1.30) for each
waveform, Excel was used for simple statistics on the time and numbers of each waveform,
and then SPSS 21.0 software was used to assess differences between treatments with one-
way analysis of variance (ANOVA). Differences between treatments were compared using
the LSD multiple comparisons method (p < 0.05).

Evaluation of A. gossypii antifeedant activity using antifeedant rate:

Honeydew area of control aphids — Treatment groups

Antifeedant rate =
nifeedant rate Honeydew area of control aphids
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Antifeedant rates were simply statistically analyzed using Excel and then SPSS 21.0
software was used to assess differences between treatments with one-way analysis of
variance (ANOVA). Differences between treatments were compared using the LSD multiple
comparisons method (p < 0.05).

5. Conclusions

In conclusion, we have demonstrated that the EOs of all seven test plants (O. sanctum,
O. basilicum, O. gratissimum, M. piperita, M. arvensis, T. erecta, and L. angustifolia) affected
the growth, development, and reproductive ability of A. gossypii, inhibited aphid feeding
behavior, and reduced the amount of honeydew excreted daily by A. gossypii. The EOs of
O. sanctum, M. piperita, and T. erecta had the greatest effect, followed by EOs of M. arvensis
and L. angustifolia, and finally the EOs of O. basilicum and O. gratissimum. Thus, among the
seven EOs studied, the EOs of O. sanctum, M. piperita, and T. erecta have potential to be
developed as antifeedants for the non-pesticide chemical control of A. gossypii.
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Abstract: Nicosulfuron, an acetolactate synthase (ALS) inhibitor herbicide, is a broad-spectrum
and highly effective post-emergence herbicide. Glycosyltransferases (GTs) are widely found in or-
ganisms and transfer sugar molecules from donors to acceptors to form glycosides or sugar esters,
thereby altering the physicochemical properties of the acceptor molecule, such as participating in
detoxification. In this study, nine glycosyltransferases in group D of the apple glycosyltransferase
family I were predicted to possibly be involved in the detoxification metabolism of ALS-inhibiting
herbicides based on gene chip data published online. In order to confirm this, we analysed whether
the expression of the nine glycosyltransferase genes in group D was induced by the previously re-
ported ALS-inhibiting herbicides by real-time PCR (polymerase chain reaction). It was found that the
ALS-inhibiting herbicide nicosulfuron significantly increased the expression of the MdUGT73CG22
gene in group D. Further investigation of the mechanism of action revealed that the apple glyco-
syltransferase MAUGT73CG22 glycosylated and modified nicosulfuron both in vivo and ex vivo to
form nicosulfuron glycosides, which were involved in detoxification metabolism. In conclusion, a
new glycosyltransferase, MAUGT73CG22, was identified for the first time in this study, which can
glycosylate modifications of the ALS-inhibiting herbicide nicosulfuron and may be involved in the
detoxification process in plants, which can help to further improve the knowledge of the non-targeted
mechanism of herbicides.

Keywords: glycosyltransferase; MAUGT73CG22; acetolactate synthase inhibitor; nicosulfuron;
herbicide; detoxification mechanism

1. Introduction

There are many types of herbicides, and they are classified in various ways. Based on
the mode of action, they can be classified into selective and inactivating herbicides, with the
former having different levels of resistance to different species of plants, such as gaynon,
bendazone, and dinocarb [1], and the latter being toxic to all plants, as long as the green
parts are in contact [2]. Herbicides can be classified according to their transmission type;
the contact herbicides only kill the part of plants that come into contact with herbicides,
whereas the systemic herbicides can be transported to other parts of the plant after uptake,
thus poisoning the whole plant [3].

There are currently 54 ALS inhibitors used in agriculture, which belong to five sub-
classes: sulfonylureas, imidazolinones, triazolopyrimidines, pyrimidinylthiobenzoates, and
sulfonylamino carbonyltriazolinones [4]. Among them, triazolopyrimidine sulfonamides
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are a new class of acetolactate synthetase (ALS) inhibitors that have been developed and
rapidly applied since the 1990s. By modifying sulfonylureas, they have retained the advan-
tage of ultra-high efficiency while solving the obvious disadvantage that some varieties
have a long residual time in the soil, which can cause damage to the subsequent crop, and
have thus become the first choice among the five subclasses of herbicides [5].

Nicosulfuron is a systemic herbicide that can be absorbed by weed stems, leaves,
and roots and, subsequently, be conducted through the plant, causing growth stagnation,
greening of stems and leaves, and gradual dieback of sensitive plants, typically within
20-25 days [6]. Plants are sensitive to sulfonylurea herbicides such as nicosulfuron. Nico-
sulfuron is a sulfonylurea-type endopeptic herbicide that can be quickly absorbed by the
stems, leaves, and roots of plants. It inhibits the activity of acetyllactate synthase in the
plant to prevent branched-chain amino acid synthesis, thereby preventing cell division and
stopping the growth of sensitive plants [7]. Even if only small amounts of such herbicide
residues are present in the soil, they can affect plant growth and cause a lot of harm to
beneficial non-target organisms in agricultural production as well as to the environment [8].
Therefore, it is of great significance to study the reproduction and genotoxicity of herbicides
for selecting safe species and protecting ecosystems.

Glycosyltransferases (GTs) are a class of highly divergent multisource gene fam-
ilies present in almost all organisms that catalyse biological transformation reactions,
transferring sugar groups from activated donor molecules to acceptor molecules [9]. In
plants, UDP-glucose is the more abundant sugar donor, in addition to UDP-galactose,
UDP-rhamnose, UDP-xylose, and UDP-glucuronic acid [10]; whereas glycosyl acceptors in-
clude non-carbohydrates, such as proteins, lipids, antibiotics, steroids, phenolics, terpenes,
cyanohydrols, plant hormones, and other substances, in addition to monosaccharides,
oligosaccharides, polysaccharides, cyanoalcohols, phytohormones, alkaloids, phytotoxins,
and exogenous substances (e.g., herbicides and insecticides), etc. The site of glycosylation
is mostly at the O-atom of the receptor molecule and, to a lesser extent, at the N-, S-,
and C-atoms, generating the corresponding glycosides or glycolides [11], which alter the
physicochemical properties of the receptor molecule, such as their hydrophilicity, chemical
stability, biologically activity, and subcellular localisation, contributing to their intracellular
and intraorganismal transport and storage, etc. [12].

Taylor et al. showed that when wheat (Triticum aestivum L.) plants were spray-treated
with three safener chemistries, namely cloquintocet mexyl, mefenpyr diethyl, and fenchlo-
razole ethyl, a large number of glycosyltransferase genes were induced to be expressed [13].
Furthermore, it has been claimed that several Arabidopsis (Arabidopsis thaliana (L.) Heynh)
UGTs are involved in the metabolic detoxification of the exogenous substances 2,4,5-
trichlorophenol and 3,4-dichloroaniline (DCA) [14,15]. In addition, Arabidopsis (Arabidop-
sis thaliana (L.) Heynh) plants have been shown to have enhanced detoxification of 2,4-
dihydroxy-1,4-benzoxazin-3-one (DIBOA) and 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-
3-one (DIMBOA) by overexpression of either the GT BX8 or GT BX9 genes [16]. Su et al.
identified and cloned an enzyme with O-glycosyltransferase activity, UGT73A17, which
was responsible for the biosynthesis of several flavonoid glycosides, and it was also in-
volved in the thermal response and quality of tea (Camellia sinensis (L.) O. Ktze) [17]. Li
et al. identified 229 members of family 1 through a genome-wide analysis of the apple
UGTs, which were clustered into 18 groups, from A to R [18]. However, there are fewer
studies on the direct involvement of glycosyltransferases in the detoxification metabolism
of plant pesticides, and the involvement in the detoxification metabolism mechanism of
the ALS-inhibiting herbicide nicosulfuron has not been reported. Therefore, it is important
to study the involvement of glycosyltransferases in the mechanism of pesticide detoxifi-
cation metabolism in plants. In this study, we identified a new apple (Malus x domestica
Borkh.) glycosyltransferase MdUGT73CG22 by molecular biology techniques, which can
glycosylatively modify the ALS-inhibiting herbicide nicosulfuron and may be involved in
the detoxification process in plants, which can help to further improve the knowledge on
the mechanism of non-targeted action of herbicides.
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2. Results
2.1. Candidate Gene MdUGT73CG22 Identified

Based on the gene chip database published on NCBI (https://www.ncbi.nlm.nih.gov/,
accessed on 18 June 2023) and the apple (Malus x domestica Borkh.) glycosyltransferase
phylogenetic tree [18], nine glycosyltransferase genes MdUGT73B36 (MD17G1100000),
MdAUGT73B37 (MD17G1100300), MdUGT73B38 (MD05G1086300), MdUGT73B39 (MDO05G-
1085800), MAUGT73B40 (MD05G1085700), MdUGT73CG21 (MD12G1104300), MAUGT73CG22
(MD12G1104800), MdUGT73CP3 (MD05G1085400), and MdUGT73AC7 (MD05G1085600)
were predicted to possibly be involved in the detoxification metabolism of ALS-inhibiting
herbicides. To validate their functional predictions, we treated wild-type apple (Malus x do-
mestica Borkh.) seedlings with herbicides, including bensulfuron methyl, nicosulfuron,
thifensulfuron, chlorsulfuron, metsulfuron, triasulfuron, cinosulfuron, chlorimuron-ethyl,
sulfometuron, pyrazosulfuron, rimsulfuron, and ethametsulfuron, and real-time PCR was
performed to detect the mRNA expression levels of these nine glycosyltransferase genes,
respectively. The results are shown in Figure 1 and Table S1; compared with other ALS-
inhibiting herbicides and glycosyltransferase genes, nicosulfuron significantly increased the
mRNA expression level of glycosyltransferase gene MdUGT73CG22 (p < 0.01). For this rea-
son, we chose the apple (Malus x domestica Borkh.) glycosyltransferase gene MdUGT73CG22
as a candidate gene in this study.
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Relative Expression

Figure 1. Relative expression of nine glycosyltransferase genes induced by 12 types of acetolac-
tate synthase (ALS) inhibitor herbicides: (a) real-time PCR detection of glycosyltransferase gene
MAUGT73B40 (MD05G1085700), MAUGT73CG21 (MD12G1104300), MAUGT73CG22 (MD12G1104800),
MdAUGT73CP3 (MD05G1085400), and MdUGT73AC7 (MD05G1085600) are affected by acetolactate
synthase (ALS) inhibitor herbicides: bensulfuron methyl, nicosulfuron, thifensulfuron, chlorsulfuron,
metsulfuron, triasulfuron, cinosulfuron, chlorimuron-ethyl, sulfometuron, pyrazosulfuron, rimsul-
furon, and ethametsulfuron induced expression at 0, 3, 6, 12, and 24 h; (b) real-time PCR detection
of glycosyltransferase gene MdUGT73CG22 (MD12G1104800) subjected to expression induced by
the acetolactate synthase (ALS) inhibitor-like herbicide nicosulfuron at 0, 3, 6, 12, and 24 h. Note:
*p<0.05 *p<0.01,n=3.

2.2. Analysis of Apple Glycosyltransferase MAUGT73CG22 Tissue Expression Pattern

In order to explore the expression of gene MdUGT73CG22 in different developmental
periods of apple (Malus x domestica Borkh.), RNA was extracted from fresh materials of
different growth and developmental periods of apple (Malus x domestica Borkh.) and
reversed transcribed into cDNA; then, the mRNA expression level of MdAUGT73CG22 was
detected by real-time PCR. The results are shown in Figure 2; the gene MdUGT73CG22 was
expressed at the highest level in apple (Malus x domestica Borkh.) roots (p < 0.05) and the
lowest level in flowers (p < 0.05). This result suggests that the apple glycosyltransferase
gene MdUGT73CG22 may play a primary role in the root system.
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Figure 2. Real-time PCR detection of apple glycosyltransferase MAUGT73CG22 tissue expression
pattern, including root, stem, young leaves, mature leaves, flower, young peel, mature peel, young
seeds, and mature seeds. Note: * p < 0.05, n = 3.
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2.3. Identification of Substrates for Glycosylation by Apple Glycosyltransferase MdUGT73CG22

Glycosyltransferase is a kind of modified enzyme; in order to further test its activity,
we induced and purified the MAUGT73CG22 enzyme protein in vitro and analyzed the
total protein and purified protein after induction by SDS-PAGE, which showed that the
amount of the total protein after induction was significantly increased at 81.0 kDa compared
with the amount before induction, and the purified protein band appeared was close to
81.0 kDa (the target band carrying the GST tag, which was 26.0 kDa) (Figure 3a), indicating
that the MAUGT73CG22 protein was successfully expressed and purified.

In order to detect the activity of MAUGT73CG22, we used HPLC (high performance
liquid chromatography) to detect the reaction products of MAUGT73CG22 protein. The
results are shown in Figure 3b,c. MAUGT73CG22 catalysed nicosulfuron to nicosulfuron
glycoside within 30 min; however, in the control experiments, no nicosulfuron glycoside
production was found. This shows that MdAUGT73CG22 can use glucose as a glycosyl
donor to glycosylate nicosulfuron to produce nicosulfuron glycoside in vitro.
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67



Plants 2024, 13,1171

C
106
0.8 -
0.6
i Nicosulfuron+Glu+H
575.1551
0.4 - Nicosulfuron+H
Glu+H 411.4187
b 181.7364
0.2 A

0.0 200 400 600 m/z

Figure 3. HPLC identification of glycosylation substrates for the apple glycosyltransferase
MdUGT73CG22: (a) lane M is Mark; lane S1 is GST tag protein extracted from bacterial solution; lane
52 is MdUGT73CG22-GST fusion protein extracted from bacterial solution; lane S3 is purified GST tag
protein; lane S4 is purified MAUGT73CG22 protein. Induced expression of apple glycosyltransferase
MdUGT73CG22 protein GST tag: 26.0 KDa; MAUGT73CG22-GST: 81.0 KDa; (b) HPLC assay revealed
that apple glycosyltransferase MdAUGT73CG22 could modify nicosulfuron by glycosylation in vitro,
with a peak time of 2.9 min for nicosulfuron and 2.3 min for nicosulfuron glycosides; (c) determination
of nicosulfuron glycosides, the product of apple glycosyltransferase MdUGT73CG22, by molecular
weight by HPLC-MS.

2.4. Acquisition of the MAUGT73CG22 Transgenic Apple Line and Identification of the
Detoxification Function

In the above study, we found that the MAUGT73CG22 enzyme protein could catal-
yse nicosulfuron in vitro. Could MdUGT73CG22 also catalyse nicosulfuron in apple
(Malus x domestica Borkh.)? We extracted the (Malus x domestica Borkh.) apple RNA,
reverse transcribed it into cDNA, successfully cloned the MdUGT73CG22 gene by PCR
amplification, constructed the plant overexpression vector of MAUGT73CG22, and suc-
cessfully obtained the MdUGT73CG22 overexpression strains OE14 and OE26 through
the mediation of R. rhizogenes strain K599 (Figure 4a). Then, we treated each line with an
appropriate amount of nicosulfuron and extracted the total glycosides; the results showed
that the content of nicosulfuron glycosides in the MdUGT73CG22 overexpression lines were
significantly increased compared with the control (Figure 4b). These results suggest that
the MAUGT73CG22 enzyme protein can also catalyse nicosulfuron in vivo and convert it
to nicosulfuron glycosides. Taken together, the results show that the apple (Malus x domes-
tica Borkh.) glycosyltransferase MAUGT73CG22 can modify the ALS-inhibiting herbicide
nicosulfuron by glycosylation, which may be involved in the detoxification process of
plants and help to further improve the knowledge of the mechanism of non-target action
of herbicides.
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Figure 4. HPLC detection of nicosulfuron glycosides in apple glycosyltransferase gene MdUGT73CG22
overexpression lines OE14 and OE26: (a) expression level of gene MdUGT73CG22 in overexpression
lines detected by real-time PCR; (b) HPLC detection of nicosulfuron glycosides in MdUGT73CG22
overexpression lines OE14 and OE26. Note: 1, nicosulfuron glycosides, 2.3 min; 2, nicosulfuron,
2.9 min; 3, internal reference, 3.8 min. Note: ** p <0.01, n = 3.

3. Discussion

Pesticides are effective in safeguarding agricultural production, controlling pests,
diseases, and weeds, and achieving the goal of increasing crop production and generating
income. However, excessive use of pesticides causes serious pollution and damage to
the environment and ecology, which in turn threatens the entire food chain and human
health [19]. Therefore, it is of great theoretical significance and practical value to study the
metabolism and detoxification mechanism of pesticides in crops, reduce the accumulation
of pesticides in crops, and ensure the safety and quality of agricultural products.

The degradation of pesticides usually involves hydrolysis, photolysis, and enzymatic
degradation [20,21]. Pesticides can be biodegraded in plants through various metabolic
and transformation pathways [22]. Studying its mechanism of action will help to clarify
the composition of pesticide residues in agricultural commodities and to assess the dietary
risk of pesticides. Meanwhile, it also can provide an important basis for the creation of
new pesticides and the safe use of pesticides. The results of the related research can be an
important scientific basis in the fields of crop breeding, transgenic plant engineering, and
phytoremediation of environmental pollution.

The metabolic transformation of pesticides in plants is mainly divided into three
stages. Phase I metabolism is the enzyme-catalysed reaction and abiotic degradation pro-
cess, including oxidation, hydrolysis, and reduction [23]. In general, this process converts
pesticides into more water-soluble compounds with lower phytotoxicity, while in some spe-
cial cases, more phytotoxic substances may be generated, such as the metabolic activation
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of some herbicides in plants [24]. Phase II metabolism involves the conjugation of pesti-
cides and their metabolites with plant endogenous substances including carbohydrates,
amino acids, and glutathione [25]. The plant enzymes involved in phase II metabolism
include glutathione S-transferases (GSTs), GTs, and malonyltransferases (MTs), among
others [26]. Enzymes have substrate specificity; therefore, GTs can selectively search for
their own substrate and combine with it. The conjugates formed in phase II metabolism
are usually more water-soluble than the parent compound, have lower phytotoxicity, and
can be stored in organelles, such as vesicles [27]. Phase IIIl metabolism actively removes
conjugates and associated catabolic metabolites formed by the phase II metabolism from
the cytosol, mainly through adenosine triphosphate (ATP)-dependent transporter proteins,
and deposits them into vesicles for temporary storage or further catabolic metabolism [28];
some conjugates are transported to other regions of plant cells, such as aggregation into
the cell walls [27]. There are also some reports that classify some of the processes of phase
III metabolism as phase IV metabolism, including the re-transport of vesicular products
of phase III metabolism back into the cytosol for mineralisation and the incorporation of
metabolic intermediates into the conjugated residues, among others [29-32]. However,
at present, the definition of phase IV metabolism is not clear, and opinions are not con-
sistent. In addition, the same pesticide can undergo different pathways of metabolism
simultaneously in the same plant.

Numerous studies have shown that GTs play an important role in pesticide detoxifica-
tion and plant selectivity to herbicides [33-36]. Zhang et al. investigated the metabolism
of atrazine after overexpression of the ARGT1 gene in rice (Oryza x sativa) and found
that the glycosyltransferase 1 (ARGT1) played an important role in the metabolism and
detoxification of atrazine in transgenic rice (Oryza x sativa). GTs were involved in the
detoxification process of atrazine in alfalfa Medicago sativa, which was treated with atrazine,
showed increased activities of GTs and GSTs (Glutathione S-transferase), and detected
two O-glycosylated metabolites and homoglutathione (hGSH) conjugates [33]. Huang
et al. found that Arabidopsis thaliana AtUGT91C1 played an important role in herbicide
detoxification by glycosylating sulforaphane [34]. Yu et al. found that glutathione could
reduce chlorothalonil (CHT) residues in tomato (Lycopersicon esculentum) by inducing the ex-
pression of the UDP-glycosyltransferase (UGT) gene [35]. Brazier- Hicks et al. reported that
44 GTs from the model plant Arabidopsis thaliana catalysed the O-glycosylation of the pesti-
cide synthesis intermediate chlorophenols, with UGT72B1 also showing N-glycosylation
activity towards chloranilides [36].

Individual genotypes of the cultivated apple tree (Malus domestica Borkh.) differ con-
siderably in their fruit and vegetative characteristics. The results of apple genomic studies
confirmed that cultivated apple varieties originate mainly from Malus sieversii M. Roem
found in Central Asia. Other species such as the European apple (Malus sylvestris Mill.),
the small-fruited Malus baccata (L.) Borkh. from Northeast Asia, and the Eastern Caucasian
apple Malus orientalis Uglitz. also contributed to the creation of today’s cultivated varieties.
This heterogeneity can manifest itself when working with seedlings created by generative
propagation, which is part of the methodical procedure. Therefore, the role of the glyco-
syltransferase MAUGT73CG22 identified in this study in the detoxification metabolism
of nicosulfuron in apples (Malus x domestica Borkh.) may have species preference. In the
following research, we will try to expand the sample size and elucidate the detoxification
function of glycosyltransferase MAUGT73CG22 in different apple varieties.

In this paper, the metabolic mechanism of the apple (Malus x domestica Borkh.) gly-
cosyltransferase gene regulating the detoxification of the acetolactate synthase (ALS) in-
hibitor herbicide nicosulfuron was investigated, using nicosulfuron as a test pesticide
and molecular biology techniques, which resulted in the first discovery of a novel apple
(Malus x domestica Borkh.) glycosyltransferase, MAUGT73CG22, which can glycosylate
ALS-inhibiting herbicide nicosulfuron and may be involved in the plant detoxification
process. This helps us to better understand and utilize herbicides, which are convenient
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and do not cause pollution to the environment or damage the plants themselves. This
study will lay the foundation for subsequent biological detoxification research.

4. Materials and Methods
4.1. Plant Material

We selected the roots, stems, leaves, flowers, and fruits of the 10-year-old Malus x
domestic Borkh. apple tree planted by the School of Life Sciences, Shandong Agricultural
University. Twenty samples were randomly collected from each plant, with a total of
10 strains collected. Please refer to “Apple Germplasm” in the “Resource Description
Specification and Data Standards” [37] for details. The samples were frozen in liquid
nitrogen and stored at —80 °C for expression pattern analysis of the glycosyltransferase
gene MdUGT73CG22.

Transgenic apple (Malus x domestica Borkh.) lines (MdUGT73CG22-OE14 and
MdUGT73CG22-OE26) were obtained by transforming the leaves of Gala using tissue cul-
ture seedlings of the clone apple (Malus x domestica Borkh.) “GL-3". Tissue culture seedlings
were grown at 22 °C, 60 pumol-m~2:s~!, and 14/10 h photoperiod. After 30 d of succession
culture and 45 d of rooting medium culture, the seedlings were incubated for 1 week, and
then the tissue-cultured seedlings were transferred to plastic pots (8.5 x 8.5 x 7.5 cm?®) and
incubated in a light incubator.

4.2. Treatment of Apple Seedlings with ALS-Inhibiting Herbicides

The stratified apple (Malus x domestica Borkh.) seeds were placed in a light incubator
at 25 °C with 14 h of light and 10 h of darkness until the root length reached 3 cm; they
were then transplanted into a 1:1 soil of nutrient soil and vermiculite and cultured until
the six-leaf stage. A certain amount of acetolactate synthase (ALS) inhibitor herbicides
(Table 1) was weighed separately, dissolved in DMSO, and prepared to a final concentration
of 10 umol/L by dilution with ddH,O water. Then, 50 mL of each compound solution
was taken and placed in a petri dish, the roots of the 6-leaf stage apple (Malus x domestica
Borkh.) seedlings were placed in the solution, the plant materials were taken at five time
points, 0 h, 3 h, 6 h, 12 h and 24 h, respectively, and they were wrapped in tin foil and
labelled to be placed in a refrigerator at —80 °C for subsequent RNA extraction.

Table 1. Specific information on the acetolactate synthase (ALS) inhibitor class of herbicides.

CCOIIII;I:::E;I d Structure Name Structural Formula Manufacturer CAS
H H
° N N _N_o©
[3-(4,6-dimethoxypyrimidin-2-yl)-1-(2- N [ Bermuda Biotechnology 90_.
Bensulfuron methyl methoxycarbonylbenzyl)sulfonylurea] 0o N " Co. (Nanjing, China) 83055-99-6
o o
o._
H H
N Qé N N _N_O
[2-(4,6-dimethoxypyrimidin-2- N2 ' T .
Nicosulfuron ylcarbamoylsulfamoyl)-N,N- [ 1 00 N BioLabs Technology Ltd. 111091094
dimethylnicotinamide] NS \/o T (Beijing, China)
/N\ O\\
0. % n n
[3-(4-methoxy-6-methyl-1,3,5-triazin-2- W N_ N_. N_ . .
i -thi . L ST YT YT XY Wittig Chemical
Thifensulfuron ylam‘nocarbo;_gsr‘t‘gi;fg’l) thiophene s T o g N _N Technology Co. 79277-67-1
acid] \— T (Zhengzhou, China)
o‘\
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Table 1. Cont.
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1 ] = P o B (Shanghai, China)
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Cinosulfuron (2-methoxyethoxy)phenyl]sulfonylurea] ’ ~¢" || [ ) (Beijing, China) 94593-91-6
2N NN O
OH H
H H
Qg N__N_N__c
[2-(4-chloro-6-methoxypyrimidin-2- e VN .
Chlorimuron-ethyl ylcarbamoylsulfamoyl)benzoic O o0 N/ BlOLabs“"‘fechnol.ogy Ltd. 99283-00-8
acid] 0. N (Beijing, China)
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o
H H
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[2-(3-(4,6-dimethylpyrimidin-2- 2 0T 7 T .
Sulfometuron yl)ureasulfonyl)benzoic | 1 OO (o) N\7 Eln};%igi;hrgﬁ;i}; Co. 74222-97-2
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)ig |
(o)
[5-(4,6-dimethoxypyrimidin-2- o t‘///Oo H H
Pyrazosulfuron ylcarbamoylsulfamoyl)-1- . s N _N_N_oO Guyan Industry Co. 98389-04-9
y methylpyrazole-4-carboxylic o o N (Shanghai, China)
acid] N
0o
. [1-(4,6-dimethoxy-2-pyrimidinyl)-3-[3- Yuanye Biotechnology Co.
Rimsulfuron (ethylsulfonyl)-2-pyridinesulfonyl]urea] (Shanghai, China) 122931-48-0
O H H H
«-N__N_ N N
[Methyl2-[(4-ethoxy-6-methylamino- x> )Y > Yuanve Biotechnology C
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4.3. Real-Time PCR

For RNA extraction, we referred to the instructions of the plant RNA kit polysaccharide
polyphenol/complex plant RNA rapid extraction kit, as SPARKscript II All-in-one RT
SuperMix (AC0307, Sparkjade, Jinan, China).

For cDNA reverse transcription, we referred to the instructions of the reverse tran-
scription kit, as 2 x Spark Taq PCR Master Mix (AG0305, Sparkjade, Jinan, China).

RT-qPCR was performed using SYBR Green PCR Master Mix kit (Q111-02, VazymE,
Nanjing, China) by Bio-Rad Thermal Cycling System (CFX Connect, Hercules, CA, USA).
The expression level of the reference gene 3-actin was standardised using the AACt method
to normalise the expression levels; the primer sequences are shown in Table S2, and the
nucleotide and amino acid sequences of MAUGT73CG22 are shown in Table S3.

4.4. Expression Vector Construction

Pfu DNA Ploymerase (PC1300, Solepol Biotechnology Co., Shanghai, China) was
used to amplify the target fragment from the apple (Malus x domestica Borkh.) seedling
cDNA; then, the target fragment was recovered using an agarose gel DNA recovery kit
(ZY511-100, Runye Biotechnology Co., Shanghai, China). The gel-recovered product was
ligated into a pMD18-T vector, transformed into E. coli DH5«, and screened for recombinant
plasmids by the blue-white spot method. The recombinant plasmid was double digested
to identify the positive clones and sent to BGI Genomics Co., Ltd. (Shenzhen, China) for
sequencing of the target fragments. Here, 100% of the sequenced fragments were correctly
sequenced; then, the target gene MdUGT73CG22 was recombinantly transferred into the
prokaryotic expression vector pGEX-2T and the plant expression vector PBI121, respec-
tively. After bacteriophage PCR and double enzyme digestion verification, the positive
plasmids MdUGT73CG22-pGEX-2T (Figure Sla) and MdUGT73CG22-PBI121 (Figure S1b)
were transfected into the protein expression strains E. coli BL-21 and R. rhizogenes strain
K599, respectively, for the subsequent protein purification and the obtainment of transgenic
strains, respectively.

4.5. Protein Purification and In Vitro Enzymatic Reactions

Protein purification: single bacteria containing MdUGT73CG22-pGEX-2T were inoc-
ulated into LB liquid medium at 200 rpm/min and incubated at 37 °C overnight. The
activated strain was inoculated in 100 mL LB medium containing kanamycin (50 pg/mL) at
aratio of 1:50, and when the ODg value of the bacterial solution was about 0.6, the bacterial
solution was inoculated with a final concentration of 0.4 mmol/L of Isopropyl-beta-D-
thiogalactopyranoside (IPTG), at a final concentration of 0.4 mmol/L. Soluble recombinant
protein expression was induced with Isopropyl-beta-D-thiogalactopyranoside (IPTG) and
incubated at 20 °C, 200 rpm/min, for 24 h. The induced bacterial fluids were subjected to
target protein purification according to the instructions of the Beyotime GST-tag Protein
Purification Kit (P2262, Beyotime, Shanghai, China).

In vitro enzymatic reaction: the protein obtained by purification as described above
was subjected to an in vitro enzymatic reaction with the target compounds in a specific
system, consisting of 10 uL of 0.5 M Tris-HCI (pH 8.0), 5 uL of 50 mM MgSQO;, 5 uL of
200 mM KCl, 2.5 puL of 0.1 M UDP-glucose, 1 uL of 10% [3-mercaptoethanol, 1 puL of 100 mM
nicosulfuron, 2 uL MdUGT73CG22 protein, and ddH,O, and the volume was made up to
100 uL by adding ddH,O.

4.6. Transgenic Apple Seedling Screening

The test material used for apple genetic transformation was the tissue culture seedlings
of clone “GL-3", with strong regenerative ability and high transformation efficiency, ob-
tained from the “Gala” apple. The leaves of “GL-3” were transformed with R. rhizogenes
strain K599, which carries the sequence MdUGT73CG22-PBI121, and 50 mg~L’l kanamycin
and 250 mg-L~! sodium cefotaxime were added to the MS medium for the selection of
regenerating shoots. During the selection process, slow-growing and yellowing regener-
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ation shoots were discarded, and normal-growing regeneration shoots continued to be
cultured on the selection medium until they developed into robust individuals with stem
and leaf tissues.

DNA was extracted from “GL-3"” and transgenic apple plants using the PureLink™
Genomic Plant DNA Purification Kit (K183001, Thermo Fisher Scientific, Waltham, MA,
USA). The partial sequence of the CaMV 35S promoter on the vector was used as the up-
stream primer, the downstream primer was designed with the sequence of MdUGT73CG22
gene for PCR amplification, and electrophoresis was carried out to detect whether it was
the target gene or not.

4.7. Endogenous Glycoside Extraction from Transgenic Apple Seedlings

Five- to six-week-old wild-type and successful transgenic apple (Malus x domestica
Borkh.) seedlings treated with the target compounds for 12 h at a final concentration
of 10 pmol/L were frozen in liquid nitrogen, powdered, and homogenised in 10 mL of
90% (v/v) methanol with the internal standard. After centrifugation at 10,000x g for
10 min, the supernatant was transferred to a new centrifuge tube, the remaining precipitate
was re-extracted with 100% (v/v) methanol and centrifuged at 10,000x g for 10 min,
the supernatants were combined into the supernatant centrifuge tube from the previous
step, and the combined supernatant was dried by heating in a fast vacuum (60 °C). The
residue was resuspended in 500 uL of 20% (v/v) trichloroacetic acid and sonicated for
10 min; then, it was extracted with 2 volumes of ethyl acetate-cyclopentane-isopropanol
(50:50:1). The organic phase containing fumetsulfuron was then dried by heating in a rapid
vacuum (60 °C). The residue was dissolved in 100 uL of aqueous solution containing 10%
MeOH (v/v) and 0.1% TFA (v/v) and vortexed for 1 min. The fraction can be used for
HPLC analysis.

4.8. High Performance Liquid Chromatography (HPLC) Analysis of Target Products

The HPLC detection conditions were as follows: Agilent 1290-6470A ultra performance
liquid chromatography-tandem mass spectrometry, Agilent (G4261B, Agilent, Santa Clara,
CA, USA); Poroshelll20EC-C18 column (2.1 mm x 50 mm, 1.9 um); column temperature:
room temperature; detection wavelength: 241 nm; mobile phase A: 0.2% formic acid in
water; mobile phase B: acetonitrile. The flow rate was 0.3 mL/min; the injection volume
was 5 uL.

The gradient elution conditions were as follows: 0.00 min, phase A 95%, phase B 5%;
0.50 min, phase A 95%, phase B 5%; 1.60 min, phase A 20%, phase B 80%; 3.00 min, phase
A 10%, phase B 90%; 4.00 min, phase A 10%, phase B 90%; 4.10 min, phase A 95%, phase B
5%; 4.50 min, phase A 95%, phase B 5%.

The mass spectrometry conditions were as follows: electrospray ion source, posi-
tive ion ionisation mode (ESI+), drying gas temperature 325 °C, drying gas flow rate
10 L/min. nebulising gas pressure 50 psi, sheath gas temperature 400 °C, sheath gas
flow rate 12 L/min, capillary voltage 4000 V, nozzle voltage 500 V; data acquisition was
performed in multiple reaction monitoring mode.

Mass Spectrometer: retention time 2.09 min; parent ion 411.1; daughter ion 214 and
182, cone voltage 106 VL; collision energy 14 and 20 eV.

4.9. Data Statistics and Analyses

All experiments were performed with at least three independent biological repli-
cates, and each measurement was repeated three times. Data are expressed as means SD.
Data were statistically analysed using Student’s f-test. * indicates significant differences
(*p <0.05, ** p < 0.01) relative to wild-type or controls in different experimental treatments.

Supplementary Materials: The following supporting information can be downloaded at: https:

/ /www.mdpi.com/article/10.3390/plants13091171/s1, Figure S1: Induced expression of apple
glycosyltransferase MdUGT73CG22 protein GST tag: 26.0 KDa; MAUGT73CG22-GST: 81.0 KDa;
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Table S1: mRNA expression of nine glycosyltransferase genes induced by class 12 acetolactate
synthase (ALS) inhibitor herbicides; Table S2: Gene primers; Table S3: Nucleotide and amino acid
sequences of MAUGT73CG22.
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Abstract: Straw covering is a protective tillage measure in agricultural production, but there is
relatively little research on the allelopathic effects of corn straw on weeds and foxtail millet. This
experiment studied the allelopathic effects of corn straw on four weeds (Chenopodium album, Setaria
viridis, Echinochloa crus-galli and Amaranthus retroflexus) in foxtail millet fields, and also measured
the growth indicators of foxtail millet. The study consisted of Petri dish and field experiments. Five
treatments were used in the Petri dish experiment: clear water as control (0 g/L, TCK) and four types
of corn straw water extracts. They were, respectively, the stock solution (100 g/L, T1), 10 X dilution

(10 g/L, T2), 50 X dilution (2 g/L, T3), and 100 X dilution (1 g/L, T4) of corn straw water extracts.

Additionally, seven treatments were set up in the field experiment, consisting of three corn straw
covering treatments, with covering amounts of 3000 (Z1), 6000 (Z2) and 12,000 kg/ha (Z3), and four
control treatments—one treatment with no corn straw cover (CK) and three treatments involving
the use of a black film to create the same shading area as the corn straw covered area, with black
film coverage areas of 50% (PZ1), 70% (PZ2), and 100% (PZ3), respectively. The results showed that
the corn straw water extract reduced the germination rate of the seeds of the four weeds. The T1
treatment resulted in the allelopathic promotion of C. album growth but the inhibition of S. viridis, E.
crus-galli, and A. retroflexus growth. Treatments T2, T3, and T4 all induced the allelopathic promotion
of the growth of the four weeds. The order of the effects of the corn straw water extracts on the
comprehensive allelopathy index of the four weed seeds was as follows: C. album > S. viridis > A.
retroflexus > E. crus-galli. With an increase in the corn straw mulching amount, the density and total
coverage of the four weeds showed a gradual downward trend, whereas the plant control effect
and fresh weight control effect showed a gradual upward trend. All indices showed the best results
under 12,000 kg /ha of mulching and returning to the field. Overall, corn straw coverage significantly
impacted the net photosynthetic rate and transpiration rate of foxtail millet and increased the yield of
foxtail millet. Under coverages of 6000 and 12,000 kg/ha, the growth of foxtail millet is better. Based
on our findings, we recommend a corn straw coverage of 12,000 kg/ha for the allelopathic control of
weeds in foxtail millet fields.

Keywords: corn straw; water extract; allelopathy; weeds control

1. Introduction

Foxtail millet (Setaria italica (L.) Beauv) is an annual gramineous plant that originated
in China [1,2] and has a short growth period, rich nutritional value [3-5], and strong
drought and salt stress resistance. It is the main miscellaneous grain crop in dry farming
ecological agriculture [6,7] and can be used as a substitute crop to supplement other
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economically valuable crops [8]. After years of development, the foxtail millet industry
has made continuous progress under the premise of green and sustainable ecological
development. In recent years, with the support of the government and promotion of the
market, foxtail millet industrialization has accelerated. Foxtail millet is widely cultivated
across northern China [9]. With the structural adjustment of the agricultural industry and
the increased demand for miscellaneous grains, the yield of foxtail millet has shown a
gradual upward trend. However, many types of weeds are found in foxtail millet fields
that have strong stress resistance and are difficult to control, and few herbicides are suitable
for foxtail millet fields [10]. Currently, only seven herbicides are registered with the China
Pesticide Information Network. Foxtail millet is very sensitive to chemical herbicides [11].
Therefore, manual weeding remains the main method of weed control during the growth
period of foxtail millet, which is laborious.

Straw is an important byproduct of crop production and a valuable renewable energy
source. After straw covering, chemical substances are released through pathways such
as root secretion, stem and leaf volatilization, rain and fog leaching, and plant residue
decomposition, which affect the surrounding plants or microorganisms [12-14]. These
substances are called allelopathic substances and are secondary metabolites of diverse
types with a small molecular weight and simple structure. They affect the growth of
neighboring crops, target crops, and weeds through allelopathic effects [15,16]. The majority
of discovered allelochemicals are terpenes, phenols, and organic acids. These allelopathic
substances can exhibit direct or indirect inhibitory or promoting effects on different receptor
plants or microorganisms [17].

Straw covering can effectively reduce soil moisture evaporation and regulate soil
temperature [18-20]. Microbial decomposition and rainwater leaching covered with straw
can improve soil fertility [21] and physicochemical properties [22-24], can promote soil
water fertilizer interaction, and are widely used in conservation tillage [25,26]. Cai et al. [27]
revealed that the soil water storage capacity of corn straw covered within a soil depth of
200 cm increased. Additionally, grain yield showed an increase with the increase in straw
coverage, improving water use efficiency. Valvi et al. [28] showed that the water extract
of teak leaves had an inhibitory effect on rice germination and other growth parameters,
which was proportional to the concentration of the extract; the higher the concentration, the
stronger the inhibitory effect. Akhtar et al. [29] showed that corn straw mulching reduces
the demand for nitrogen fertilizer for wheat by regulating soil moisture and temperature
and improves the nitrogen use efficiency, yield, and water use efficiency of wheat. Crawford
et al. [30] confirmed that the straw mulching of cereal crops inhibited the growth of weed
seedlings in edamame fields and reduced the emergence rate of weeds in edamame fields by
20% whilst not interfering with the growth of soybean. Akhtar et al. [31] found that wheat
straw mulching significantly improved photosynthesis, SPAD value, growth, biomass, and
the seed yield of soybeans. Zhu et al. [32] found that the biomass of E. crus-galli covered
with 1, 3, 5, 7, and 9 cm rapeseed straw decreased by 65.74%, 80.18%, 81.15%, 70.99%,
55.65%, and 27.22%, respectively. Mehra et al. [33] illustrated that the severity of wheat
diseases varies depending on residual coverage rate. Disease severity increased nonlinearly
with the residual level increase, and residual coverage had a significant effect on disease
severity in all treatments.

Corn is the predominant crop grown in China. However, there are few reports on
the allelopathic effects of corn straw on weeds in foxtail millet fields. In this study, using
a combination of Petri dish and field experiments, the biological indices of four weeds
in foxtail millet fields were measured in a Petri dish experiment and after corn straw
mulching, and the number of weeds was investigated in a field experiment. Additionally,
we analyzed the growth and physiological indicators of foxtail millet and the allelopathic
effects of corn straw on foxtail millet and its associated weeds. These findings provide a
scientific reference for the application of corn straw in foxtail millet field mulching.
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2. Results
2.1. Effects of Corn Straw Water Extracts on Four Weed Species

All the concentrations of corn straw water extract reduced the germination rate of the
seeds of the four weeds. Compared with that of TCK, the T4 treatment significantly reduced
the germination rate of C. album and A. retroflexus. The seed germination rates of C. album,
S. viridis, and E. crus-galli was lowest under the T1 treatment, which significantly decreased
by only 25.55%, 23.33% and 30.00%, respectively, compared with that of TCK, whilst the
seed germination rates of all four weeds were significantly reduced compared with that
of TCK. The T2 treatment significantly reduced the germination rates of E. crus-galli and
A. retroflexus by 11.11% and 18.89%, respectively, compared with that of TCK. There was
no significant difference in the germination rates of the four weed seeds between the T3
treatment and TCK groups (Figure 1).

Germination percentage (%)

C. album
100% TCK.
— L
—i2
— 3
—T4
A. retroflexus 8% S. viridis

E. crus-galli

Figure 1. Effect of corn straw water extract on seeds germination rate of the four weeds (Petri dish
experiment). TCK—Clear water control; T1—the stock solution of corn straw water extracts; T2—10 X
dilution of corn straw water extracts; T3—50x dilution of corn straw water extracts; T4—100 x
dilution of corn straw water extracts.

Different concentrations of corn straw water extract had different allelopathic effects
on the germination rates of the seeds of the four weeds, but all the treatments showed the
allelopathic inhibition of germination. Under the T1 treatment, the allelopathic index of the
germination rate of the four weeds was the largest and the allelopathic inhibition effect
was the strongest, compared to that of the other treatments. The order of the inhibition
effect of T1 on the seed germination rates of the four weeds from strong to weak is S. viridis
> E. crus-galli > C. album > A. retroflexus (Figure 2).
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A. retroflexus

Allelopathic index of germination rate (RI)

C. album
0.0

—T2
—T3
——T4

E. erus-galli

S. viridis

Figure 2. Effect of corn straw water extract on the allelopathy index of seeds germination rate (Petri
dish experiment).

The T1 treatment allelopathically inhibited the root lengths of S. viridis and E. crus-galli
by 79.48% and 67.06%, respectively, and the shoot lengths by 0.85% and 9.74%, respectively,
compared with that of TCK. Thus, the inhibition effect on the root length was stronger
than the effect on the shoot length (Figure 3). However, the T1 treatment increased the root
and shoot length of C. album through allelopathy. The root length of A. retroflexus seeds
was inhibited by allelopathy, and the shoot length of A. retroflexus seeds was promoted
by allelopathy. The T2, T3, and T4 treatments promoted the root and shoot lengths of
the four weeds, and the allelopathic-induced reduction in the shoot length by the T4
treatment was significantly different from that of the TCK treatments. With an increase
in the concentration of the corn straw water extract, the increase in root length gradually
decreased, while shoot length gradually increased (Figure 3).
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A. retrofiexus

Figure 3. Effects of corn straw water extract on root length (A) and shoot length (B) (Petri dish
experiment). Error bars indicate the standard error of means. Note: Comparison between treatments

of different concentrations on the same weed species, with lowercase letters representing a significant
difference (p < 0.05).

The different corn straw water extract treatments had different allelopathic effects
on the root and shoot lengths of the four weeds. The T1 treatment induced allelopathic
reductions in the root and shoot lengths of S. viridis and E. crus-galli and had the strongest
allelopathic effect on the root lengths of A. retroflexus. Under the T2, T3, and T4 treatments,
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allelopathy resulted in a gradual decrease in root length with increased dilution ratios of
corn straw water extract, whilst shoot length gradually increased with increased dilution
ratios of corn straw water extract. The T4 treatment had the greatest effect on the allelopathy
index of the shoot lengths of the four weeds, which were 0.51, 0.35, 0.30, and 0.41 (Figure 4).
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Figure 4. Effects of corn straw water extract on allelopathic index of root (A) and shoot (B) length
(Petri dish experiment).

The comprehensive allelopathy index of the corn straw water extracts for the four
weeds significantly differed, and the comprehensive allelopathic effects on C. album were
the greatest. The T1 treatment resulted in the allelopathic promotion of C. album and
allelopathic inhibition of S. viridis, E. crus-galli and A. retroflexus. In contrast, the T2, T3,
and T4 treatments all induced the allelopathic promotion of the growth of the four weeds.
With the increasing dilution ratios of the corn straw water extract, the comprehensive
allelopathic effect of the extracts on C. album and S. viridis gradually decreased, whilst the
comprehensive allelopathy effect of the extracts on E. crus-galli and A. retroflexus gradually
increased. The order of the effects of the corn straw water extracts on the comprehensive
allelopathy index of the four weeds from strong to weak was C. album > S. viridis > A.
retroflexus > E. crus-galli (Figure 5).
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Figure 5. Effect of straw water extract on the comprehensive allelopathic index of the four weeds
seeds (Petri dish experiment).
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2.2. Effects of Corn Straw Mulching on the Four Weeds

Under different corn straw mulching amounts, the number of weeds under the Z3
treatment was the lowest after rainfall. With the increase in corn straw mulching, the
density of weeds gradually decreased, and with increasing incidences of rainfall, the
reduction in weed density due to corn straw mulching gradually decreased. Under the Z2,
and Z3 treatments, after each rainfall event, the densities of C. album and E. crus-galli were
significantly lower than those of CK, which has an obvious allelopathy inhibition effect.
After the third rainfall, the density of A. retroflexus under Z3 treatment was significantly
lower than that under CK treatment (Table 1).

Table 1. Weed density of four foxtail millet fields under different corn straw mulching (field experi-

ments). “/” indicates that no samples are found in the community.

Rain Frequency Treatment C. album S. viridis E. crus-galli A. retroflexus
CK 65.33 £7.07 a 26.67 £6.11a 26.67 £ 6.11a 12.00 £2.00 a
P71 4133 +8.86b 16.00 £ 4.00 ab 16.00 £ 4.00 bc 2.67 +0.62 bc
pPz2 3733 £5.33b 14.67 £231Db 21.33 £2.31 ab 4.00£1.93b
First rain PZ3 / / / /
Z1 4133 +£6.22b 17.33 £ 6.11 ab 17.33 £ 6.11b 2.67 +0.62 bc
z2 29.33 £231¢ 12.00 £ 4.58 b 14.67 £ 3.58 bc 133+ 0.51c
Z3 14.67 £ 6.86d 8.00 293 ¢ 9.33 £6.93d /
CK 65.33 £8.33a 10.67 £1.11b 26.67 =231 a 4.00 £2.00 a
PZ1 29.33 £3.24 ¢ 6.67 £231c 18.67 £2.31b 2.66 = 0.61 ab
PZz2 20.00 £2.00d 8.00 £ 2.00 be 16.00 £ 4.00 b 1.33£230b
Second rain PZ3 / / / /
Z1 40.00 +=4.42Db 24.00 = 4.00 a 17.33 £ 6.11b 2.66 = 0.61 ab
z2 38.67 £ 6.07b 8.00 +2.93 be 16.00 £ 6.93 b 2.66 +2.30 ab
Z3 30.67 =4.13 ¢ / 8.00 £6.93 c 1.33+0.50b
CK 80.00 £4.33 a 14.67 £8.33b 40.00 + 6.93 a 4.00 £ 2.00 ab
P71 21.33 £ 6.11c¢ 933 £231c 13.33 £2.86d 2.66 +£0.61b
pPz2 20.00 = 6.93 ¢ 533 +231d 10.67 +4.33 d 2.66 £0.61b
Third rain PZ3 / / / /
Z1 48.00 +6.93b 26.67 =573 a 38.67 =213 a 6.66 £211a
z2 46.67 +=4.62Db 17.33 £4.04b 30.67 £2.31b 2.66 £0.61Db
Z3 41.33 £8.33b 16.00 £ 2.05b 1733 £6.11c 133 £0.50 ¢

Note: Comparison between treatments of different mulching on the same days, with lowercase letters representing
a significant difference (p < 0.05). The treatments in the table are as follows: no corn straw cover (CK); shading
area without corn straw black film, 50% (PZ1), 70% (PZ2), and 100% (PZ3); and corn straw coverage, 3000 kg/ha
(21), 6000 kg/ha (22), and 12,000 kg /ha (Z3).

Five days after the first rainfall event, the densities of the four weeds under the Z1, 72,
and Z3 treatments were lower than that under CK, but there was no significant difference
between the Z1 and PZ1 treatments. Under the cover of Z2 straw, C. album and A. retroflexus
were significantly different from the PZ2, but S. viridis and E. crus-galli were not significantly
different from the PZ2. Therefore, 5 days after the first rainfall, the reduction in weed
density in the Z1 and Z2 treatments primarily depended on the physical coverage provided
by the straw (Table 1).

Five days after the second rainfall event, the densities of C. album and E. crus-galli under
the Z1, Z2, and Z3 treatments were significantly lower than those under CK. However,
the density of S. viridis under the Z1 treatment was significantly higher than that under
CK. The density of the four weeds under the Z2 treatment were lower than those under
CK. E. crus-galli and A. retroflexus showed no significant difference between the Z1 and
PZ1 treatments. S. viridis, E. crus-galli and A. retroflexus showed no significant difference
between the Z2 and PZ2 treatments. Therefore, the decrease in the prevalence of the four
weeds under the Z1 and Z2 treatments primarily depended on the physical covering effect
of the straw 5 days after the second rainfall (Table 1).
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Five days after the third rainfall event, the densities of the four weeds were significantly
different between the Z1 and PZ1 treatments or between the Z2 and PZ2 treatments except
for A. retroflexus. The Z3 treatment effectively reduced the prevalence of the four weeds,
which was the result of the physical covering effect of the straw and allelochemicals
(Table 1).

The Z1, Z2, and Z3 treatments significantly reduced the total coverage of weeds in
foxtail millet fields compared with the coverage in the CK group, and with increased corn
straw coverage, the total coverage of weeds gradually decreased. Total weed coverage
under the Z3 treatment was consistently lower than that under the Z1 and Z2 treatments
(Figure 6).
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Figure 6. Total weed coverage value under different corn straw mulching (field experiments). No
weed growth under PZ3 treatment.

Five days after the first rainfall, the total weed coverage under the Z1, Z2, and Z3
treatments was significantly lower than that of CK, and total weed coverage was lowest
under the Z3 treatment. There was no significant difference in weed coverage between the
71 and PZ1 treatments five days after the second and third rainfall events. Therefore, the
reduction in weed coverage under the Z1 treatment five days after the first rainfall was
the result of both the physical covering effect of the straw and allelochemicals, and the
reduction in weed coverage five days after the second and third rainfall events primarily
depended on the physical covering effect of the straw. There was no significant difference
in weed coverage between the Z2 and PZ2 treatments five days after the first and second
rainfall events. Total weed coverage under the Z2 treatment was significantly higher than
that under the PZ2 treatment five days after the third rainfall event. Therefore, the decrease
in total weed coverage under the Z2 treatment five days after the first and second rainfall
events was due to the combined effect of the physical covering of the corn straw, whilst the
decrease in total weed coverage five days after the third rainfall event primarily depended
on the physical covering effect of corn straw and allelochemicals (Figure 6).

With increasing corn straw mulching amounts, the number and fresh weight of weeds
gradually decreased, while the plant control effect and fresh weight control effect gradually
increased. With increased rainfall incidences, the number and fresh weight of weeds
gradually increased, while the plant control effect of and fresh weight control effect of
weeds gradually decreased (Table 2).

Five days after the first rainfall, the plant control effect and fresh weight control effect
under the Z3 treatment were the highest, reaching 74.38% and 61.03%, and the number
and fresh weight of weeds under the Z1, Z2, and Z3 treatments were significantly lower
than those of CK. Compared with that of PZ2, the control effect under the Z2 treatment
increased by 14.63%. Five days after the second rainfall, the number and fresh weight of
weeds treated with Z3 were significantly lower than those treated with CK, whilst plant
control effect and fresh weight control effect were significantly higher than those under
the Z1 and Z2 treatments. Under the Z1 and Z2 treatments, the plant control effect and
fresh weight control effect were lower than those under PZ1 and PZ2 treatments. Five days
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after the third rainfall event, the number and fresh weight of weeds under the Z2 and Z3
treatments were significantly different from those of CK, while the plant control effect and
fresh weight control effect of Z3 treatment were significantly higher than those of Z1 and
Z2 (Table 2).

Table 2. Weed control effect under different corn straw mulching (field experiments). “/” indicates
that no samples are found in the community.

Rain Frequency Treatment Wee&l’ll: :81 ber Pl;gefto(r(}/g()l Fresh Weight (g) Coljftif)lll ]‘E/\flzfth (t%)
CK 130.67 a 125.67 a
PZ1 77.33b 39.49 ¢ 70.00 ¢ 4421b
PZ2 76.00 b 39.29 ¢ 60.67 d 51.49b
First rain PZ3 / / / /
Z1 77.33b 39.49 ¢ 99.00 b 20.71d
Z2 58.67 ¢ 53.92 b 78.00 ¢ 37.99 ¢
73 32.00d 74.38 a 4933 ¢ 61.03 a
CK 105.33 a 530.00 a
P71 4533 d 56.56 a 363.00 ¢ 32.38 ¢
PZ2 58.67 ¢ 44.06 b 299.00 d 444b
Second rain PZ3 / / / /
Z1 82.67b 21.56 ¢ 480.67 b 12.30d
72 62.67 ¢ 40.50 b 354.67 ¢ 33.44 ¢
73 38.67 d 62.76 a 211.00 e 60.11 a
CK 134.67 a 827.00 a
PZ1 44.00 e 64.46 ab 797.33 a 3.37 ¢
PZ2 36.00 f 71.22 a 752.67 b 11.28 a
Third rain PZ3 / / / /
Z1 94.67 b 23.44 d 800.67 a 3.18¢
72 81.33 ¢ 36.43 ¢ 759.00 b 8.22b
73 54.67 d 60.09 b 733.33 ¢ 8.87b

Note: Comparison between treatments of different mulching on the same days, with lowercase letters representing
a significant difference (p < 0.05).

2.3. Effects of Corn Straw Mulching on Foxtail Millet
2.3.1. Effects of Corn Straw Mulching on Plant Height, Leaf Area and SPAD of Foxtail Millet

The plant height, leaf area, and SPAD value of foxtail millet all improved under
the varying coverages of corn straw. Specifically, as corn straw coverage increased, the
plant height and leaf area of foxtail millet gradually increased, while the SPAD value first
increased and then decreased. Following the first rainfall that lasted for 5 days, the plant
height, leaf area, and SPAD value of Z1 treatment increased by 4.67 cm, 1.36 cm?, and 2.1,
respectively, compared with CK; however, this difference was not significant. Compared
with CK, the plant height, leaf area, and SPAD value of Z2 treatment increased by 9 cm,
7.12 cm?, and 6.23, respectively, with this difference not being significant. Compared with
CK, the plant height and leaf area of foxtail millet treated with Z3 increased by 12.33 cm
and 9.65 cm?, respectively, with these differences being significant. Additionally, the SPAD
value increased by 5.07; however, this increase was not significant. The plant height, leaf
area, and SPAD value of foxtail millet all increased under different corn straw mulching
amounts compared with the corresponding area of black film mulching. The plant height,
leaf area, and SPAD value of foxtail millet in Z1 treatment increased by 3.4 cm, 0.82 cm?, and
0.8, compared with PZ1 treatment, although the differences were not significant. Compared
with PZ2 treatment, the plant height of foxtail millet in Z2 treatment increased by 7.7 cm;
however, the difference was not significant. The leaf area and SPAD value increased by
5.99 cm? and 5.5, with significant differences. Compared with PZ3 treatment, the plant
height and leaf surface integral of foxtail millet significantly increased by 9.1 cm and
7.08 cm?, while SPAD value increased by 4.3; however, this difference was not significant.
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After receiving rain for the second time for 5 days, the plant height and SPAD value of
foxtail millet in Z2 treatment, as well as the plant height and leaf area of foxtail millet
in Z3 treatment were significantly higher than those in CK and the corresponding black
film mulching treatments of PZ2 and PZ3. After receiving rain for the third time for
5 days, the plant height, leaf area, and SPAD value of foxtail millet in Z1, Z2, and Z3
treatments were higher than CK and those treated with black film covering PZ1, PZ2, and
PZ3 in the corresponding areas; however, the leaf area of foxtail millet treated with Z3 was
significantly higher than that of CK (Figures 7-9).
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Figure 7. Effect of corn straw mulching on foxtail millet plant height (field experiments). Note:
Comparison between treatments of different mulching on the same days, with lowercase letters
representing a significant difference (p < 0.05).
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Figure 8. Effect of corn straw mulching on foxtail millet leaf area (field experiments). Note: Compari-
son between treatments of different mulching on the same days, with lowercase letters representing a
significant difference (p < 0.05).
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Figure 9. Effect of corn straw mulching on soil plant analysis development SPAD value of foxtail
millet (field experiments). Note: Comparison between treatments of different mulching on the same
days, with lowercase letters representing a significant difference (p < 0.05).

2.3.2. Effects of Corn Straw Mulching on Photosynthesis of Foxtail Millet Leaves

Adding corn straw to the field can improve the photosynthetic characteristics of
foxtail millet. Specifically, the net photosynthetic rate (Pn), transpiration rate (Tr), and
stomatal conductance (Gs) of foxtail millet leaves under different mulching amounts were
higher than in CK and in the treatments of black film mulching with PZ1, PZ2, and PZ3
in the corresponding areas. However, the intercellular CO, concentration (Ci) was lower
than in CK and in the treatments of black film mulching with PZ1, PZ2, and PZ3 in the
corresponding areas. With the increase in corn straw mulching, the Pn, Tr, and Gs of
foxtail millet leaves showed a trend of first increasing and then decreasing, while the Ci
first decreased and increased. Following 5 days of three spells of rain, the photosynthetic
efficiency of foxtail millet leaves was the highest in Z2 treatment. After the first spell of
rain for 5 days, compared with CK, the Pn of foxtail millet leaves in Z1 and Z3 treatments
was significantly different, which increased by 23.72% and 27.76%, respectively. Compared
with PZ1 and PZ3, the Pn, Tr, Gs, and Ci of foxtail millet leaves were not significantly
different. Compared with CK, the Pn and Tr of foxtail millet leaves in Z2 treatment were
significantly different, increasing by 35.44% and 25.77%, respectively. Compared with PZ2
treatment, the Pn, Tr, Gs, and Ci of foxtail millet leaves were not significantly different.
After the second spell of rain for 5 days, the transpiration rate of millet leaves treated with
72 was significantly different from CK and PZ2, and that of foxtail millet leaves treated
with Z3 was significantly different from CK, but not significantly different from PZ3. After
the 5 days of the third spell of rain, no significant difference was observed in Pn, Tr, Gs,
and Ci between treatments Z1, Z2, and Z3, as well as CK, and treatments PZ1, PZ2 and
PZ3 covered with black film in corresponding areas. Therefore, our findings imply that the
application of corn straw mulching and its incorporation into the field primarily impacts
the Pn and Tr of foxtail millet leaves (Figures 10-13).
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Figure 10. Effect of corn straw mulching on Pn of foxtail millet leaves (field experiments).
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Figure 11. Effect of corn straw mulching on Tr of foxtail millet leaves (field experiments).
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Figure 12. Effect of corn straw mulching on Gs of foxtail millet leaves (field experiments).
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Figure 13. Effect of corn straw mulching on Ci of foxtail millet leaves (field experiments).

2.3.3. Effects of Corn Straw Mulching on Foxtail Millet Yield

The yield components of foxtail millet were improved by the application of different
mulching amounts of corn straw. Specifically, the panicle weight, panicle length, panicle
grains weight and the 1000-grain weight of foxtail millet were significantly higher under
Z2 and Z3 treatments compared to CK. Compared with the black film mulching treatment
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in the corresponding area, the panicle length and 1000-grain weight of foxtail millet under
Z2 and Z3 treatments were significantly higher than those of foxtail millet under PZ2 and
PZ3 treatments, and the nutrients and allelochemicals in corn straw mainly affected the
panicle length and 1000-grain weight of foxtail millet. As mulch increased, the yield of
foxtail millet first increased and then decreased. The highest yield of foxtail millet under
Z2 treatment was 5781.51 kg/ha, which was 10.32% higher than that of CK and 3.96%
higher than that under PZ2 treatment. The physical covering effect of corn straw mulching
plays a role in saving water and preserving soil moisture. Simultaneously, nutrients and
allelochemicals in the straw enter the soil and are absorbed and utilized by foxtail millet,
thus increasing the yield of foxtail millet, as indicated by the increasing panicle length and
1000-grain weight of foxtail millet (Table 3).

Table 3. The yield components of foxtail millet (field experiments).

Panicle Grains 1000-Grain

Treatments Panicle Weight Panicle Length Weight Weight Yield
(g (cm) ( (kg/ha)
g) (g
CK 18.57 +1.002 ¢ 26.10 £2.61 ¢ 11.51 +0.64 ¢ 2.96 £0.01b 5240.88 £ 159.95 ¢
PZ1 18.66 + 0.50 ¢ 27.23 = 0.47 bc 11.99 + 1.33 bc 2.96 £ 0.04b 5325.65 £ 226.36 ¢
PZ2 19.23 £+ 1.36 bce 28.07 £ 0.78 bc 12.18 £ 0.98 bc 2.97 +£0.03b 5561.12 £ 157.80 b
PZ3 20.81 £ 0.40 ab 28.63 £0.55b 13.75 £ 0.70 be 298 +£0.04b 5666.78 £ 136.96 ab
Zz1 18.78 £ 1.73 ¢ 29.23 £ 1.06 b 12.56 + 2.73 bc 3.02 4+ 0.01 ab 5681.40 £ 209.57 ab
z2 2268 +1.76a 34.03+0.59a 1548 +1.22a 3.07£0.05a 5781.51 £ 333.98 a
Z3 2129 £0.05a 3223+ 1.36a 14.46 £ 1.24 ab 3.07+0.02a 5711.02 4+ 336.76 a

Note: Comparison between treatments of different mulching on the same days, with lowercase letters representing
a significant difference (p < 0.05).

3. Discussion
3.1. Allelopathic Effects of Straw Water Extract on Weeds

Crop straw affects seed germination and the seedling growth of plants through al-
lelopathy, but the sensitivity of different plants to allelochemicals varies. Allelochemicals
produced by different crop straws have different effects on different plant seeds [34,35],
and the intensity of the liquefaction sensitivity of straw extraction in different crops, parts,
and concentrations also differs. The water extracts of wheat straw significantly reduced
the germination rate, germination index, and all morphological growth parameters of
Bermuda grass seedlings [36]. Crude corn straw extract had a greater inhibitory effect on
seedling germination and growth than the fermented corn straw extract. The corn straw
extract had remarkably inhibited the germination and seedling growth of C. album and
the seedling growth of A. theophrasti [37]. A 40% water extract concentration of Gaillardia
pulchella can inhibit the germination of Brassica napus. Different concentrations of water
extracts of G. pulchella inhibited the growth of B. napus roots but promoted the elongation
of shoots [38]. This is similar to the results of this study using corn straw water extract
treatments. In this study, the T1 treatment inhibited the germination of the four weeds;
reduced the root length, shoot length, and allelopathy index of S. viridis and E. crus-galli.
However, T1 treatment increased the root length, shoot length, and allelopathy index of
C. album; and reduced the root length of A. retroflexus, but increased shoot length. The
order of the effects of corn straw water extract from strong to weak on the comprehensive
allelopathy index of the four weed seeds was as follows: C. album > S. viridis > A. retroflexus
> E. crus-galli.

3.2. Allelopathic Effects of Corn Straw Mulching on Weeds

Currently, weed control in fields remains an urgent problem, and the growth of
weeds affects the growth, yield, and quality of crops. Various herbicides are used on
agricultural lands. Long-term use of pesticides causes resistance in weeds and adverse
effects, such as soil pollution [39,40]. Black film covering is a common cultivation method
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in agricultural production, which can increase crop yield, affect crop growth and soil
environment [41,42]. Black film covering can weaken the heat exchange between the soil
and the outside world, increasing the temperature of the cultivated layer of the soil [43,44].
At the same time, covering with black film can reduce the light under the film, so as to
inhibit weed growth. The PZ1, PZ2 and PZ3 treatments in this study only covered the ridges;
the plants inside the rows were exposed outside, so the temperature under the film was
not too high. Rainfall can seep into the soil from the rows without affecting plant growth
and soil moisture loss. Straw covering is a green and environmentally friendly cultivation
measure that reduces the occurrence of weeds and environmental degradation, as well
as effectively utilizing a renewable resource and promoting the development of green
and sustainable agriculture [45]. Corn straw mulching can maintain soil temperature and
moisture, it also has an allelopathic effect (promoting and inhibiting) on the germination
and growth of plants. Corn straw mulching can increase the root lengths of the deep roots
of crops, while the average root length density increases by 11.7% and 15.8% at depths of
30 and 40 cm, respectively [46]. The combination of corn straw mulching and no-tillage
maintains soil moisture, initiates the release of available nitrogen, and enhances nitrogen
uptake in plants, thereby improving grain yield, water use efficiency, and nitrogen use
efficiency [47]. The degradation of straw mulching in soil after corn harvesting can improve
the physiochemical properties of the soil, leading to increased water absorption, yield,
and water use efficiency in the subsequent generation of corn crops [48]. In this study, the
physical covering effect of corn straw mulching saved water, preserved soil moisture, and
regulated the soil temperature. At the same time, the allelochemicals in the corn straw
had different degrees of allelopathic effects on the weeds and foxtail millet after entering
the soil. The results of this experiment showed that the germination and growth of the
four weeds were inhibited by the physical covering effect and allelopathy of corn straw
mulching. With increased corn straw mulching duration and rainfall, corn straw gradually
decomposed and the allelochemicals in the corn straw were gradually diluted, which
promoted the germination and growth of weeds, thus gradually reducing their influence
on weed density and coverage. The density of the four weeds decreased with an increase
in the straw mulching amount and increased with increasing rainfall under different straw
mulching amounts.

In this study, the allelopathy of corn straw and its water extracts on four representative
weeds in foxtail millet fields was investigated, and the weed species and allelopathy indexes
studied were not comprehensive enough.

3.3. Effect of Corn Straw Mulching on Foxtail Millet

Straw mulching can effectively utilize soil resources and enhance the vitality of crop
roots, thereby promoting the absorption of nutrients and water. This cascade of events
enhances the physiological functions of plants and consequently increases crop yield.
Intercropping wheat and corn with straw mulching can improve the overcompensation
effect of late-maturing corn, ultimately increasing the total yield of the intercropping
system [49]. Combining black film with wheat straw mulching increases the leaf area, leaf
photosynthetic rate, and the 1000-grain dry weight of summer maize, thereby resulting
in an increase in maize yields [50]. Straw mulching alleviated the impact of drought
stress on sesame, indicative of the potential of this approach to support sesame yields in
arid areas [51]. This study indicates that corn straw mulching improves the plant height,
leaf area, SPAD value, leaf photosynthetic efficiency, and yield of foxtail millet. With
the increase in straw mulching, the plant height and leaf area of foxtail millet gradually
increased, whereas the SPAD value first increased and then decreased. The Pn, Tr, and Gs
of foxtail millet leaves show a trend of first increasing and then decreasing with increasing
coverage, while the intercellular CO, (Ci) concentration first decreased and increased. After
covering with corn straw, the panicle length and 1000-grain weight of foxtail millet were
increased, resulting in an increased foxtail millet yield.
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In this study, the physical covering effect of straw influenced water retention and
moisture retention. Additionally, nutrients and allelopathic substances in straw permeated
the soil and were absorbed and utilized by foxtail millet, which is also an important driver
of crop yield. In future studies, elucidating other indicators is of utmost importance.
Meanwhile, further research investigating the effects of corn straw and its water extracts
on other weeds and foxtail millet is necessary.

4. Materials and Methods
4.1. Experimental Materials

Weeds: seeds of four common weeds found in foxtail millet fields were collected
from the farming stations: Chenopodium album L. (C. album), Setaria viridis L. (S. viridis),
Echinochloa crus-galli L. (E. crus-galli) and Amaranthus retroflexus L. (A. retroflexus). These
weed seeds were collected in the field of foxtail millet at the Agricultural Station of Shanxi
Agricultural University in Jinzhong City, Shanxi Province.

Corn straw: corn straw grown in the countryside around Shanxi Agricultural Uni-
versity in Taigu District, Jinzhong City, Shanxi Province was harvested at the maturity
stage, dried, and cut into 3 cm pieces, which were stored in a cool and ventilated place for
subsequent use.

Foxtail millet variety tested in the field: Zhangzagu 10 (cultivated by the Zhangjiakou
Academy of Agricultural Sciences).

4.2. Experimental Design

The study was divided into Petri dish and field experiments. All experiments adopted
a completely randomized experimental design.

The Petri dish experiment consisted of five treatments: water control (TCK) and four
corn straw water extract treatment groups (T1, T2, T3, and T4). The concentrations of T1-T4
corn straw water extracts were 100, 10, 2, and 1 g/L, respectively.

The field experiment consisted of seven treatments: four control treatments, namely,
no corn straw (CK), 50% black film (PZ1), 70% black film (PZ2), and 100% black film (PZ3)
covering treatments, and three corn straw covering treatments, with coverage amounts of
3000, 6000, and 12,000 kg/ha (Z1, Z2, and Z3, respectively).

4.2.1. Petri Dish Experiment

(1) Preparation of corn straw water extracts:

Air-dried corn straw was crushed using a high-speed crusher and filtered through
an 80 mesh sieve to obtain corn straw powder. The corn straw powder was mixed with
distilled water in a beaker at a mass ratio of 1:10, placed in an ultrasonic instrument (JP-
100S, Jiemeng cleaning equipment Co., LTD., Shenzhen, China) for ultrasonic extraction for
30 min, with the temperature of water at 30 °C. It was centrifuged for 3 min at 6400 rpm,
and the supernatant was obtained, which was used as the stock solution of the corn straw
water extract (100 g/L). The stock solution of the corn straw extract was diluted with
distilled water to obtain 10x (10 g/L), 50x (2 g/L), and 100x (1 g/L) dilutions, which
were placed in a refrigerator at 4 °C for subsequent use.

(2) Petri dish weed experiment:

Petri dishes with a diameter of 9 cm were sterilized. After cooling, two layers of
sterilized filter paper were placed in each Petri dish, and 5 mL of corn straw water extract
stock solution, 10x diluent, 50x diluent, and 100 x diluent were added; distilled water
was used as a control. Thirty weed seeds were evenly seeded in each Petri dish and placed
in a constant temperature incubator at 27 °C and a relative humidity of 50%. After 6 days,
the root and shoot lengths of the weed seeds were measured, and each measurement
was repeated three times for each treatment. The germination rate, allelopathy index,
and comprehensive allelopathy index of the weed seeds were calculated according to
the number of germinating seeds observed daily [17]. The calculation formulas used are
as follows:
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Germination rate = (number of germinations on the 6th day/total number of weed
seeds per Petri dish) x 100.
Allelopathy index (RI) = 1-TCK/T or T/TCK-1.
(Where: RI is the allelopathy index, T represents the treatment group data and
TCK represents the control group data. When T > TCK, RI = 1-TCK/T, when T < TCK,
RI = T/TCK-1)
Comprehensive allelopathy index = the average value of the RI of germination rate,
root length and shoot length of weed seeds.

4.2.2. Field Experiment

The experiment was conducted in May 2020 in the experimental base of Shanxi
Agricultural University Farming Station. The experiment used a randomized block design
(Table 4). Seven treatments were set up in this experiment, each treatment was repeated
three times, and the area of each treatment was 30 m? (5 m x 6 m). Soil nutrient content
was measured before sowing foxtail millet (Table 5). After the sprouting of foxtail millet,
the relevant amounts of corn straw and black film were evenly spread between the rows
of foxtail millet in each plot (Figure 14). The black film used in our experiment refers to a
black polyethylene plastic film with a thickness of 0.01 mm, provided by Shanxi Yingtai
Plastic Co., Ltd. (Yuncheng, China).

Table 4. Treatment conditions of field experiment.

Treatment CK Pz1 PZ2 PZ3 71 72 73
Corn straw mulching amount (kg/ha) 0 0 0 0 3000 6000 12,000
Black film covering area (%) 0 50% 70% 100% 0 0 0
Table 5. Nutrient content of foxtail millet field soil.
Year Soil Depth pH Avaiéable Availl)able Ava%\llable Total N Total P Total K Organic
(em) (mg/kg) (mg/kg) (mg/kg) (g/ke) (g/kg) (g/kg) (g/kg)
0~5 8.21 484.20 43.70 64.20 1.22 0.76 19.36 8.52
2019 5~10 8.14 471.90 26.79 42.80 1.27 0.76 18.08 8.52
10~15 8.17 319.60 21.28 49.93 1.11 0.77 18.53 7.99
0~5 8.11 377.40 21.06 48.20 1.11 0.91 2191 8.09
2020 5~10 8.19 297.80 18.93 56.55 1.04 0.81 23.33 8.52
10~15 8.10 303.90 24.10 51.77 1.07 0.87 21.76 8.22
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Figure 14. Planting pattern diagram of foxtail millet field.
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Field weed investigation:

In 2020, random quadrat samples were conducted 5 days (29 June, 8 July and 26 July)
after each of three rainfall events (Table 6). These samples were conducted in each plot and
included weed density, total weed coverage value and weed control effect. The area of the
quadrat was 0.25 m? (0.5 m x 0.5 m) and three quadrat areas were investigated for each
treatment [11]. The indices were calculated using the following formulas:

Table 6. Rain events in 2020.

Rainfall Frequency Rainfall Date Rainfall Time Precipitation (mm) Measurement Date
First rain 29 June 8:40 a.m. to 11:30 a.m. 18 4 July
Second rain 8 July 6:00 a.m. to 2:30 p.m. 52.3 13 July
Third rain 26 July 11:30 a.m. to 5:20 p.m. 439 31 July

Field density (plant/m?) = number of weed plants in each survey sample/area.

Coverage (%) = (green vegetation pixels in the sample/total pixels in the survey
sample) x 100.

Plant control effect (%) = (number of weeds in the control area — number of weeds in
the treatment area/number of weeds in the control area) x 100.

Fresh weight control effect (%) = (weed fresh weight in control area — weed fresh
weight in treatment area/weed fresh weight in control area) x 100.

Determining the agronomic traits of foxtail millet:

Five days after three rains in the same year, representative and uniformly growing
plants were selected for each treatment. The height of the foxtail millet, as well as the
length and width of the second leaf of the plant from top to bottom, were measured using
a tape measure [11]. Specifically, the leaf area was determined as follows:

Leaf area (cm?) = leaf length x leaf width x 0.75.

Determining the photosynthetic characteristics of foxtail millet:

The SPAD-502 portable chlorophyll analyzer (Minolta Camera Co. Ltd., Osaka, Japan)
was used to measure the SPAD values of the second leaf from top to bottom.

On a clear and windless morning (9:00-11:00), photosynthetic parameters including
the net photosynthetic rate (Pn), transpiration rate (Tr), stomatal conductance (Gs), intercel-
lular CO; concentration (Ci) of the second leaf from top to bottom were measured using a
portable handheld photosynthetic instrument CI-340 (CID Bio-Science, Inc., Washington,
DC, USA).

Foxtail millet yield:

Before harvesting foxtail millet, we randomly selected panicles to measure phenotypic
outcomes such as panicle length, panicle weight, panicle grain weight, and 1000-grain
weight. Using the diagonal sampling method, each treatment is 1 m? (1 x 1 m), and then
converted into yield.

4.3. Data Processing

Data processing was performed using Microsoft Excel 2021 (Microsoft, Redmond,
WA, USA) and IBM SPSS Statistics 25 software (SPSS Inc., Chicago, IL, USA). All data
analysis was conducted using Duncan’s new multiple range method, including variance
and multiple comparisons, with significance at p < 0.05. Data were visualized using Origin
2021 software (Originlab, Northampton, MA, USA).

5. Conclusions

The seed germination rate, root length, and shoot length of four weeds, C. album, S.
viridis, E. crus-galli and A. retroflexus, in foxtail millet fields showed obvious allelopathic
responses to different concentrations of corn straw water extract during the seed germina-
tion period. Among them, 100 g/L corn straw extract had the best inhibitory effect on the
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seed germination of the four weeds and significantly inhibited the growth of S. viridis, E.
crus-galli, and A. retroflexus, but promoted the growth of C. album.

For foxtail millet field planting, a suitable amount of corn straw mulching can effec-
tively inhibit the growth of weeds in foxtail millet fields in a short time, reduce the amount
of herbicides sprayed, and reduce the environmental pollution caused by pesticides. Here,
3000 kg/ha and 6000 kg/ha corn straw mulching effectively inhibited the occurrence of
weeds in the early stage of foxtail millet growth, but this effect weakened with an increase
in rainfall. Corn straw mulching at 12,000 kg/ha had the strongest allelopathic inhibitory
effect on the four weeds and effectively reduced the presence of C. album and E. crus-galli.

Corn straw mulching positively impacted the plant height, leaf area, and photosyn-
thetic parameters of Zhangzagu 10, with the net photosynthetic rate and transpiration rate
being the most significantly impacted. The yield of foxtail millet was positively impacted
under all straw coverage; specifically, its panicle length and 1000-grain weight were im-
proved. The growth parameters of foxtail millet were most positively impacted under corn
straw coverages of 6000 and 12,000 kg/ha, respectively, with the growth of foxtail millet
indicating that an appropriate amount of corn straw coverage would have an allelopathic
effect on the growth of Zhangzagu 10.

Thus, corn straw mulching at 12,000 kg/ha has been identified as the most effective
method for controlling malignant weeds in foxtail millet fields and can promote the growth
of Zhangzagu 10. The incorporation of crop straw effectively reduces the growth of some
weed species. Future studies should focus on investigating the allelopathic effects of corn
straw on other weeds and millet varieties. Additionally, determining the appropriate
concentrations of corn straw mulch to control weeds in the field is an important aspect that
requires further exploration.
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Abstract: This study explores how elevated carbon dioxide (CO,) levels affects the growth and
defense mechanisms of plants. We focused on Aristolochia contorta Bunge (Aristolochiaceae), a wild
plant that exhibits growth reduction under elevated CO, in the previous study. The plant has
Sericinus montela Gray (Papilionidae) as a specialist herbivore. By analyzing primary metabolites,
understanding both the growth and defense response of plants to herbivory under elevated CO,
conditions is possible. The experiment was conducted across four groups, combining two CO,
concentration conditions (ambient CO; and elevated CO;) with two herbivory conditions (herbivory
treated and untreated). Although many plants exhibit increased growth under elevated CO; levels,
A. contorta exhibited reduced growth with lower height, dry weight, and total leaf area. Under
herbivory, A. contorta triggered both localized and systemic responses. More primary metabolites
exhibited significant differences due to herbivory treatment in systemic tissue than local leaves
that herbivory was directly treated. Herbivory under elevated CO; level triggered more significant
responses in primary metabolites (17 metabolites) than herbivory under ambient CO, conditions (five
metabolites). Several defense-related metabolites exhibited higher concentrations in the roots and
lower concentrations in the leaves in response to the herbivory treatment in the elevated CO, group.
This suggests a potential intensification of defensive responses in the underground parts of the plant
under elevated CO, levels. Our findings underscore the importance of considering both abiotic and
biotic factors in understanding plant responses to environmental changes. The adaptive strategies of
A. contorta suggest a complex response mechanism to elevated CO, and herbivory pressures.

Keywords: climate change; defense response; folivorous herbivory; insect herbivory; plant growth;
primary metabolite; Sericinus montela

1. Introduction

Climate change exerts a significant influence on the ecological and physiological char-
acteristics of plants. One of the primary factors causing climate change is the increasing
concentration of carbon dioxide (CO,). As a greenhouse gas, CO; traps heat in the at-
mosphere, which is called greenhouse effect. Greenhouse effect is essential for life as it
keeps the earth warm enough to be habitable [1]. However, human activities, such as
burning of fossil fuels, industrial process, and deforestation have dramatically increased
the concentrations of CO; in the atmosphere. It results in shifts in temperature, which
impact the timing and rate of plant growth [2,3]. These environmental changes disrupt
metabolic processes, altering enzyme activities and biochemical pathways within plants.
Furthermore, the influences of climate change extend beyond the plant itself, affecting the
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other organisms interacting with the plant [4]. Changes in plant physiology can affect the
availability and quality of plant resources as food for herbivorous insects [5,6]. Fluctuations
in the types and quantities of metabolites produced by plants under changing environ-
mental conditions impact the feeding patterns, reproductive cycles, and overall population
dynamics of herbivorous insects.

Elevated atmospheric CO, concentrations not only act as a driver of climate change but
also directly affect plant physiology and metabolism. Elevated CO, concentrations impact
the photosynthetic rate, water use efficiency, and nutrient concentrations in plants [7,8].
Previous studies have highlighted that elevated CO; levels often promote plant growth
through carbon fertilization, particularly in crop plants such as wheat, tomato, and soy-
beans [9-11]. They showed increased photosynthetic rates, enhanced biomass production,
and altered allocation patterns of carbohydrates. These often result in increased leaf area,
plant height, and overall biomass accumulation [12]. However, responses to increased
COg levels were dissimilar among taxa [13]. In the case of Aristolochia contorta Bunge,
belonging to Aristolochiaceae, growth reduction in elevated CO, conditions has been
reported [14]. Aristolochia contorta is an herbaceous perennial vine that mostly inhabits
waterfront areas [15]. Height and photosynthetic rates of the species grown under elevated
CO; levels were significantly lower compared to those grown in ambient CO; levels. Fur-
ther investigation is required to better understand the responses of the plant to elevated
COs levels.

The significant reduction in the growth of A. contorta in the elevated CO; level sug-
gested that other metabolic processes of A. contorta, including its growth and defense
mechanism, could also be affected by increased CO, concentration. Aristolochia contorta
is known for producing aristolochic acid, a defensive secondary metabolite against herbi-
vores [16,17]. Despite this, the Sericinus montela Gray (Papilionidae) specially target and
feed on this plant [18]. The larvae of S. montela incorporate the aristolochic acid into their
bodies, utilizing it as a defense mechanism against predators [19,20]. It is understood that
changes in plant quality can influence the condition of specialist herbivores in response [4].
As such, variations in the metabolites of A. contorta caused by elevated CO, level could
affect the growth and survival of S. montela. Sericinus montela is classified as a vulnerable
species in the red data book of Korea [21]. Considering the close ecological relationship
between the plant and the butterfly, it is essential to predict how the dynamics of these two
species will change in response to elevated COs.

The response of A. contorta to herbivory, when grown under the elevated CO, con-
ditions, has been previously studied, particularly focusing on secondary metabolites and
phytohormones [14]. Although the growth of A. contorta significantly declined in elevated
CO; levels, there was evidence of stronger defense response in that group when exposed
to herbivory. Jasmonic acid, known for its role in activating defense responses, was sig-
nificantly higher under the elevated CO; than ambient CO, group in first-year plants.
Furthermore, the first-year senescent plants exhibit a 30-fold higher aristolochic acid I
compared to the ambient CO, group.

The inhibition of A. contorta’s growth under elevated CO, conditions necessitates a
thorough examination of the plant’s metabolic responses in such environments, with a
specific focus on primary metabolites which directly influencing growth. Since primary
metabolites are involved not only in growth but also in numerous other metabolic pro-
cesses, these changes can affect other metabolic activities of the plant, such as the defense
response [22,23]. Resistance and tolerance are two fundamental components of induced
defense mechanisms of plants against herbivory [22-25]. Resistance involves the ability
of plants to deter herbivores or reduce the damage through various means, such as the
production of physical barriers or chemical deterrents. This strategy makes the plant less
palatable or more difficult for the herbivore to consume [26]. Tolerance refers to a plant’s
capacity to withstand or recover from the damage inflicted by herbivores. Instead of
preventing herbivory, tolerance mechanisms allow plants to maintain or quickly regenerate
their growth and reproductive output despite being consumed [27,28]. Plants simultane-
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ously invest resources in both resistance and tolerance, thereby displaying a composite
strategy of defense [29,30].

What defensive strategy does A. contorta adopt? As a perennial plant, A. contorta has
the ability to store metabolites produced during the growing season to its roots for the
following year. Moreover, the specific herbivory by S. montela is highly destructive to the
above-ground parts of A. contorta. The larvae of S. montela hatch in clusters and consume
significant portions of the leaves during their growth period [31]. Direct observations
have shown that the leaves near the hatching sites of S. montela are nearly entirely eaten,
particularly in small plants, leaving only the stems. Faced with such extensive consumption,
A. contorta might lean towards a tolerance defense strategy, such as reallocating nutrients
to its roots as a systemic response. On the other hand, research has shown that herbivory
of S. montela triggers an increase in defensive secondary metabolites in the leaves of A.
contorta, such as magnocurarine and magnoflorine [32,33], signifying a resistance defense
response [34].

The investment in these defensive strategies varies depending on the environmental
conditions of the plant. Since a rapid reduction in growth has been observed in elevated
CO, environments, the investment in defense strategies may also change under this condi-
tion. Because the defense strategies of A. contorta under elevated CO, conditions have been
studied in terms of secondary metabolites and phytohormone levels [14], investigating
primary metabolites, which are directly involved in growth and also play a role in defense,
is necessary. By analyzing the variations of primary metabolites under elevated CO, and
herbivory conditions, we can identify how the plant utilizes or stores substances involved
in growth and defense.

We aim to investigate the primary metabolic responses of A. contorta under the fol-
lowing conditions: firstly, an elevated CO, concentration as an abiotic factor; secondly,
herbivory by S. montela as a biotic factor; and thirdly, the interaction of these two factors.
Our focus will be on the responses of local and systemic inductions by tissue types, in-
cluding local leaves directly subjected to simulated herbivory, systemic leaves not directly
subjected to herbivory, and roots as another systemic tissue. This research will contribute
to understanding how defense response of plants to specialist herbivore is affected by
elevated CO, conditions.

2. Results
2.1. Growth Characteristics and Chlorophyll Content of the Plants

When comparing the growth characteristics, plants in elevated CO, conditions (eCO,;
EC: Elevated CO, and Control, EH: Elevated CO, and Herbivory treatment) displayed
a significant reduction in size and mass compared to those in ambient CO, (aCO,; AC:
Ambient CO, and Control, AH: Ambient CO, and Herbivory treatment). Plants in eCO,
were shorter, with an average height of 43.2 cm, compared to 72.8 cm in the aCO, group
(Figure 1a). Similarly, the dry weight and leaf area was lower in the elevated group (0.14 g,
28.8 cm?) than the ambient group (0.54 g, 108.5 cm?; Figure 1b,e). However, the lengths
of the roots and the number of leaves were similar under two CO, conditions (eCO5:
17.3 cm, 30.5 leaves; aCO,: 19.1 cm, 33.0 leaves; Figure 1c,d). Specific leaf area (SLA),
measured as the ratio of leaf area to leaf dry mass, was lower in plants under elevated
CO;, (eCO;y: 36.2 mz-kg’l, aCO,: 49.3 mz-kg’l), indicating denser but smaller leaves
(Supplementary Figure S2). The chlorophyll content showed no significant difference
across the four groups, although a notable interaction between CO; levels and herbivory
treatment was observed (Supplementary Table S2). Herbivory appeared to slightly reverse
the reduction in chlorophyll content associated with elevated CO, (23.68 SPAD in EC,
26.80 SPAD in AC, 25.53 SPAD in EH, 23.06 SPAD in AH; Figure 1f).
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Figure 1. Growth characteristics of the plants in two CO; concentrations are: (a) height, (b) dry
weight, (c) root length, (d) leaf number, and (e) leaf area of the plant in Ambient CO, (A) and
Elevated CO; (E) groups; (f) chlorophyll contents of four experimental groups across two CO, levels
and two herbivory treatments are: Ambient CO, and Control (AC), Ambient CO, and Herbivory
treatment (AH), Elevated CO, and Control (EC), and Elevated CO, and Herbivory treatment (EH).
The results of t-test are indicated on the graphin a, b, ¢, d, e, and the results of the two-way analysis
of variance are presented through an interaction diagram on the graph f (* for p-value < 0.05; **** for
p-value < 0.001).

2.2. Carbon and Nitrogen Concentrations

The two-way analysis of variance of carbon and nitrogen concentrations revealed
several significant effects of CO; levels and the combined effect of CO, with herbivory.
Both CO; levels and the combination of CO, with herbivory significantly influenced the
carbon concentrations (weight percent; wt%) in the systemic leaves (SL; 1st to 4th leaves;
Figure 2). Particularly, systemic leaves of plants subjected to ambient CO, with herbivory
(AH) exhibited higher carbon concentrations compared to other groups. In contrast, carbon
levels were lower in both the local leaves (LL; 5th to 6th leaves where herbivory was
applied) and roots (R) of plants in elevated CO, environments. Nitrogen levels in the roots
were higher under elevated CO, conditions. The carbon to nitrogen (C:N) ratio in the roots
was lower in elevated CO, conditions.
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Figure 2. Carbon and nitrogen concentrations of three tissue types (local leaves that herbivory was
treated, LL; systemic leaves, SL; roots, R) from four treatment groups (AC, AH, EC, EH). (a) carbon
concentration, (b) nitrogen concentration, and (c) C:N ratio. The results of the two-way analysis of
variance and Tukey’s HSD were presented through an interaction diagram, letters, and text above
each graph (* for p-value < 0.05; ** for p-value < 0.01).
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2.3. Primary Metabolite Concentrations

To assess the metabolic changes in A. contorta, gas chromatography-mass spectrometry
(GC-MS) method was used to measure the types and quantities of primary metabolites.
Samples were taken from three plant tissues: systemic leaves (SL), local leaves (LL) and
roots (R), across the four experimental groups (AC, AH, EC, EH). A total of 46 metabolites
were identified and categorized into 4 groups: sugars and sugar alcohols, amino acids,
organic acids, and miscellaneous. There were 15 sugars and sugar alcohols, 10 amino acids,
11 organic acids, and 10 other metabolites (Supplementary Table S1). Principal component
analysis (PCA) was conducted to examine the patterns of metabolite concentrations across
different tissues. This analysis revealed distinct clusters, with roots clearly separating from
leaf tissues (Figure 3a). Systemic and local leaves displayed similar metabolic profiles. The
first principal component (PC1) accounted for 77.9% of the total variance, and the second
component (PC2) explained another 13.0%. A one-way multivariate analysis of variance
(MANOVA) confirmed significant differences in metabolite profiles based on tissue types,
with principal components 1-45 as dependent variables (Table 1). The PCA results for
primary metabolites of each tissue, based on the treatment groups, did not exhibit clear
clustering (Figure 3b,c,d).
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Figure 3. Results of the principal component analysis (PCA) on the concentrations of primary
metabolites: (a) across three tissue types (local leaves treated with herbivory, LL; systemic leaves,
SL; roots, R), (b) across four treatment groups (AC, AH, EC, EH) in SL, (c) in LL, and (d) in R.
Abbreviations are used to describe the names of the primary metabolites.
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Table 1. Results of the one-way multivariate analysis of variance (MANOVA) using principal
components (PCs) of primary metabolite concentrations across tissue types as dependent variables.
MANOVA retained seven eigenvalues.

Df Hotelling-Lawley = approx F num Df den Df Pr (>F)
Tissue 2 10.74 99.726 14 260 <0.001
Residuals 137

2.3.1. Effects of Elevated CO; on Primary Metabolites

Elevated CO; levels significantly altered the concentrations of several metabolites
across tissue types. In comparing the AC (Ambient CO,, Control without herbivory
treatment) and EC (Elevated CO;, Control without herbivory treatment) groups, there were
significant changes in twelve metabolites: nine in SL, two in LL, and five in R (Figure 4).
In terms of sugars and sugar alcohols, the concentrations of glucose and lactose were
reduced in the roots under elevated CO; (Figure 4d,e), while myo-inositol increased in
systemic leaves (Figure 4i). For amino acids, tryptophan levels rose in all tissue types
under elevated CO; conditions (Figure 40). Among the organic acids, linoelaidic acid
level was higher in systemic leaves in EC (Figure 4s), and there was a mixed response of
monopalmitin, which was higher in systemic leaves but lower in roots in EC (Figure 4t).
Palmitic acid showed a similar pattern: higher in SL, but lower in R in EC (Figure 4u).
Additionally, glyceryl-glycoside and triacontanol concentrations were higher in both SL
and LL in elevated CO, (Figure 4x,ab). The concentrations of octacosanol and tocopherol

were higher in SL in elevated CO, (Figure 4y,aa).
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Figure 4. Concentration of primary metabolites by tissue types (local leaves that herbivory was
treated, LL; systemic leaves, SL; roots, R) and four treatment groups (AC, EC, AH, EH). The results of
the two-way analysis of variance and Tukey’s HSD are presented through an interaction diagram,
letters, and text above each plot (* for p-value < 0.05; ** for p-value < 0.01).

2.3.2. Effects of Herbivory on Primary Metabolites under Ambient CO, Conditions

Herbivory treatment significantly altered the concentrations of five primary metabo-
lites. When comparing plants treated with herbivory under ambient CO, conditions (AH)
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to those without herbivory (AC), significant differences in the levels of two metabolites in
SL, one in LL, and three in R were observed. For sugars and sugar alcohols, the concen-
tration of pinitol was lower in AH than in AC in SL (Figure 4k). Although there were no
significant differences between individual groups, the sucrose concentration in the roots
tended to increase with herbivory treatment (Figure 4f).

In amino acids, glycine concentration was higher in AH than AC in LL (Figure 4n).
Among organic acids, monopalmitin showed lower concentrations in both SL and R in
AH (Figure 4t), while the concentrations of triacontanol in the roots were higher in AH
than in AC (Figure 4ab). The concentration of phosphoric acid was significantly affected by
herbivory treatment in all tissue types (Figure 4ae).

2.3.3. Combined Effects of Elevated CO, and Herbivory on Primary Metabolites

The interaction of elevated CO, and herbivory treatments significantly affected the
primary metabolites of A. contorta, particularly in systemic tissues. Comparing plants
treated with both elevated CO, and herbivory (EH) to those with elevated CO, but no
herbivory (EC), notable differences in 17 metabolites were observed: 15 in SL and 4 in
R. In the category of sugars and sugar alcohols, concentration of galactinol, myo-inositol,
and ribitol were lower in the EH group compared to EC group in SL (Figure 4h,i j). For
amino acids, levels of aspartic acid and glutamic acid decreased, while glycine increased
in EH compared to EC in SL (Figure 41,m,n). Among organic acids, butanedioic acid,
monopalmitin, and palmitic acid showed decreased levels in EH in SL (Figure 4q,t,u),
whereas lactic acid and stearic acid were higher in EH in R (Figure 4r,v). Additionally,
concentrations of linoelaidic acid, sitosterol, and caffeic acid were lower in EH in SL
(Figure 4s,z,ad). Glyceryl-glycoside was lower in EH in both SL and LL (Figure 4x). The
phosphoric acid concentration was lower SL but higher R in EH compared to the EC group
(Figure 4ae).

Overall, the number of metabolites with significant differences was highest in SL (26),
followed by R (12), and LL (3). In terms of treatment, the combined effect of elevated
CO; and herbivory induced the most significant changes in metabolites, with a total of
19 significant differences observed. This contrasted with the lesser impact seen with
herbivory alone, which showed the fewest differences (6). Additional data on primary
metabolites not mentioned in the text can be found in Supplementary Figure S1, where
the original peak intensities were displayed, regardless of transformation to achieving
normality.

3. Discussion
3.1. Effects of Elevated CO;: Growth Inhibition and Changes of Stress-Related Primary Metabolites

The effects of elevated CO, are estimated by comparing groups with different CO, con-
centrations: one under ambient CO; level (AC; Ambient CO,, Control without herbivory
treatment) and another under elevated CO, level (EC; Elevated CO,, Control without
herbivory treatment). Typically, plants exhibit increased photosynthesis under elevated
CO; conditions, leading to higher carbon fixation rates and increased growth. However, A.
contorta showed inhibited growth characteristics, contrasting with the general expectation.
The height, dry weight, and total leaf area were all lower in the elevated CO, group than the
ambient CO, group (Figure 1a,b,e). Furthermore, the carbon concentration within the plant
was significantly lower in the EC group in LL and R compared to AC (Figure 2a). Previous
study exposing A. contorta to the elevated CO, concentration noted reduced maximum
carboxylation rate (Vcmax), indicating decreased rubisco activity [34]. Additionally, this
study found that the amount of chlorophyll, known to correlate with the photosynthetic
capacity, was slightly lower in the EC group than in the AC group (Figure 1f) [35,36]. This
suggests that elevated CO, level did not enhance A. contorta’s photosynthetic capacity
and carbon fixation, potentially acting as a stressor instead. The diminished carbon fixa-
tion and growth could result from A. contorta diverting energy to produce non-essential
metabolites for growth in response to elevated CO; concentrations. Indeed, concentrations
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of several abiotic stress-response-related metabolites were significantly higher in the EC
group than in the AC group. Myo-inositol, involved in the production of stress-related
molecules [37], was significantly higher in EC than in AC in SL (Figure 4i). Octacosanol,
associated with stress resistance by maintaining an outer protective layer, epicuticular
waxes of leaves [38,39], was higher in EC in leaves (Figure 4y). Galactinol is a precursor
for stress tolerance molecules such as raffinose family oligosaccharides (RFOs) which are
involved in abiotic stress responses, including drought and cold [40]. The concentration of
galactinol under elevated CO; conditions had not been previously studied, but was found
to be higher in EC in leaves (Figure 4h). The concentration of tocopherol, which is involved
in stress tolerance by deactivating the reactive oxygen species (ROS) [41], was higher in
EC than in AC in SL (Figure 4aa). Triacontanol, which modulates the activation of stress
tolerance molecules, exhibited a higher concentration in EC in leaves (Figure 4ab) [42].

3.2. Effects of Herbivory: Local and Systemic Responses

When plants are attacked by insect herbivores, they often trigger a response that
involves the production of defense metabolites [43]. Plants initiate signaling pathways to
enhance defense mechanisms, thereby activating the production of specialized metabolites
in response to herbivore attacks. This study used simulated herbivory methods to induce
defense responses, but limitations exist as they do not fully mimic actual herbivore bites
or account for ecological interactions, requiring careful interpretation of results [44]. The
local leaves that are directly attacked may produce a higher concentration of defensive
compounds at the site of damage [45,46]. This localized response usually aims to confine the
damage and repel the herbivore [47]. In the local leaves (LL) of A. contorta, glycine exhibited
a significantly higher concentration in AH (Ambient CO,, with Herbivory treatment) than
in AC (Ambient CO,, Control without herbivory treatment; Figure 4n). The glycine-rich
proteins (GRPs) superfamily participates in the mechanisms of signaling and cellular stress
response [48]. Additionally, allose, known to upregulate defense-related and pathogenesis-
related protein genes [49], was found at slightly higher concentrations in AH than in AC
(Figure 4b). Triacontanol, involved in modulating stress-related signaling pathways [42],
showed slightly higher concentrations in AH groups than in AC groups in LL (Figure 4ab).

Aristolochia contorta triggered a systemic response as well as localized response through-
out the plant. When comparing the concentrations of primary metabolites in the group that
received herbivory treatment and the group that did not, under ambient CO, conditions
(AH vs. AC), more significant differences in primary metabolites were observed within
systemic tissues such as systemic leaves (SL; 2) and roots (R; 3) than in local leaves (LL; 1)
where herbivory was directly applied. This indicates that the plant responded systemically
to herbivory. The systemic response often involves signaling molecules such as jasmonic
acid that travel from the damaged leaf to other parts of the plant [50,51]. In the previous
study of A. contorta, the increase in jasmonic acid concentration was reported when her-
bivory of S. montela was treated [14]. The movement of jasmonic acid triggers a systemic
defense response in other leaves, inducing the production of defense-related metabolites
even in undamaged parts.

In systemic leaves (SL), the concentration of total soluble sugars, including allose,
cellobiose, fructose, galactopyranose, glucose, lactose, maltose, sucrose, and trehalose, was
slightly higher in AH than AC (Figure 4a). The signaling role of sugars in defense response
by inducing resistance genes has been reported [52]. Trehalose, known to act as an elicitor
of defense responses [53], exhibited slightly higher levels in AH than AC in SL (Figure 4g).
Threonic acid, which increases in response to wounding stress [54], was slightly higher in
AH than in AC in SL (Figure 4w). The concentrations of triacontanol, which is involved in
regulating stress-related signaling pathways [42], was higher in AH than in AC in systemic
leaves, similar to the patterns observed in local leaves (Figure 4ab). Tyrosine roles as a
precursor of aristolochic acid, which is an important defensive second metabolite of A.
contorta [17,55]. The concentration of tyrosine was slightly higher in AH compared to AC
in SL (Figure 4p).
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Recent studies have highlighted the critical role of roots in defense responses [56-58]. In
the case of A. contorta, a perennial herb, examining responses of roots is essential for under-
standing the systemic responses. Signaling compounds triggered by herbivore attack can
travel to the roots, prompting changes in root exudates and potentially influencing interac-
tions with soil microbes or even signaling neighboring plants about potential threats [59]. In
the roots (R) of A. contorta, several metabolites exhibited different concentrations between
the AH and AC groups. Galactinol, associated with signaling during abiotic and biotic
stress conditions [40], displayed slightly higher concentrations in AH than AC (Figure 4h).
Elevated CO; lowers the concentration of total soluble sugars in R (Figure 4a). The concen-
trations of triacontanol and allose were higher in AH than in AC in R, exhibiting a similar
pattern to that observed in SL and LL (Figure 4b,ab).

3.3. Combined Effects of Elevated CO, and Herbivory: Shifts in Defense Response

In our investigation of herbivory-induced responses under varying CO, conditions,
we observed differences in responses between the ambient CO, (aCO;) and the elevated
CO; (eCOy) groups. The concentrations of primary metabolites exhibited significantly
greater differences in the eCO, group subjected to herbivory treatment compared to those
in the aCO; group. A comparison of groups grown under elevated CO, conditions with
and without herbivory treatment (EH vs. EC) revealed significant differences in 17 metabo-
lites. Conversely, the comparison between the ambient CO, groups with and without
herbivory treatment (AH vs. AC) revealed only five metabolites with statistically signifi-
cant differences. These results underscore the significant influence of elevated CO, levels
in restructuring plant responses to herbivory, leading to more pronounced shifts in primary
metabolite concentrations under elevated CO, conditions when exposed to herbivory.

When herbivory treatment was applied to both ambient CO, and elevated CO, groups,
we observed different trends in several primary metabolites. Comparing AH with AC,
the concentration of total soluble sugars was slightly higher in AH across all tissue types
(Figure 4a). Conversely, when comparing EH with EC, the concentration was lower in EH
in leaves but higher in roots. The concentrations of sucrose in the leaves exhibit similar
responses, showing a slight increase with herbivory treatment in ambient CO, groups but a
decrease in elevated CO, groups in leaves (Figure 4f). The concentration of glucose in roots
(R) exhibited an opposite pattern. It was lower in AH than in AC, but higher in EH than
in EC (Figure 4d). Several signaling-related metabolites under stress conditions exhibited
varied trends in their herbivory-induced responses between ambient and elevated CO,
groups. Galactinol, a precursor of RFOs, functions as a signaling molecule in response
to pathogen attacks and wounding [40]. Although there was no meaningful difference
in galactinol concentration between AH and AC, the concentration was lower in EH
than in EC in SL, but higher in R (Figure 4h). As mentioned, threonic acid is known to
increase wounding stress [54]. It was slightly higher in all tissue types in AH than AC,
but slightly lower in all tissue types in EH than EC (Figure 4w). Myo-inositol, involved in
the production of stress-related molecules [37], did not exhibited a meaningful difference
between the group AH and AC (Figure 4i). However, it exhibited lower concentration in
leaves, particularly in SL in EH compared to EC. As indicated, the superfamily of glycine-
rich proteins (GRPs) engaged in stress response mechanisms [48]. The concentration of
glycine was significantly higher in AH than in AC in LL, but this difference was not
observed in SL and R (Figure 4n). In EH, compared to EC, the concentration was higher in
SL and R. Regarding the elicitor metabolites involved in defense response, trehalose was
slightly higher in AH than in AC in leaves but slightly lower in EH than EC (Figure 4g) [53].
Allose, involved in upregulating pathogen-related genes [49], was marginally higher in AH
compared to AC in SL but was slightly lower in EH compared to EC (Figure 4b). Tyrosine,
a precursor of aristolochic acid [55,60], showed higher levels in AH than AC in SL but
was comparable in SL and higher in R in EH than EC (Figure 4p). Dopamine, another
precursor of aristolochic acid [60], showed no meaningful differences between the ambient
CO; groups in SL but was slightly lower in EH than EC in SL (Figure 4ac).
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Numerous studies have addressed the reduced photosynthetic rate of plants in re-
sponse to herbivory [61,62]. This reduction is often attributed to enhanced water loss and
stomatal closure at sites of leaf attack. These studies reported changes in the expression
of genes involved in photosynthesis, leading to a reduced carbon fixation rate [63-65]. In
our study, a decrease in chlorophyll content was observed in A. contorta under ambient
CO; conditions when subjected to herbivory by S. montela. However, in elevated CO,
environments, plants subjected to herbivory displayed higher chlorophyll content com-
pared to the group without herbivory [66]. By regulating their chlorophyll content, plants
optimize the use of light energy. This adaptation enables them to continuously adjust
to their environment. Although the exact photosynthetic rate was not measured in this
study, an increase in chlorophyll content might indicate an effort to enhance the carbon
fixation rate, possibly facilitating the synthesis of defense-related substances [67]. Indeed,
comparing the EH and EC groups revealed more significant differences in the concentration
of primary metabolites than the comparison between AH and AC groups. This observation
is consistent with findings from previous research, which have noted increases in secondary
metabolites and phytohormones in A. contorta subjected to herbivory under elevated CO,
conditions [34]. In response to herbivory in the elevated CO, environment, A. contorta
seems to exhibit greater resistance responses by producing more stress-related metabolites
than in the ambient CO, environment. This outcome aligns with prior research, where
several crop genotypes that did not exhibit a decrease in photosynthesis rates in the face of
herbivory demonstrated more resistant responses [68,69].

Several defense-related primary metabolites, including galactinol, threonic acid, myo-
inositol, glycine, trehalose, and allose, exhibited higher concentrations in the roots and
lower concentrations in the leaves when A. contorta was exposed to herbivory under
elevated CO, conditions. This indicates a more pronounced response in the roots under
elevated CO, compared to ambient CO,. Since the concentrations of carbon did not
increase in the roots in EH, it is difficult to attribute the rise of primary metabolites in
the roots to storage purpose (Figure 2a,b). A previous study dealing with the secondary
metabolites of A. contorta also reported a significantly higher concentration of aristolochic
acid, a well-known defensive metabolite, in the roots compared to the leaves [70]. This
suggests that A. contorta may invest more defensive responses in its roots than in its leaves.
Specifically, the increased concentration of primary metabolites in the roots under elevated
CO; conditions indicates that these defensive responses may be intensified at higher CO,
level. To understand the specific functions and interactions of primary metabolites, and
to elucidate why the roots exhibited a stronger response rather than the leaves, where
herbivory of S. montela occurred, further investigation is needed. Nonetheless, the observed
trends in metabolite concentrations offer valuable insights into the complex dynamics of
plant defense responses under varying CO, conditions.

4. Materials and Methods
4.1. Plant Material and Growth Condition

Seeds of A. contorta, collected from Pyeongtaek-si and Gapyeong-gun in 2020, were
stored at 4 °C, and sown in March 2021 in a soil mixture similar to their natural habitat (2:1
volumetric ratio of sand to loam) [71]. Sprouts were transplanted into pots and those over
7 cm tall were selected in July. These plants were placed in hexagonal open top chambers
(OTCs) in a rooftop greenhouse with natural light exposure. The average height of the
plants in each chamber were equalized. A shading net was installed on the ceiling of the
greenhouse with about 50% relative light intensity (RLI), a suitable shade for A. contorta [72].
The variance in light intensity among the OTCs was negligible (RLI 34.5% to 44.4%, p-value
0.24). Plants were maintained in OTCs for about 45 days, watered 3 times a week for
saturation, and received uniform amounts of fertilizer. Temperature and relative humidity
values of each chamber, measured by sensors (HOBO Pro v2, Onset, Bourne, MA, USA),
were similar (29.0 to 29.3 °C, 68.5 to 72.8%).

106



Plants 2024, 13, 1456

4.2. CO, and Herbivory Treatment

Plants were divided into two groups with different CO; levels: ambient (A, aCO;) and
elevated CO; (E, eCOy; Figure 5). The concentration of elevated CO, was set to 540 ppm,
based on the Representative Concentration Pathway (RCP) 4.5 scenario [73]. Levels of CO,
were regulated using a system equipped with a sensor-transmitter coupled with a CO,
controller (0-2000 ppm CO,, SH-MVG260, Soha-tech, Seoul, Republic of Korea), solenoid
valve, and CO; gas tank (99.99%, 40L). In the aCO, group, a similar ventilation system was
installed, as air is emitted evenly from all directions of the chamber. Three OTCs were used
for each CO; concentration, totaling six OTCs. The actual CO; concentrations, measured
by CO, data logger (CDL 210, Wohler, Bad Wiinnenberg, Germany), were 429.2 ppm in the
aCO;, group and 525.7 ppm in the eCO, group.

(a) (b)
A E SL

Ambient CO, Elevated CO, Systemic leaves
(1st~4th)

LL

local leaves
= (5h~6th, herbivory treated)

C

Control

H

Herbivory
treated

Npo

HeSet S |2 EgSet s |3

R

Root

\ ,@%\

Figure 5. A schematic diagram of the experimental groups and collected tissues. (a) Four experimen-
tal groups, each with two CO; levels (Ambient and Elevated CO,) and Herbivory treatments (Control
and Herbivory-treated). (b) Three types of collected tissue. Systemic leaves (SL), Local leaves (LL),
and Roots (R).

To induce the defense response in A. contorta, herbivory was mimicked using the
oral secretion of specialist herbivore S. montela applied on the leaves of the plants. Insect
materials were initially collected at the egg stage from common gardens in Pyeongtaek-si,
Gyeonggi-do, Republic of Korea (37°04'06” N, 127°00'27" E) and raised until needed. The
herbivory simulation was conducted in August at noon, aligning with the feeding time
S. montela hatchlings [14]. For this simulation, the fifth and sixth leaves of A. contorta
were wounded with a pattern wheel, and 20 pL of S. montela’s oral secretion, diluted
20 times with deionized water, was applied. This approach, involving wounding and the
application of the herbivore’s oral secretion, replicates effective defense induction method
from previous research [74-76]. The oral secretion was obtained directly from third-instar
larvae or older using pipette tips.

The experiment was structured into four groups to assess responses influenced by
COy and herbivory. The groups included: AC (ambient CO,, Control), AH (ambient
CO,, Herbivory treatment), EC (elevated CO,, Control), and EH (elevated CO,, Herbivory
treatment). Each group consisted of twelve A. contorta plants evenly distributed across three
OTCs, with each OTC containing four plants from each treatment group. Plant samples
were collected five hours after the herbivory treatment at noon to analyze metabolic changes
facilitated by photosynthesis. Three parts of the plants were collected for analysis: (1) the
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first to fourth leaves from the top, (2) the fifth to sixth leaves, and (3) the roots. The fifth to
sixth leaves, where herbivory treatment was applied, were collected as local leaves (LL),
while the first to fourth leaves were collected to assess the response of systemic leaves (SL).
The root (R) was collected to examine the response in the underground parts, considering
the significance of the underground part of perennial herb [77].

4.3. Measuring Chlorophyll Content and Biomass

Chlorophyll content in the leaves was measured non-destructively using a chlorophyll
meter (SPAD-502plus, Konica Minolta, Tokyo, Japan) before collection. It is influenced by
environmental factors such as nutrient availability and environmental stresses [78]. In the
group treated with herbivory, the chlorophyll content was measured five hours after the
treatment. The relative content of chlorophyll is calculated from the absorbance values to
obtain Soil Plant Analysis Development (SPAD) value [79].

After harvesting, growth metrics including the height of the above-ground part of the
plant, the length of the roots, the number of leaves, the total leaf area, and the dry weight
were measured. The total leaf area per plant was measured with LI-3000C portable leaf area
meter and LI-3050C transparent belt conveyors (LI-COR, Lincoln, NE, USA). The height of
the above-ground part, the length of the root, and the number of leaves were measured in
12 plants from each treatment group (a total of 48 plants). Measurements of leaf area and
dry weight were conducted exclusively for three plants from each ambient and elevated
CO; groups, to avoid the destruction which could impact primary metabolites. Specific
leaf area (SLA) was calculated as the ratio of leaf area to leaf dry mass.

4.4. Carbon and Nitrogen Concentrations

Carbon and nitrogen concentration were measured by tissues (SL, LL, R) to assess
the relative resource availability of the plants and to examine the impact of the stresses on
the plants [80,81]. For the measurements of nitrogen and carbon content, twelve plants
from each treatment group (AC, AH, EC, EH) were exclusively prepared, and four plants
from each group were pooled into a single sample. The total carbon and nitrogen con-
centration were analyzed using an elemental analyzer (Flash EA 1112, Thermo Fisher
Scientific, Waltham, MA, USA), at the National Instrumentation Center for Environmental
Management (NICEM) at Seoul National University. The concentration was calculated
based on the dry weight of each tissue.

4.5. Metabolic Profiling of Primary Metabolite

The concentration of primary metabolites in 12 plants from each experimental group,
a total of 48 plants across 4 groups, was measured (Figure 5). Three parts of the plant were
collected: Local leaves (LL), Systemic leaves (SL), and Roots (R). To prevent the change of
metabolite after harvest, harvested tissues were immediately placed into the liquid nitrogen
and stored at —80 °C. The Gas Chromatography-Mass Spectrometry (GC-MS) method was
used to measure the concentration of primary metabolites in samples. Before analysis, the
samples were lyophilized. For lyophilization, the samples were ground using pellet pestles
and motors (Kimble chase, Vineland, NJ, USA) with liquid nitrogen. Ten milligrams of
each sample were lyophilized. After lyophilization, the samples were prepared for GC-MS
analysis. They were extracted with 1 ml of 100% methanol (HPLC grade, Sigma-Aldrich,
St. Louis, MO, USA) and vortexed 1 min. After that, they were sonicated for 40 min and
centrifuged with 110x g for 30 s. The supernatants of each sample were collected and
filtered through 0.45 um PTEFE (polytetrafluoroethylene) syringe filters (Membrane solution,
Plano, TX, USA). After filtration, 100 pL of each sample was transferred to amber GC vials
(Agilent, Santa Clara, CA, USA) and dried with nitrogen gas for 5 min. To the dried
samples, 30 uL of 20,000 ug/mL methoxyamine hydrochloride in pyridine (Sigma-Aldrich,
USA) and 50 pl of BSTFA (N,O-bis (trimethylsilyl) trifluoroacetamide; Alfa Aesar, Ward
Hill, MA, USA) containing 1% of trimethylchlorosilane (Sigma-Aldrich, USA) were added
for oximation. For quantification, 10 puL of 300 pug/mL 2-chloronaphtalene in pyridine
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(Sigma-Aldrich, USA) was added as an internal standard (IS). The samples were evaporated
in 65 °C for 1 h, and 100 pL of each sample was transferred to another amber GC vials
contained insert. Prepared samples were stored at 4 °C before GC-MS analysis.

The concentrations of primary metabolites were assessed using a Shimadzu gas
chromatography system (GC-MS QP2020, Shimadzu-Corp., Kyoto, Japan). This system
was equipped with an MSD detector, an autosampler, a split/splitless injector, an injec-
tion module, and GCMSsolution software (https:/ /www.shimadzu.co.kr/products/gas-
chromatograph-mass-spectrometry/gc-ms-software /gecmssolution/index.html). To iden-
tify metabolites in the samples, the National Institute of Standards and Technology (NIST)
mass spectral search library was employed, using a threshold of greater than 80% match
quality for peak assignment. Subsequently, normalization was conducted by dividing the
peak area of each compound by that of the internal standard (IS), thus enabling comparison
of the relative abundance of selected metabolites across samples.

4.6. Statistical Analysis

Statistical methods were used to analyze plant height, length, dry weight, leaf count,
and area. First, an F-test determined the homogeneity of variance among groups, and either
Welch’s t-test or an independent samples t-test was followed depending on the results. For
primary metabolites, chlorophyll content, and carbon to nitrogen ratio, significant differences
among the four groups (AC, EC, AH, EH) were analyzed using a two-way analysis of
variance (ANOVA), followed by Tukey’s honestly significant difference (HSD) test for detailed
comparison. Normality of data was checked using the Shapiro-Wilk test. Concentrations of
metabolites with non-normal distribution were transformed using logarithmic or exponential
methods to meet normality requirements (Supplementary Table S1). Principal component
analysis (PCA) was performed to evaluate the effect of tissue types and treatment on
concentration of primary metabolites. Differences among tissue types were verified using a
one-way multivariate analysis of variance (MANOVA), using principle components as the
variables. Statistical analysis and illustration of the results were conducted using R version
4.2.1 [82] with the packages ‘ggpubr’ [83], ‘Momocs’ [84], and ‘ggplot2’ [85].

5. Conclusions

Our research provides insight into how Aristolochia contorta responds to elevated
CO; levels and herbivory, revealing complex interactions between plant growth, defense
mechanisms, and environmental changes. Contrary to the general expectation of enhanced
growth, the growth of A. contorta was inhibited under elevated CO,, suggesting unique
responses of species to increased CO; levels. The presence of herbivory by Sericinus montela
also acts as a stress factor, triggering both local and systemic defense responses in the plant.

The study showed that elevated CO, conditions significantly influenced the plant’s
metabolic response to herbivory, indicating a shift towards defense. This included increased
concentrations of defense-related metabolites, especially in the roots, suggesting a potential
intensification of defensive responses in the underground parts of the plant under elevated
CO;, levels.

Our findings underscore the importance of considering both abiotic and biotic factors
in understanding plant responses to environmental changes. The adaptive strategies of
A. contorta, balancing resistance and tolerance, suggest a complex response mechanism
to elevated CO, and herbivory pressures. This research contributes to our knowledge
of plant response to environmental changes, emphasizing the need for further studies to
comprehend the broader implications of these interactions on ecosystem dynamics.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants13111456/s1, Table S1: Names and categories of all pri-
mary metabolites observed in A. contorta. Scale transformation to achieve normality for ANOVA is
described; Table S2: Table of results for chlorophyll content from a two-way analysis of variance;
Figure S1: Concentrations of primary metabolites not documented in the manuscript, categorized
by tissues types (local leaves that herbivory was treated, LL; systemic leaves, SL; roots, R) and
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four treatment groups (AC, EC, AH, EH); Figure S2: Specific leaf area of the plants in two CO,
concentrations.
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Abstract: Green leaf volatiles (GLVs) play pivotal roles in plant anti-herbivore defense. This study
investigated whether the rice 13-lipoxygense gene OsRCI-1 is involved in GLV production and
plant defense in rice. The overexpression of OsRCI-1 (0eRClI lines) in rice resulted in increased
wound-induced levels of two prominent GLVs, cis-3-hexen-1-ol and cis-3-hexenal. In a previous
study, we found that the overexpression of OsRCI-1 reduced the colonization by the rice brown
planthopper (BPH, Nilaparvata lugens) but increased the attractiveness to the egg parasitoid Anagrus
nilaparvatae compared to wild-type (WT) plants. This study found that when cis-3-hexen-1-ol, but
not cis-3-hexenal, was added to WT plants, it could change the BPH’s colonization preference, i.e.,
more BPHs preferred to colonize the 0eRCI lines. The exogenous application of cis-3-hexen-1-ol or
cis-3-hexenal to BPH-infested WT plants could weaken or overturn the preference of A. nilaparvatae
for 0eRCI lines. However, field experiments revealed that only cis-3-hexenal was attractive to the
parasitoid and increased the parasitism rates of BPH eggs. These results indicate that OsRCI-1 is
involved in rice GLV production and therefore modulates both direct and indirect defense in rice.

Keywords: rice; green leaf volatiles (GLVs); cis-3-hexen-1-ol; cis-3-hexenal; Nilaparvata lugens; Anagrus
nilaparvatae

1. Introduction

Lipoxygenase (LOX), the pivotal enzyme within the fatty acid metabolism pathway,
can be divided into 9-LOXs and 13-LOXs based on the position of oxygenation in the
substrate carbon chain, participating in various aspects of plant growth, development, and
responses to both biotic and abiotic stresses [1]. Two branch pathways of the LOX pathway,
the allene oxide synthase pathway (AOS) and the hydroperoxide lyase pathway (HPL),
have been well studied in induced plant defense against herbivores. Green leaf volatiles
(GLVs) including C6 alcohols, aldehydes, and esters, acting through the HPL pathway, play
important roles in plant resistance against herbivores, as well as the well-known signal
molecules, jasmonates (JAs), produced from the AOS pathway [2].

GLVs, known for their distinct and strong aromas, reminiscent of fresh grass and green
leaves, are mostly produced during the early stage of plant development and are rapidly
released when cells are mechanically damaged or exposed to herbivores for feeding or
oviposition [3]. Research shows that GLVs play a crucial role in both direct and indirect
plant defense against insect pests [4]. In particular, emissions of the GLV compound
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cis-3-hexen-1-ol from plants such as rice (Oryza sativa L.; Gramineae: Oryza), tomato
(Solanum lycopersicum L.; Solanaceae: Solanum), and tea (Camellia sinensis (L.) Kuntze;
Theaceae: Camellia) have been shown to decrease pest numbers by attracting their natural
enemies [5-7]. Specifically, studies focusing on key genes of the oxylipin pathway, such
as rice OsPLDa4, -a5, and OsHPL3, have shown that cis-3-hexen-1-ol, released by rice
plants, acts as a repellent against the rice brown planthopper (BPH, Nilaparvata lugens Stal;
Hemiptera: Delphacidae), while attracting its natural enemy [5,8]. In contrast, the release
of cis-3-hexenal from rice plants was found to reduce their resistance to the white-backed
planthopper (WBPH, Sogatella furcifera Horvath; Hemiptera: Delphacidae) [9].

In rice, 14 LOX genes have been identified, of which seven genes have been cloned
and characterized, including OsRLL/OsHI-LOX, LOX-2, LOX-3, Ost9-LOX1, OsRCI-1, and
OsLOX1 [10-15]. The resistance of rice against the rice brown planthopper was reduced in
the antisense-suppressed lines of OsLOX1, while it was enhanced in the overexpression
lines, and OsLOX1 was related to the synthesis of JA and cis-3-hexen-1-ol [16]. Zhou et al.
(2009) cloned the OsHI-LOX gene from the rice 13-LOXs, and the antisense-suppressed
mutant rice exhibited enhanced resistance to piercing-sucking brown planthoppers but
reduced resistance to chewing insects like the striped stem borer (Chilo suppressalis Walker;
Lepidoptera: Pyralidae) and rice leaf folder (Cnaphalocrocis medinalis Guenée; Lepidoptera:
Pyralidae), but they found that OsHI-LOX was only involved in the synthesis of JA, rather
than the production of GLVs [13]. OsRCI-1 has been identified as a member of the 13-
LOX family [15]. OsRCI-1 is induced by compounds such as benzo-(1,2,3)-thiadiazole-7-
carbothioic S-methyl ester (BTH) and benzo-(1,2,3)-thiadiazole-7-carbothioic S-methyl ester
(INA). The overexpression of OsRCI-1 in rice transiently resulted in the upregulation of
the pathogenesis-related protein PR1 gene [17]. OsRCI-1 is also reported to be involved in
BPH-induced JA bursts and plays a positive role in rice defense against BPH [18].

The biosynthesis of GLVs is orchestrated through the oxygenation of acyl groups by
pathway-specific lipoxygenases; subsequent cleavage reactions facilitated by hydroperox-
ide lyases contribute to the formation of these characteristic volatile compounds [19]. In
this study, we used overexpression OsRCI-1 rice (0eRCI lines) [18] to investigate whether
OsRCI-1 was involved in rice GLV production and whether these GLVs played a role in
the regulation of BPH colonization and the behavior of its egg parasitoid wasp, Anagrus
nilaparvatae Pang et Wang (Hymenoptera: Mymaridae). We hypothesized that the overex-
pression of OsRCI-1 in rice would enhance the production of GLVs, therefore playing a role
in regulating BPH colonization and the behavior of its egg parasitoid A. nilaparvatae.

2. Results
2.1. Overexpressing OsRCI-1 Enhances Production of Mechanical Damage-Induced GLV's in Rice

To investigate the impact of OsRCI-1 on the production of rice GLVs, the levels of GLVs
from OsRCI-1 overexpression rice (0eRCI lines) and wild-type rice plants were estimated
after mechanical damage treatment. After the mechanical damage treatment, the content of
three GLVs showed varying degrees of increase in the overexpression lines (Figure 1A-C).
It is interesting that, in comparison to WT rice plants, the content of cis-3-hexen-1-ol
significantly rose in the R1, R6, and R8 lines, with increases of 3.98, 2.36, and 6.03 times,
respectively (Figure 1A). Another GLV, cis-3-hexenal, was also significantly increased in
these three 0eRCI lines, with an increase of 2.41-4.37 times (Figure 1B). However, the content
of trans-2-hexenal was only significantly increased in the R6 line and not in the R1 and
R8 lines (Figure 1C). These results indicate that the overexpression of OsRCI-1 may be
involved in rice GLV production.

2.2. Effects of cis-3-hexen-1-ol and cis-3-hexenal on Feeding and Ouviposition Preferences of BPH

Here, we evaluated BPH selection in WT rice plants supplemented with cis-3-hexen-
1-ol or cis-3-hexenal, compared with 0eRCI lines, to assess the activity of GLVs on BPH’s
feeding and egg laying preference (Figures 2 and 3). When 125 nmol of cis-3-hexen-1-o0l
was applied to the leaf sheaths of WT plants, BPH still showed a preference to feed and lay
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eggs on WT plants over 0eRCI lines (R1 or R6) (Figure 2A,C). The preference of BPH was
not evident in the comparison between cis-3-hexen-1-ol-treated WT plants and the R8 line
(Figure 2E). In addition, when 250 nmol of cis-3-hexen-1-ol was applied to WT plants, a
reversal in BPH's feeding and oviposition preference was observed; BPH escaped feeding
and oviposition on the R1 or R6 lines (Figure 2B,D). However, the application of either
125 or 250 nmol of another GLYV, cis-3-hexenal, on the leaf sheaths of WT rice plants did not
affect BPH, preferring cis-3-hexenal-treated WT plants (p < 0.05, Figure 3A-F) as well as
untreated WT plants. These findings suggest that cis-3-hexen-1-ol but not cis-3-hexenal

showed a repellent effect on the female adult BPH.
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Figure 1. The content of cis-3-hexen-1-ol (A), cis-3-hexenal (B), and trans-2-hexenal (C) in wild-type
(WT) and 0eRClI lines (R1, R6, and R8) after mechanical damage treatment. Asterisks indicate signifi-
cant differences between pairs of samples within time points (*, p < 0.05; **, p < 0.01; Student’s t-test).
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Figure 2. Effects of 125 (A,C,E) or 250 nmol (B,D,F) cis-3-hexen-1-ol on feeding and oviposition
preference of BPH female adults (+SE, n = 5) in WT and OsRCI-1 overexpression lines. Asterisks
denote significant differences between pairs of groups within each time point (*, p < 0.05; **, p < 0.01;
Student’s t-test).
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Figure 3. Effects of 125 (A,C,E) or 250 nmol (B,D,F) cis-3-hexenal on feeding and oviposition pref-
erence of BPH female adults (+SE, n = 5) in WT and OsRCI-1 overexpression lines. Asterisks
denote significant differences between pairs of members within time points (¥, p < 0.05; **, p < 0.01;
Student’s t-test).

2.3. GLVs Modify Rice’s Attractiveness to Parasitoids after BPH Infestation

To explore the potential impact of GLVs in rice on the parasitic preference of the
parasitoid A. nilaparvatae (BPH egg parasitoid), we initially introduced the parasitoids into
the OsRCI-1 overexpression 0eRCI lines and WT plants infested with BPH in a laboratory
setting. It is interesting that the parasitism rates of BPH eggs on OsRCI-1-overexpressing
plants were significantly higher than those on WT plants (p < 0.05), with the parasitism
rates of BPH eggs on the R1, R6, and R8 lines being 3.35, 2.52, and 2.95 times higher than
those on WT plants, respectively (Figure 4A). Furthermore, whether cis-3-hexen-1-ol or
cis-3-hexen-al could increase the parasitism rates of BPH eggs on WT plants was assessed
in the field. The application of cis-3-hexen-1-ol (5-500 nmol) on WT plants showed no
significant difference in the parasitism rates of BPH eggs between treated and untreated
WT plants (Figure 4B); however, the application of cis-3-hexenal at concentrations ranging
from 5 to 500 nmol significantly elevated the parasitism rates of BPH eggs on WT plants in
the field (p < 0.05; Figure 4C). The application of 250 nmol cis-3-hexen-1-ol to WT plants
had no significant effect on the BPH egg parasitism rates in comparison to 0eRCI lines in
indoor experiments (p > 0.05; Figure 4D); unexpectedly, applying 250 nmol cis-3-hexenal to
WT plants could deactivate or reverse A. nilaparvatae’s preference, parasitizing BPH eggs on
0eRCI lines (Figure 4E), and the parasitism rates of BPH eggs on cis-3-hexenal-treated WT
plants were apparently higher than those on the R6 and R8 rice plants (p < 0.05; Figure 4E).
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Figure 4. (A) The percentage (+SE, n = 7) of BPH eggs parasitized by A. nilaparvatae on R1, R6, RS,
and WT plants. (B,C) The mean (+SE, n = 7) parasitism rates (%) of BPH eggs on WT plants treated
with 5-500 nmol cis-3-hexen-1-ol or cis-3-hexenal in the field. (D,E) The mean (+SE, n = 7) parasitism
rates (%) of BPH eggs in indoor experiments, with 250 nmol cis-3-hexen-1-ol or cis-3-hexenal applied
to WT plants versus 0eRCI lines. Asterisks indicate significant differences in R lines compared with
WT plants (*, p < 0.05; **, p < 0.01; Student’s t-test).

3. Discussion

The expression of the OsRCI-1 gene in rice can be rapidly and consistently induced
by Chilo suppressalis and BPH infestation. C. suppressalis feeding on OsRCI-1-silenced lines
increased in body weight by 1.58-2.15 times compared to feeding on WT plants [20]. The
overexpression of OsRCI-1 not only increased the levels of BPH-induced JA and JA-Ile but
also decreased the feeding and oviposition preferences of BPH female adults, ultimately
reducing BPH’s performance [18]. In this study, we found that the overexpression of
OsRCI-1 increased the levels of GLVs, including cis-3-hexen-1-ol and cis-3-hexenal. The
increased GLVs, especially cis-3-hexenal and cis-3-hexen-1-ol (but not cis-3-hexenal alone),
significantly regulated the BPH’s feeding and oviposition performance. Additionally,
we observed that the wasp A. nilaparvatae preferred to parasitize BPH eggs on OsRCI-1
overexpression rice plants. This preference of the wasp could be partly attributed to the
increased levels of GLVs produced by the OsRCI-1 overexpression plants. In conclusion,
the rice lipoxygenase OsRCI-1 is involved in GLV production of the HPL branch pathway,
as well as the JA generation of the AOS branch pathway, in the rice jsamonate pathway,
and the GLVs play an important role in protecting rice from invasive pests.

The different GLVs showed disparate biological functions in the interactions between
plants, herbivores, and the enemies of herbivores. In the OsRCI-1 overexpression lines, the
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levels of cis-3-hexen-1-ol and cis-3-hexenal but not trans-2-hexenal significantly increased,
but it was found that cis-3-hexen-1-ol and cis-3-hexenal had different effects on the behavior
of BPH and A. nilaparvatae (Figures 2—4). The supplementation of cis-3-hexen-1-ol in WT
rice plants could apparently alter the feeding and oviposition preferences of BPH adults
(Figure 2), working as a repellent, and its repellent activity appeared to be dependent on
its concentration (Figure 2). However, when adding cis-3-hexen-1-ol to WT rice plants in
the field, no difference was found in the parasitism rates of BPH eggs on control rice and
cis-3-hexen-1-ol-treated WT plants (Figure 4). Other studies showed that cis-3-hexen-1-ol
is involved in regulating direct and indirect defense pathways in tea plants [21] and can
activate defense responses against insect pests in plants like maize [22-24]. In contrast,
cis-3-hexenal emitted from OsRCI-1-overexpressed rice lines did not change the feeding and
oviposition preference of BPH adults (Figure 3), but significantly increased the parasitism
rate of BPH eggs (Figure 4). Therefore, the rice lipoxygenase gene OsRCI-1 could repel BPH
by releasing cis-3-hexen-1-ol, functioning as a “push” strategy, and attract A. nilaparvatae by
releasing cis-3-hexenal, therefore increasing the parasitism rate of BPH eggs, functioning as
a “pull” strategy. Similar phenomena have been reported; Lamy et al. [25] found that the
volatile dimethyl disulfide exhibited a “push” strategy by reducing the eggs laid on broccoli
by the cabbage root fly (Delia radicum Linnaeus; Diptera: Anthomyiidae). Meanwhile, cis-3-
hexenyl acetate exhibited a “pull” strategy by attracting the natural enemy of D. radicum.

The lipoxygenase pathway genes can regulate the emission of GLVs; therefore, they
play an important role in the direct and indirect defense responses of rice. For example,
compared to wild-type (WT) plants, mutants of antisense-suppressed phospholipase D
(PLD) genes (OsPLDa4 and a5) exhibited reduced levels of trypsin inhibitors and GLVs,
specifically cis-3-hexenal and cis-3-hexen-1-ol [5]. This resulted in the increased growth
and reproduction of BPH and C. suppressalis, along with decreased attraction to the natural
enemy of C. suppressalis. Applying these two GLVs externally restored the resistance of the
mutants to BPH and C. suppressalis [5]. The loss-of-function or antisense inhibition mutants
of the rice hydrogen peroxide lyase gene (OsHPL3) exhibited reduced levels of cis-3-hexen-
1-ol and cis-3-hexenal, resulting in decreased resistance to BPH but increased resistance
against WBPH, and also increased attraction to the parasitoid A. nilaparvatae [8,26]. In this
study, we found that the overexpression of the rice lipoxygenase gene OsRCI-1 increased
the levels of cis-3-hexen-1-ol and cis-3-hexenal (Figure 1), therefore reducing the feeding and
oviposition preferences of BPH but enhancing the attraction of A. nilaparvatae (Figure 4E).
These findings suggest that elevated levels of green leaf volatiles (cis-3-hexen-1-ol and
cis-3-hexenal) contribute to enhancing the direct and indirect resistance of rice against BPH.

In summary, our study provides compelling evidence for the involvement of OsRCI-1
in regulating the release of GLVs including cis-3-hexenal and cis-3-hexen-1-ol in rice; OsRCI-
1 is another LOX gene that contributes to both JA and GLV synthesis in rice as OsLOX1 [16].
OsRCI-1 overexpression in rice lines could significantly reduce BPH's feeding and ovipo-
sition preferences and increase the attractiveness to egg parasitoid A. nilaparvatae [18].
Another new insight is the increase in cis-3-hexenal in rice plants, which functions as a
repellent to BPH, and cis-3-hexen-1-ol in rice functions as an attractant towards the her-
bivore’s natural enemy. These results highlight the role of GLVs mediated by OsRCI-1 in
regulating both the direct and indirect defenses of rice against BPH. The rice lipoxygenase
gene OsRCI-1 and its overexpression in rice have potential applications in pest-resistant
rice breeding.

4. Materials and Methods
4.1. Rice Materials

The rice genotype Xiushui 11 (WT) and three OsRCI-1-overexpressing transgenic 0eRCI
lines (R1, R6, and R8) [18] were used in this study. The rice seeds were first germinated in
a growth chamber and then transplanted into 25-liter plastic pots filled with rice culture
solution. Both seed germination and plant growth were monitored under controlled
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conditions (27 £ 2 °C, relative humidity 70-80%, and light-dark = 16:8). Rice seedlings at
35-40 days old were used for experiments.

4.2. Insect Materials

BPH populations were collected from rice fields in Lin’an, Zhejiang, China, and
maintained on TN1 rice seedlings for at least ten generations in a controlled climate room at
27°C £ 2°C, 70-80% relative humidity, and a 12 h light phase, as reported by Liao et al. [18].
TN1 rice plants with BPH eggs were then placed in a rice field at Zhejiang A & F University
to attract the parasitoid A. nilaparvatae. In the growth chamber, BPH female adults lay eggs
on rice seedlings and then we offered these seedlings to the parasitoid.

4.3. Reagents and Instruments

The reagents used in this study were cis-3-hexen-1-ol, cis-3-hexenal, trans-2-hexenal,
and lanolin, which were purchased from Shanghai Aladdin Biochemical Technology Co.,
Ltd., Shanghai, China. The instruments used were the RXZ-380B intelligent growth cham-
ber (Ningbo Jiangnan Instrument Factory, Ningbo, Zhejiang, China) and the Motic binocular
dissecting microscope (Meike Audi Industrial Group Co., Ltd., Xiamen, Fujian, China).

4.4. GLV Analysis

GLVs (cis-3-hexenal, cis-3-hexen-1-ol, and trans-2-hexenal) were analyzed with a
portable gas analyzer (zNose 4200, Electronic Sensor Technology, Newbury Park, CA,
USA) using the method described by Zhou et al. [6]. Rice leaves (0.02 g) from the three
overexpression lines R1, R6, and R8 and their wild-type XS11 were cut into small pieces
(about 2 mm long) and immediately placed in a 50 mL glass chamber (Jiangyin Elite Experi-
mental Instrument Co., Ltd., Jiangyin, Jiangsu, China), respectively; after 5 min, GLVs were
sampled for 40 s and analyzed by the zNose 4200. At least eight replicates were carried out.

4.5. BPH Bioassays

To estimate the impact of GLVs, specifically cis-3-hexen-1-ol or cis-3-hexenal, on the
colonization and oviposition preference of BPH between the WT and 0eRCI rice lines,
pots with two plants were used. One plant was an 0eRCI line treated with 10 pL lanolin
and the other was a WT rice plant treated with 10 uL lanolin containing 125 or 250 nmol
GLVs (cis-3-hexen-1-ol or cis-3-hexenal). The pots were confined within a glass cylinder
(diameter, 4 cm; height, 8 cm; with 24 small holes (diameter 0.8 mm) evenly distributed on
the cylinder wall) sealed with a sponge, into which 15 gravid BPH females were introduced.
The number of BPHs on each plant was recorded at 1, 2, 4, 8, 12, 24, and 48 h. After 48 h,
the number of BPH eggs on each plant was counted under a dissecting microscope. The
experiment was repeated at least five times for each pair of plants.

4.6. Field Experiment

To evaluate the role of GLVs (cis-3-hexen-1-ol or cis-3-hexenal) in rice-parasitoid
interactions in the field, WT plants (one plant per pot) were individually treated with 0, 5,
50, 250, or 500 nmol cis-3-hexen-1-ol or cis-3-hexenal in 10 pL lanolin and were infested with
8 BPH females for 24 h; then, the BPHs were removed as described by Liao et al. [19]. Five
potted plants (each of 0, 5, 50, 250, or 500 nmol cis-3-hexen-1-ol- or cis-3-hexenal-treated
WT plants) were placed and arranged within a 40 cm circular radius as located in a rice
field. The location was 1 m from the edge of the rice field, and the distance between each
location was kept at 2 m. Two days later, the plants were transferred to a controlled climate
room at 27 £ 2 °C with a 14 h light phase and 70% relative humidity for five days. Then,
the total number of BPH eggs and eggs parasitized by the wasps (these eggs became red)
were counted. Each treatment was repeated at least seven times.

120



Plants 2024, 13, 1494

4.7. Wasp Bioassays in Controlled Climate Chamber

The WT and 0eRClI rice lines were infested with 12 BPH females and oviposited for 12 h,
respectively, and then the BPHs were removed. Pots with two plants (one 0eRCI line with
BPH eggs vs. a WT plant with BPH eggs) were kept 1 cm apart and were confined within
glass cylinders (diameter 4 cm, height 8 cm, with 24 small holes), into which six newly
emerged A. nilaparvatae wasps (32 and 3¢") were introduced, as described by Liao et al. [19].
After 24 h, the parasitoid wasps were removed, and the rice plants were kept in a controlled
climate room at 27 & 2 °C with a 14 h light phase and 70% relative humidity for five days.
Then, the total number of BPH eggs and eggs parasitized by the wasps were counted. Each
treatment was repeated at least seven times.
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Abstract: As a new vector insect of pine wood nematodes in China, the Monochamus saltuarius
(Coleoptera: Cerambycidae) vectors pine wilt nematodes into healthy pine trees through feeding and
oviposition, resulting in huge economic losses to forestry. A promising control strategy is to develop
safe and efficient attractants. This study aims to screen for the key active volatiles of Pinus koraiensis
(Pinales: Pinaceae), Pinus tabuliformis (Pinales: Pinaceae), and Picea asperata (Pinales: Pinaceae) that
can attract M. saltuarius, and to study the synergistic attraction of the main attractant plant volatiles
with ethanol and insect aggregation pheromones. The preference of M. saltuarius for three hosts is P.
koraiensis > P. tabuliformis > Picea asperata. We detected 18 organic volatiles from three host plants.
Through EAG assays and indoor Y-tube behavioral experiments, 3-carene, (-)-camphor, 3-pinene,
a-phellandrene, terpinolene, x-pinene, D-limonene, and myrcene were screened to have attractive
effects on M. saltuarius. We found that 3-carene, 3-pinene, and «-pinene are the most attractive
kairomones in field experiments, which may play a crucial role in the host localization of M. saltuarius.
Ethanol has a synergistic effect on the attractant activity of 3-carene and -pinene, and the synergistic
effect on (3-pinene is the best. The mixture of ethanol, 2-undecyloxy-1-ethanol, and ipsdienol can
significantly enhance the attraction effect of 3-pinene on M. saltuarius. These new findings provide a
theoretical basis for the development of attractants for adult M. saltuarius and contribute to the green
control of M. saltuarius.

Keywords: Monochamus saltuarius; attractants; plant volatiles; aggregation pheromone

1. Introduction

Monochamus saltuarius (Coleoptera: Cerambycidae) is an important forest pest in
Eurasia, feeding on important forest trees, such as Pinus koraiensis (Pinales: Pinaceae), Pinus
tabuliformis (Pinales: Pinaceae), and Picea asperata (Pinales: Pinaceae) [1]. It affects tree
growth and lumber quality and further reduces the economic value of wood. Recently, M.
saltuarius has been identified as a vector for pine wood nematodes (PWNs) Bursaphelenchus
xylophilus (Tylenchida: aphelenchidae) in Japan, Korea, and China, introducing PWNs into
host plants through feeding and reproduction [2]. B. xylophilus is a plant-parasitic nematode
native to North America that later invaded Europe and Asia and widely distributed in
East Asia, causing deadly pine wood nematode disease and increasing the risk of tree
death [3,4]. The spread of PWNs between host trees is mainly mediated by vector insects,
and the Monochamus spp. are the main vectors [5-9]. In Northeast China, M. saltuarius
plays a role in the transmission of pine wood nematodes and causes damage to important
economic trees [8]. It is of great significance to develop attractants that can trap M. saltuarius
efficiently for forest protection and management.
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At present, the common strategies of insect pest control are chemical control, biological
control, and breeding-resistant varieties [10-13]. Chemical control is the main method used
to control pests, but there are also many problems with using chemical pesticide, such as
polluting the environment, affecting non-target organisms, producing drug resistance, and
so on [14-17]. It has been shown that insects determine the host location by detection of
precise volatile ratios [18,19], and subtle changes in the volatile ratios of host plants can alter
the behavior of insects and alter their perception and orientation [20]. Developing efficient
attractants to trap M. saltuarius is a feasible and eco-friendly method for its controlling.

Plant volatiles can serve as semiochemicals to attract or repel insects. The volatiles
of different host plants are significantly different, and are specific signal substances be-
tween plants in the same ecological environment, and are also important semiochemicals
that directly affect the feeding and laying choice of adult insects. In short, plant volatiles
play a very important role in the specific host and mate location for insects [21-23]. For
example, the specific combination of x-pinene, camphene, and (3-pinene was reported
to be attractive to female Conogethes punctiferalis (Lepidoptera: Pyralidae) [24]. The com-
pound 1-Octen-3-0l, a volatile from mango, induced the oviposition of female Bactrocera
dorsalis Hendel (Diptera: Tephritidae) [25]. (Z)-3-Hexenyl-acetate in maize volatiles was
reported to attract female Spodoptera frugiperda (Lepidoptera: Noctuidae) and stimulate
oviposition [26]. 3-carene was found to be attractive for Dendroctonus and Hylurgops [27]. In
addition, ethanol combined with host plant volatiles enhances the attraction of Monochamus
species [28,29]. There are two types of volatile attractant pheromones in longhorn beetles
(Coleoptera: Cerambycidae), aggregation pheromones and sex pheromones [30], which
play an important role in pest control. In Monochamus titillator (Coleoptera: Cerambycidae)
adults, males release aggregation pheromones and females release non-volatile contact
pheromones [31], which enable male and female adults to recognize each other in sexual
communication. The male adults of Monochamus alternatus (Coleoptera: Cerambycidae), M.
titillator, and M. saltuarius lure female adults by releasing aggregation pheromones [32-34].
Moreover, pheromones of the same species in different subfamilies or genera have similar
pheromone components [35]. The pheromones released by different species with the same
host can also serve as mutualistic attractants for feeding or oviposition localization [33]. It
is meaningful to find the key volatiles from the host plant and study the synergistic effect
of plant volatiles and other pheromones for the development of M. saltuarius attractants.

Pinus koraiensis, P. tabuliformis, and Picea asperata are the main host plants of M. saltu-
arius. This article mainly analyzes the volatiles of these three host plants and selects host
plant volatile organic compounds (VOCs) that have a seductive effect on M. saltuarius.
At the same time, combining insect aggregation pheromones, the composite formulas of
pheromones and VOCs were studied to screen attractants that can effectively attract adults
of M. saltuarius. This plays an important role in green controlling the population of M.
saltuarius and preventing the further spread of pine wilt disease.

2. Results
2.1. Feeding Preferences of M. saltuarius

The feeding areas of three host plants were as follows: P. koraiensis (959.00 + 238.73 mm?/6
head/3d) > P. tabuliformis (452.25 4= 50.79 mm? /6 head/3d) > Picea asperata (269.25 + 72.59
mm?/6 head/3d). There were significant differences in the feeding amount of the three plants,
and the adults of M. saltuarius ate more P. koraiensis than P. tabuliformis and Picea asperata (p < 0.05)

(Figure 1).
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Figure 1. Feeding preference assay of Monochamus saltuarius to three host plants: Pinus koraiensis,
Pinus tabuliformis, and Picea asperata. Different lowercase letters indicate significant differences at
p <0.05.

2.2. Volatiles Identification of 3 Host Plants

There are mainly 18 volatile organic compounds in the volatiles of the three host plants
of P. koraiensis, P. tabuliformis, and P. asperata, which can be divided into five categories:
terpenes, aldehydes, ketones, alkanes, and esters (Table 1).

Table 1. Volatiles identification of Pinus koraiensis, Pinus tabuliformis, and Picea asperata.

Relative Content (%)

No. Compounds Category  No. CAS
Pinus koraiensis Pinus tabuliformis Picea asperata
1 Nonane Alkane 111-84-2 0.34 +0.05 0 0
2 «-Pinene Terpenes  7785-26-4 1141 £0.61b 21.36 £5.61a 9.49 +£3.30Db
3 4-Carene Terpenes  29050-33-7 136 £0.81a 1.24+021a 0
4 Camphene Terpenes 79-92-5 0.54 4+ 0.04 0 0
5 Benzaldehyde  Aldehyde  100-52-7 0 0 2.02 +£1.47
6 [-Pinene Terpenes  18172-67-3 720 £0.65b 3462 +6.71a 1292 +3.49b
7 3-Myrcene Terpenes 123-35-3 2259 +2.67 a 0 1157 +£2.89b
8 a-Phellandrene  Terpenes 99-83-2 3.01 £0.53 0 0
10 B-Thujene Terpenes  28634-89-1 0.24 - 0.06 0 0
11 y-Terpinene Terpenes 99-85-4 468+29a 097 +£0.39a 0
12 B-Terpinene Terpenes 99-84-3 0 757 £3.25 0
13 3-Carene Terpenes  13466-78-9 2275+ 3.74a 0 20.76 £ 6.18b
14 D-Limonene Terpenes  7705-14-8 28.00 £3.85b 2543 +£6.46b 40.73 £8.14a
15 Terpinolene Terpenes 586-62-9 054+0.11a 0.23 £0.09 a 0
16 Undecane Alkane 1120-21-4 0 432 +0.14 0
17 (-)-Camphor Ketones 464-48-2 0.77 £0.25b 0 393 +1.60a
18 Bornyl acetate Ester 76-49-3 0.140.06 0 0

Different lowercase letters indicate significant differences among different host plants (p < 0.05 by Duncan’s
multiple analysis).

The volatile compounds of P. koraiensis contain four groups of compounds: terpenes
(accounting for 98.83%), ketones (accounting for 0.74%), alkanes (accounting for 0.33%),
and esters (accounting for 0.10%). Among the volatiles of P. koraiensis, terpenes make up the
highest proportion, with D-limonene having the highest relative content of 28.00 & 3.85%,
followed by 3-carene, with a relative content of 22.75 4+ 3.74%. The volatile compounds
of P. tabuliformis contain two types of volatile compounds: terpenes (95.49%) and alkanes
(4.51%), among which, 3-pinene accounts for the largest proportion, at 34.62 + 6.71%.
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There are three types of compounds in plant volatiles of P. asperata: terpenes (94.13%),
aldehydes (1.99%), and ketones (3.87%). Among them, D-limonene makes up the highest
relative content at 40.73 & 8.14%, followed by 3-carene at 20.76 & 6.18% (Table 1).

Limonene, x-pinene, and -pinene were identified in three host plants, and their
relative contents were high. The content of D-limonene in P. asperata was significantly
higher than that of P. tabuliformis and P. koraiensis (p < 0.05). The contents of a-pinene and
B-pinene in P. tabuliformis were significantly higher than those in P. koraiensis and P. asperata
(p < 0.05). 3-carene, 3-myrcene, and (-)-camphor were only present in P. tabuliformis and
P. asperata, and the content of the three volatiles among the two plants was significantly
different (p < 0.05). This may have contributed to the feeding preference of M. saltuarius
(Table 1).

2.3. Electrophysiological Responses of M. saltuarius Adults to Volatiles in 3 Host Plants

From the analyzed plant volatiles, 11 compounds with a high relative content or those
that have been reported to have attractant activity were selected for EAG experiments. As
shown in Figure 2, the adults of M. saltuarius exhibited different degrees of EAG reaction to
the 11 compounds, and the EAG relative response values of M. saltuarius to these volatiles
at 100 pg/uL were greater than 10 pg/pL. At concentrations of 100 pg/uL, a-pinene, (3-
pinene, 3-carene, (-)-camphor, terpinolene, D-limonene, x-phellandrene, and myrcene, the
relative antennal responses were 150% greater in both female and male insects (Figure 2).

W [ Female 10 pg/ul. [] Male 10 pg/pL
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Figure 2. Electroantennography (EAG) relative response values of female and male M. saltuarius
adults to the 11 active volatiles. (A) The 10 pg/pL active volatiles. (B) The 100 ug/pL active volatiles.
Different lowercase letters on the bars are significantly different among EAG relative response values
at different volatiles (p < 0.05 by Duncan’s multiple analysis).
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2.4. Olfaction Selection Preference on Antennal-Active Host Volatiles by Y-Tube Assay

To evaluate the effect of host plant volatiles on the directional behavior of M. saltuarius,
eight host plant volatiles that can induce strong EAG responses were used for indoor Y-tube
experiments. As shown in Figure 3, at the concentration of 10 ng/uL and 100 ug/uL, female
insects can be significantly attracted by D-limonene (p < 0.05), but when the concentration
of D-limonene is 100 pug/pL, female insects can be significantly attracted (p < 0.01) and
male insects can be significantly repelled (p < 0.01). The 3-carene, 3-pinene, and x-pinene
at concentrations of 10 ug/uL and 100 ug/uL were highly attractive to both males and
females (p < 0.01). «-Phellandrene at concentrations of 10 pg/puL and 100 pg/puL can
significantly attract female adults (p < 0.01), but has no significant attractant or repellent
effect on male adults (p > 0.05). When the concentration of myrcene was 10 pg/uL, it had
no significant attractant or repellent effect on female and male M. saltuarius (p > 0.05), but
when the concentration of myrcene was 100 pg/uL, it had a significant attractant effect on
male (p < 0.05) and female (p < 0.01) insects. Camphor and terpinolene at concentrations
of 10 pg/pL and 100 pug/pL had no significant attractant or repellent effects on female or
adult insects (p > 0.05) (Figure 3). In conclusion, 3-carene, 3-pinene, and x-pinene had the
best trapping effect on M. saltuarius. At the same time, males and females showed different
selectivity to D-limonene.

(A) [1Control [ Female I Male
10 pg/pl % making a choice
(-)-Camphor s 75.00 4577 N
Terpinolene ns 85.1247.32 s
D-Limonene * 70.15+6.55 s
3-Carene » 75.00 4 491 "
a-Phellandrene i 80.00+6.33 s
Mayroene ns 70,004 8,16 N
P-Pinene - 80.00 4 8.43 "
a-Pinene *k 72.50 +9.57 "
100 80 60 40 20 0 20 40 60 80 100 100 80 60 40 20 0 20 40 60 80 100
attraction (%) attraction (%)
(B)
100 ekl % making a choice
(-)-Camphor S 77504957 ns
Terpinolene ns 72,50 £ 5.00 s
D-Limonene . 20.00£8.16 5
3-Carene 150957 -
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Myreene 80,00 10.00 *
P-Pinene 8000816 *
u-Pinene # 85.00 + 12.91 w
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Figure 3. Olfactory behavioral responses of female and male Monochamus saltuarius adults to 8

antennal-active host volatiles at 10 pg/uL (A) and 100 pg/uL (B). Asterisks (** and *) in the figure
indicate significant differences at the p < 0.01 and p < 0.05 levels, respectively, by the Chi-squared test.

‘ns’ indicates no significant difference.
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2.5. Forest Trapping Effects of 8 Active Volatiles to M. saltuarius Adults

We tested the trapping effect of eight antennal active volatiles on M. saltuarius adults
in the forest. It was found that different volatiles had different trapping effects on adults of
M. saltuarius. As presented in Figure 4, during 12 days of continuous observation, camphor,
terpinolene, and D-limonene had a poor trapping effect on M. saltuarius which was not
significantly different from the control (p > 0.05). x-Phellandrene, myrcene, 3-carene, (3-
pinene, and o-pinene had a significant trapping effect on M. saltuarius that was significantly
higher than that of the control (p < 0.05) at 6 d, 9 d, and 12 d (Figure 4). Moreover,
the trapping effects of 3-carene, 3-pinene, and x-pinene were significantly greater than
a-phellandrene and myrcene at 9 d and 12 d (Figure 4).
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d
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d
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E B -pinene
1 o -pinene
[ myrcene
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1 (-)-camphor
I terpinolene
1 D-limonene
0 5 10 15

No. of M. saltuarius adults caught per trap

Figure 4. Effects of forest trapping of 8 antennally-active volatiles on M. saltuarius adults at 3d, 6 d,
9d, and 12 d. Different letters on the bars indicate significant differences among the active volatiles
at the same conditions (p < 0.05, Duncan’s multiple analysis).

2.6. Field Trapping Effects of Blends on M. saltuarius Adults
2.6.1. Responses of M. saltuarius Adults to Blends of Single Volatile and Ethanol

We studied the synergistic effects of ethanol on 3-carene, 3-pinene, and x-pinene,
respectively. It was found that ethanol had a good synergistic effect. When the lures were
used for 9 d and 12 d in the forest, ethanol had a significant synergistic effect on 3-carene,
-pinene, and x-pinene, and the synergistic effect on 3-pinene was the best (Figure 5). The
price of 3-pinene is cheaper than 3-carene, and it is more suitable for the development of
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pheromone products. Therefore, the synergistic effect of 2-undecyloxy-1-ethanol, ipsenol,
and ipsdienol on B-pinene was further studied.

12d

@ 3-carene + ethanol
[ f -pinene + ethanol
I o -pinene + ethanol
1 3-carene
1 P -pinene
[ o -pinene
| | | 1
0 2 4 6 3

No. of M. saltuarius adults caught per trap

Figure 5. Mean catches of Monochamus saltuarius adults in traps baited from 3 d to 12 d, with 180 mL
a-pinene, 180 mL (3-pinene, 180 mL 3-carene, 135 mL a-pinene + 45 mL ethanol, 135 mL 3-pinene + 45 mL
ethanol, 135 mL 3-carene + 45 mL ethanol. Different lowercase letters on the bars mean significantly
differences in the means by Duncan’s multiple analysis (p < 0.05).

2.6.2. Responses of M. saltuarius Adults to Blends of 3-Pinene, Ethanol and
2-Undecyloxy-1-ethanol

Based on the synergistic effect of ethanol, we compared the synergistic effects of 3-pinene and
ethanol combined with different doses of 2-undecyloxy-1-ethanol on the attraction of M. saltuarius
adults. It was found that 3-pinene, ethanol, and 2-undecyloxy-1-ethanol had a synergistic effect.
According to the trapping effect on day 6 and day 12, the number of trapped adults changed with
the increase in the concentration of 2-undecyloxy-1-ethanol. The trapping efficacy was as follows: 0
uL <20 puL <50 puL < 200 puL < 100 puL 2-undecyloxy-1-ethanol (Figure 6). The trapping effect was
best when 100 pL of 2-undecyloxy-1-ethanol was mixed with (3-pinene and ethanol, and the mean
number of adults captured was respectively, 12.6 &= 1.8 adults/6 d/trap and 19.6 + 1.0 adults/12
d/trap, respectively (Figure 6).
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Figure 6. Mean catches of M. saltuarius adults in traps baited with 135 mL (3-pinene, 45 mL ethanol,
and different volumes of 2-undecyloxy-1-ethanol (0 uL, 20 uL, 50 puL, 100 nL, 200 puL). The data on
the Y-axis are mean = standard error (p < 0.05, Duncan’s multiple analysis).

2.6.3. Responses of M. saltuarius Adults to Blends of 3-Pinene, Ethanol,
2-Undecyloxy-1-ethanol, and Pheromones of Bark Beetles

Ipsenol and ipsdienol are aggregation pheromones of bark beetles that have been reported to
synergistically enhance attraction to some Monochamus species with plant volatiles and pheromones.
Therefore, based on the above results, we compared the synergistic effects of ipsenol and ipsdienol
on the mixture of 135 mL (-pinene, 45 mL ethanol, and 100 pL 2-undecyloxy-1-ethanol. It was
found that, after the addition of 20 pL or 40 pL ipsdienol, the lure effect of the mixture on M.
saltuarius was as follows: 40 uL ipsdienol > 40 uL ipsdienol+ 40 uL ipsenol > 20 uL ipsdienol
> 20 pL ipsenol > 40 pL ipsenol (Figure 7). The addition of 40 uL ipsenol did not indicate a
significant synergistic effect with the mixture of 135 mL (3-pinene + 45 mL ethanol + 100 uL
2-undecyloxy-1-ethanol at 6 d and 12 d, while 20 uL ipsdienol and 40 uL ipsdienol showed a
significant synergistic effect (Figure 7). Thus, ipsdienol and plant-derived compounds 3-pinene,
ethanol, and monochamol have a good synergistic effect, which is suitable for the development of
efficient trapping agents for M. saltuarius.

12d

== 40uL ipsenol+ 40pL ipsdiensol+B-pinene+ ethanol+2-undecyloxy-1-ethanol
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Figure 7. Mean number of M. saltuarius adults caught in traps baited with (1) 20 uL ipsdienol+ 135 mL
[-pinene + 45 mL ethanol+ 100 pL 2-undecyloxy-1-ethanol, (2) 40 uL ipsdienol+ 135 mL p-pinene + 45 mL
ethanol+ 100 uL 2-undecyloxy-1-ethanol, (3) 20 uL ipsenol+ 135 mL (3-pinene + 45 mL ethanol+ 100 uL 2-
undecyloxy-1-ethanol, (4) 40 uL ipsenol+ 135 mL (3-pinene + 45 mL ethanol+ 100 pL 2-undecyloxy-1-ethanol,
(5) 40 pL ipsdienol +40 pL ipsenol + 135 mL (-pinene + 45 mL ethanol+ 100 pL 2-undecyloxy-1-ethanol,
(6) 135 mL B-pinene + 45 mL ethanol+ 100 uL 2-undecyloxy-1-ethanol. Different letters on the bars indicate
significantly differences by Duncan’s multiple analysis (p < 0.05).
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3. Discussion

The selection and location of host plants are crucial for the survival and reproduction
of herbivorous insects, which can distinguish nutritional and toxic compounds through
their olfactory and gustatory systems [36-38]. Adults can detect and distinguish volatile
substances from specific plants through VOCs [39-42], thus helping them search for host
plants for oviposition or feeding.

This study collected and identified 18 VOCs from the following three host plants:
P. koraiensis, P. tabuliformis, and P. asperata. These compounds mainly include terpenes,
aldehydes, ketones, alkanes, and esters, with terpenes accounting for the largest propor-
tion. a-Pinene (3-pinene, and D-limonene were found in all three plants. Among terpenes,
3-carene and myrcene are present in P. koraiensis and P. asperata, while phellandrene and
camphene are only identified in P. koraiensis. «-Pinene, -pinene, 3-carene, myrcene,
phellandrene, camphene, camphor, terpinolene, benzaldehyde, and y-terpinene are rela-
tively high in plants and some of them have been reported to attract other herbivorous
insects [43,44]. D-Limonene is used as a repellent in some herbivorous insects. So, it is
speculated that these 11 compounds may be potential attractants or repellent components
for M. saltuarius. And, M. saltuarius revealed different degrees of EAG response to the
11 compounds, and the relative values of EAG responses to the 11 VOCs increase with
increasing concentration. The EAG reaction cannot determine the selection or avoidance
of compounds by M. saltuarius. From the analyzed compounds, 8 substances with strong
EAG reaction values in M. saltuarius were selected for Y-tube behavior experiments. These
results indicate that at two concentrations (10 pug/uL, 100 nug/uL), o pinene, 3-carene,
and 3-pinene have significant attractant activity for both male and female adults of M.
saltuarius, which may be the main plant-derived volatiles affecting host location.

The volatiles of the host plant of M. saltuarius are complex, and the composition and
proportion of host volatiles may be influenced by various factors, such as plant age and
physiological conditions, season, and biological and abiotic damage, all of which may
affect the attractiveness to M. saltuarius [45,46]. Specific compounds from non-host plants
may also be beneficial for host recognition [46-50]. This study indicates that, in forest
trapping, 3-carene, 3-pinene, and o-pinene have a strong attractive effect on M. saltuarius,
with 3-carene having the highest number of individuals caught in traps.

Ethanol is a volatile indicator of stress and dying trees. When trees are stressed,
the volatilization of ethanol from trees increases significantly. But, ethanol is attractive
to some insects [51-54]. And, it has been reported that ethanol can work synergistically
with «-pinene to increase the attraction effect of some beetles [49]. This study showed
that 3-pinene combined with ethanol had the best trapping effect on M. saltuarius. And,
compared to using (3-pinene, 3-carene, or x-pinene alone, the three volatiles combined
with ethanol as a lure, have a higher number of individuals caught in traps. There is a
synergistic effect between ethanol and the three compounds that enhances the attraction of
M. saltuarius.

Compared with host volatiles, the aggregation pheromone of M. saltuarius is consid-
ered to have better attractant activity due to a higher sensitivity and selectivity [30,35]. The
trapping effect of A. glabripennis on aggregation pheromones combined with plant volatiles
was greater than that of aggregation pheromones alone [55]. Plant volatile compounds
increase the attraction of sex pheromones to Holotrichia parallela (Coleoptera: Scarabaeidae),
and a mixture of (E)-2-hexenyl acetate and sex pheromones results in significantly higher
catches than sex pheromones alone [56]. It is reported that the combined use of different
types of pheromones can effectively improve the attraction effect of Xylotrechus pyrrhoderus
(Coleoptera: Cerambycidae), and when the sex pheromone (3-hydroxy-2-hexanone and
3-hydroxy-2-octanone) and the host pheromone (methyl benzoate) are mixed, its attraction
effect is better [57]. The results showed that the aggregation pheromone 2-undecyloxy-1-
ethanol had a synergistic effect on the combination of 3-pinene and ethanol in the forest
trapping. The trapping effect of the mixture with 2-undecyloxy-1-ethanol was significantly
higher than that of the treatment without 2-undecyloxy-1-ethanol.
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Different herbivorous insects may parasitize or lay eggs on the same host plant. To
identify the same species on the host plant, more specific olfactory recognition pheromones
are needed. As evolution progress, different insects feeding on the same host plant may
also recognize each other’s pheromones. The suitable habitat of M. saltuarius, Monochamus
galloprovincialis (Coleoptera: Cerambycidae), and bark beetles overlaps. The pheromones
of bark beetles, ipsenol and ipsdienol, were also identified as synergists of the aggregation
pheromone for M. galloprovincialis adults [58]. This study found that ipsdienol can also
synergistically increase the trapping effect by mixing with aggregation pheromones of M.
saltuarius and host plant volatiles.

This article describes a study on the feeding preferences of three hosts, the components
of host volatiles, and the responses of M. saltuarius to host volatiles. The synergistic effects
of host volatiles, ethanol, 2-undecyloxy-1-ethanol, and the pheromones of bark beetles
were also evaluated. However, there are still some issues that need further exploration.
The volatile compounds of host plants in the forest, as background odors, are usually
complex in composition, and further exploration is needed to investigate the effects of the
interactions between the components of host volatiles on the attraction of M. saltuarius. The
different ratios of volatile organic compounds from different host plants on the attraction
effect on M. saltuarius require further research. For other species with the same host,
pheromones released by them can also serve as mutualists, which might be recognized
by M. saltuarius for feeding or oviposition localization. Further research is needed to
investigate the kairomonal attraction of pheromone components from other species to M.
saltuarius or their interactions with identified host plant volatiles.

Developing attractants for longhorn beetles is a promising control strategy, but there
are still some potential limitations and challenges. At present, most of the attractants
developed can only trap sexually matured longhorn beetles, which have already spread
pine nematodes through feeding and caused certain harm to trees. Therefore. it is urgent
to develop attractants to trap longhorn beetles during their maturation feeding period. In
addition, attractants were generally used to catch longhorn beetles to help control the pest
population, but the control effects were limited. However, the attractants and chemical
pesticides can be combined to improve the utilization efficiency of pesticides and reduce
their use. In short, the development of attractants is promising, and we should make efforts
to improve the effectiveness of attractants and overcome the challenges.

4. Materials and Methods
4.1. Insects and Plants

The insects of M. saltuarius used in the experiment were obtained from a farm in
Qingyuan Manchu Autonomous County, Fushun City, Liaoning Province, China. They
were lured and caught by traps, kept in insect cages, and fed with branches of P. koraiensis,
and fresh branches were replaced every 2 days. Five-year-old healthy P. koraiensis, P.
tabuliformis, and P. asperata were selected as test plants.

4.2. Chemicals

The CAS number, purity, and sources of chemicals involved in the research are listed
in Table 2.

Table 2. Information of compounds in the study.

No. Compounds CAS Purity Sources

1 «-Pinene 7785-26-4 98% J&K SCIENTIFIC
2 [-Pinene 18172-67-3 98% J&K SCIENTIFIC
3 Myrcene 123-35-3 90% J&K SCIENTIFIC
4 3-Carene 13466-78-9 90% TCI AMERICA
5 a-Phellandrene 99-83-2 98% J&K SCIENTIFIC
6 D-Limonene 5989-27-5 95% J&K SCIENTIFIC
7 (-)-Camphor 464-48-2 96% MACKLIN
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Table 2. Cont.

No. Compounds CAS Purity Sources
8 Terpinolene 586-62-9 95% J&K SCIENTIFIC
9 Camphene 79-92-5 78% TCI AMERICA
10 y-Terpinene 99-85-4 95% J&K SCIENTIFIC
11 Benzaldehyde 100-52-7 98% J&K SCIENTIFIC
12 Paraffin liquid 8012-95-1 99% HUSHI

4.3. Host Plant Preference Assays of M. saltuarius

Different plants were used to study the feeding tendency of M. saltuarius. Host
materials were obtained by cutting 30 cm long fresh branches from the tops of three types
of plants: P. koraiensis, P. tabuliformis, and P. asperata. The cut branches were placed in insect
cages (1 m x 1 m x 0.5 m), with a lighting setting of 16 L: 8 D. In each cage, 6 adults of M.
saltuarius, 3 females and 3 males, who had been hungry for 6 h and were still active were
used for host plant preference assays. We fed the adults of M. saltuarius for 3 d, replaced
fresh branches daily, and calculated the feeding area of the branches. Each experiment was
repeated 8 times. The feeding marks on the branches were replicated using sulfuric acid
paper, and the feeding area of the branches was calculated using coordinate paper.

4.4. Volatile Analysis of Three Host Plants

The plant volatiles from 3 healthy host plants in healthy states were collected using
the methods of Fan et al. [59]. The side branches of tested plants were sealed in oven
bags (Polypropylene, 482 x 569 mm, Reynolds, Patrick County, VA, USA) for 6 h. We
inserted two polytetrachloroethylene pipes were inserted into the bag opening and tied
tightly with iron wire. The bag opening was wrapped and sealed with parafilm sealing
film. One served as the exhaust rubber pipe and the other served as the intake rubber
pipe. One end of the intake rubber tube was connected to an activated carbon sampling
tube and the activated carbon tube was also connected to the air inlet of the atmospheric
sampler through a polytetrachloroethylene tube. The outlet rubber tube was connected
to a TENAX tube (which contains 200 mg of adsorbent), and the other end of the TENAX
tube was also connected to the air inlet of the atmospheric sampler through a rubber
tube, forming a closed loop that enabled air to flow out sequentially from the inlet of the
atmospheric sampler, activated carbon tube, sampling bag, TENAX tube, and the outlet of
the atmospheric sampler. The TENAX tube was activated at 300 °C for 3 h in advance as an
adsorption tube. The atmospheric sampler had a flow rate of 0.5 L/min and, after 6 h of
collection, the adsorption tube was removed and marked. The two ends were sealed tightly
with parafilm sealing film and stored in a —80 °C freezer for testing. Volatile substances
were analyzed using GC-MS-QP 2010 gas chromatography—mass spectrometry (Agilent,
Santa Clara, CA, USA). Each experiment was repeated 3 times.

4.5. Electroantennography

For the electroantennography (EAG) assays, an EAG detector (Syntech-IDAC 4,
Kirchzarten, Germany) was used to record the olfactory response of M. saltuarius to volatile
compounds. We fixed the head was fixed and the complete antennae of the M. saltuarius
was cut. The antenna was connected to the electrode using Spectra 360 conductive adhesive
(Parker Laboratories, Fairfield, NJ, USA), with the base of the antenna connected to the
reference electrode and the tip of the tail of the antenna connected to the recording electrode.
The different chemicals were dissolved in paraffin oil at concentrations of 10 nug/pL and
100 pg/uL, respectively, and paraffin oil was used as control. An aliquot of 20 uL of solvent
was applied to a 5 mm x 20 mm filter paper strip and the filter paper strip was placed
completely inside the Pasteur pipette. The Pasteur pipette was connected to the airflow
control device and the tip was inserted into the side hole of the mixing tube. A continuous
airflow flow rate, set at 120 mL/min, stimulated the airflow flow rate to 20 mL/min, and
the stimulation source was about 1.5 cm away from the antenna. The duration of each
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stimulation was 0.2 s, with a 1 min interval between the two stimuli to avoid antenna
fatigue or adaptation. Paraffin oil was applied at the beginning and end of the trial (one
antenna) to monitor antenna status. The EAG response values were normalized relative to
the average response to paraffin oil. There were 8 replicates for each male and female adult.

4.6. Olfactory Behavioral Responses to Synthetic Active Volatiles

A total of 8 chemicals were selected from the volatiles of the main host plants of
M. saltuarius for Y-tube olfactometer experiments. These compounds were as follows:
(-)-camphor, terpinolene, D-limonene, 3-carene, a-phellandrene, myrcene, o-pinene, and
B-pinene. The standards of each compound were prepared with n-hexane as solvent at
concentrations of 10 pg/puL and 100 pg/pL, respectively, and n-hexane was used as the
control. Specifications of Y-tube olfactometer were as follows: the inner diameter and
length of main arm were, respectively, 9 cm and 40 cm, and the inner diameter and length
of two lateral arms with a 60° angle at the Y-junction were 6 cm and 25 cm, respectively.
Air was pushed through activated charcoal filter and a bottle with distilled water by a
vacuum pressure pump (Beijing Municipal Institute of Labour Protection, Beijing, China).
The air flow rate was about 500 mL/min. The adults of M. saltuarius were placed in a
Y-shaped glass olfactometer to observe behaviors. One adult was taken each time for
behavior selection measurement and observed for 10 min. For those who entered the arm
with volatiles or the control arm for more than 1/3 of the distance and stayed for more
than 15 s, they were recorded as M. saltuarius made a choice; otherwise, they were noted
as unresponsive. After testing 5 insects, arm positions were switched to eliminate the
influence of the experimental environment on the olfactory behavior of the spruce spotted
beetle. A total of 40 males and 40 females were tested for each concentration of volatile
matter. After each experiment, the experimental apparatus was cleaned with ethanol
and dried.

4.7. Field Experiments

The experiments were conducted in Qingyuan Manchu Autonomous County, Fushun
City, Liaoning Province, China (41°59' N, 124°31’ E). Traps were hung in the sample plot,
and the compounds were released through sustained-release bottles.

4.7.1. Trapping Experiments of Single Compounds in Forests

(-)-Camphor, terpinolene, D-limonene, 3-carene, x-phellandrene, myrcene, x-pinene,
and (-pinene were separately placed inside slow-release bottle at a volume of 180 mL. The
slow-release bottles were used as lure core to put in traps. The empty slow-release bottles
were used as a control. The 9 traps with different individual substance were put in a block
with traps 20 m apart. A total of 5 blocks were set up for 5 repeated experiments. The
interval between different blocks was 50 m. The survey was conducted every 3 days to
count the adults of M. saltuarius caught by each lure core from 21 July to 1 August 2022,
and then the adults in the trap collection cup were cleaned up. The lure core containing a
single volatile was replaced by another trap during the same block every 3 days in order to
reduce the impact of geographical location on the test results.

4.7.2. The Synergies of Ethanol on the Trapping Effect of M. saltuarius in the Forest

Catches of M. saltuarius were compared in traps baited with 180 mL «-pinene, 180 mL
-pinene, 180 mL 3-carene, 135 mL o-pinene + 45 mL ethanol, 135 mL (3-pinene + 45 mL
ethanol, and 135 mL 3-carene + 45 mL ethanol. There were 5 replicates for each treatment.
These assays were conducted from 14 to 23 May 2023, and the number of M. saltuarius was
counted every 3 days.

4.7.3. Trapping Assays on the Synergistic Effect of Aggregation Pheromones of M. saltuarius

The mixture combinations with aggregation pheromones for attracting M. saltuarius
are shown in Table 3. These formulations were used to compare the synergistic effect of
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different concentrations of aggregation pheromones of M. saltuarius. The experiments were
conducted from 29 May to 13 June 2023, and the number of captured adults of M. saltuarius
was recorded every 6 days. Five replicates were carried out for each treatment.

Table 3. Formulation of attracting Monochamus saltuarius with aggregation pheromone in forest.

Serial Number Formulations
1 135 mL B-pinene + 45 mL ethanol
2 135 mL (3-pinene + 45 mL ethanol + 20 pL 2-undecyloxy-1-ethanol
3 135 mL -pinene + 45 mL ethanol + 50 pL 2-undecyloxy-1-ethanol
4 135 mL B-pinene + 45 mL ethanol + 100 uL 2-undecyloxy-1-ethanol
5 135 mL B-pinene + 45 mL ethanol + 200 pL 2-undecyloxy-1-ethanol

4.7.4. Field Attraction Tests to Explore Synergies of Bark Beetle Pheromones—Ipsdienol
and Ipsenol

To explore the potential synergies of bark beetle pheromones, the formulations used to
attract M. saltuarius in the forest were made as shown in Table 4. The survey was conducted
from 12-24 July 2023, and the number of M. saltuarius caught by each trap was recorded
every 6 days. Each treatment was repeated 5 times.

Table 4. Formulation of pheromones of bark beetles used to attract Monochamus saltuarius in the forest.

Serial Number Formulations

N O U= WD

135 mL «-pinene + 45 mL ethanol + 2-undecyloxy-1-ethanol

135 mL B-pinene + 45 mL ethanol + 2-undecyloxy-1-ethanol

135 mL 3-pinene + 45 mL ethanol + 100 uL 2-undecyloxy-1-ethanol + 20 uL ipsdienol
135 mL B-pinene + 45 mL ethanol + 100 uL 2-undecyloxy-1-ethanol + 20 pL ipsenol
135 mL B-pinene + 45 mL ethanol + 100 uL 2-undecyloxy-1-ethanol + 40 uL ipsdienol
135 mL -pinene + 45 mL ethanol + 100 pL 2-undecyloxy-1-ethanol + 40 uL ipsenol

135 mL p-pinene + 45 mL ethanol + 100 uL 2-undecyloxy-1-ethanol + 40 uL ipsenol + 40 uL ipsdienol

4.8. Data Analysis

All data were analyzed by SPSS 20.0 software, and the graphing was made by Graph-
Pad Prism 9.5. The data from feeding experiments and forest experiments was conducted
using one-way ANOVA and Duncan’s multiple comparisons. In the EAG experiment,
a one-way ANOVA with Duncan’s multiple comparisons was also used to compare the
relative EAG response values of male and female adults of M. saltuarius to different con-
centrations of different compounds. The indoor behavior data of Y-tube experiments were
analyzed by using Chi-squared (x?) goodness-of-fit tests.

5. Conclusions

In summary, we have identified plant volatiles that has attractive effects on M. saltuar-
ius, identified key plant source volatiles for M. saltuarius host location, and further explored
multi-component formulations using insect pheromones to optimize attractant formula-
tions and improve trapping efficiency. We found that o-pinene, 3-carene, and (3-pinene
have significant attractant activity in adults of M. saltuarius, which may play an important
role in the host location. 3-Pinene, ethanol, 2-undecyloxy-1-ethanol, and ipsdienol had the
best synergistic effect on luring M. saltuarius. This study provides a theoretical basis for
controlling the population of M. saltuarius and preventing pine wood nematodes.
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Abstract: Sulcotrione is a member of triketone herbicides, a class of HPPD (4-hydroxyphenylpyruvate
dioxygenase) inhibitors with broad-spectrum herbicidal activity. Modifications of glycosylation me-
diated by glycosyltransferases (GT) are involved in plant detoxification. In this study, we analyzed
chip data published online and found that eight glycosyltransferases from group A of the apple gly-
cosyltransferase family 1 may be involved in the metabolic mechanism of detoxification of triketone
herbicides. To verify this prediction, we induced apple seedlings with six types of triketone herbicides,
and then detected the expression levels of eight glycosyltransferase genes through real-time PCR. We
found that triketone herbicides induced up-regulation of eight glycosyltransferase genes to varying
degrees, with MdUGT91A]2 being the most significantly up-regulated by sulcotrione-induced glyco-
syltransferase gene expression. Then, through in vitro enzymatic reactions and HPLC identification
of glycoside substrates, it was found that the glycosyltransferase MAUGT91A]J2 had the highest
specific enzyme activity against the triketone herbicide sulcotrione. Furthermore, the in vivo mecha-
nism of the glycosyltransferase MAUGT91A]2 in the detoxification metabolism of sulcotrione was
further validated by overexpressing the strain in the plant. HPLC analysis showed that the content of
sulcotrione glycosides in the overexpressing strain of MAUGT91A]2 was significantly higher than that
in the wild type. This result indicated that the apple glycosyltransferase MAUGT91A]2 can still glyco-
sylate and modify sulfotrione in plants, and participate in its detoxification metabolism. In summary,
this study identified for the first time a novel apple glycosyltransferase MAUGT91A]2 and elucidated
its mechanism of action in the detoxification and metabolism of the triketone herbicide sulfotriene.

Keywords: glycosyltransferase; MAUGT91AJ2; triketone herbicides; sulcotrione; detoxification
metabolism

1. Introduction

Triketone herbicides are another class of HPPD (p-hydroxyphenylpyruvate dioxyge-
nase) inhibitors developed by Jellicam after pyrazole herbicides. Their action is charac-
terized by broad-spectrum herbicidal activity and can be used both pre-emergence and
postemergence. Currently, several varieties have been successfully developed, including
sulcotrione, furazosulfuron, bicyclosulfuron, nitrosulfuron, cycloheximide, and flupyradi-
furon [1]. The target of the action of the triketone herbicides is the HPPD enzyme, which
exists in a wide range of organisms, and is the key enzyme in the synthesis of plasto-
quinone and «-tocopherol in the plant (see Figure 1). HPPD inhibitors inhibit the synthesis
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of HPPA (4-hydroxyphenylpyruvic acid) into HGA (homogentisate), which leads to the
blockage of the synthesis of plastoquinone, and then impedes the catalysis of the phytoene
desaturase (PDS), affecting the biosynthesis of carotenoids. The decrease in carotenoid
synthesis leads to a lack of protective pigments in chlorophyll, resulting in weeds yellowing
or death due to bleaching symptoms [2,3]. Sulcotrione is a foliar herbicide that can also be
absorbed through the root system causing the weeds to discolor quickly and die slowly
after application. However, the mode of action is still not fully understood and it is likely
that chlorophyll synthesis is directly affected, acting finally on carotenoid synthesis [4].
Pyrazosulfuron-methyl inhibits the synthesis of pigments essential for plant growth, which
is absorbed and rapidly transmitted through roots, stems, young shoots, and leaves, ulti-
mately affecting the biosynthesis of carotenoids, and the weed is subjected to whitening
of the foliage followed by necrosis of the meristematic tissue [5]. Dicyclosulfocarbazone,
which has a bicyclic and phenylthioether structure, is absorbed by weed roots and stems,
and then transported to the whole plant, where it affects the synthesis of plastoquinone
through inhibition of the HPPD, and then the action of plastoquinone on octahydroxy
phytoene desaturase (PDS), which ultimately affects the biosynthesis of carotenoids and
bleaching of the foliage [6]. Cyclosulfamuron is effective at controlling major broadleaf
grasses and some grassy weeds and is readily conducted in the xylem and phloem of
plants; it is both touched and persistent [7]. Cyclosulfamuron is mainly used in maize
(Zea mays L.) fields and blocks isoprenoid quinone biosynthesis in the plant, causing green
loss, discoloration, tissue necrosis, and eventual death within two weeks [8]. Flumioxazin
can cause symptoms of bleaching and eventual death of plant meristematic tissues by
inhibiting carotenoid biosynthesis [9].

‘ Mevalonic acid ‘ ‘ Plastoquinone biosynthetic pathway ‘
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Figure 1. Mechanism of herbicidal action of triketones.

Herbicides of the triketone group are widely used in agricultural fields such as maize
(Zea mays L.) to control grass weeds and broadleaf weeds [10]. The herbicide is weakly
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acidic, its aqueous solution is highly stable, not easy to photolyze and volatilize, and it
is widely used in large quantities, which can be harmful to the ecological environment
of the soil when it is used inappropriately or repeated in large quantities over a long
period of time [11]. Despite the low toxicity of sulcotrione itself, it has been shown that the
metabolites of sulcotrione in the environment are higher than the parent itself, and studies
on onion root meristematic tissues under light conditions found that the cytotoxicity and
genotoxicity of sulcotrione photolysis products were significantly higher than those of the
sulcotrione parent [12]. In addition to the product CMBA (2-chloro-4-meta phenylbenzoic
acid), sulfoxaflor photolysis also generates a class of cyclisation product CP (cyclization
product) [13]. Halle et al., compared the toxicity of sulcotrione, CMBA, and CP to microbial
bacteria (Vibrio fischeri), algae (Pseudokirchneriella subcapitata), and protists (Tetrahymena pyri-
formis), respectively. The results indicated that sulcotrione produces higher toxicity to algae
and greater CP toxicity to bacteria (Vibrio fischeri) and protists (Tetrahymena pyriformis) [14].
The toxicity of the photolytic mixture of sulcotrione is higher than that of the parent and
CMBA, therefore, the role of its cyclized metabolites in the environmental behavior and risk
assessment of sulcotrione deserves continued attention [15]. Pesticides enter the soil system
and their degradation involves a complex series of chemical processes that can be biotrans-
formed or abiotransformed [16]. Bioremediation, also known as biomanagement, refers to
the use of the life metabolic activities of organisms to absorb, degrade, and transform pollu-
tants in the environment so that the polluted environment can be improved [17]. It can be
divided into microbial remediation, phytoremediation, and animal remediation according
to the type of organisms [18]. Phytoremediation mainly involves remediation of pollutant
residues in the environment through plant uptake, plant extraction, plant volatilization,
and root secretions in association with inter-root microorganisms [19]. Qu et al. have shown
that in order to cope with the harmful effects of exogenous toxin herbicides, the plant body
has developed a series of detoxification mechanisms to convert toxic exogenous toxins
into nontoxic substances during the long-term evolutionary process, which in turn reduces
the damage to plant cells [20]. The detoxification mechanism consists of two phases: the
first phase is mainly an activation reaction, i.e., hydrolysis or oxidation [21]; and the second
phase is mainly a conjugation reaction, which usually involves linking the metabolite or
heterologue activated in the first phase directly to an endogenous hydrophilic molecule,
e.g., glucose, malonate, or glutathione, by means of covalent bonding [22].

Plant UDP-glycosyltransferases are an important class of cytochrome P450 enzyme
coenzymes involved in a variety of biological processes such as plant growth and devel-
opment, secondary metabolism, and environmental adaptation. Numerous studies have
shown that glycosyltransferases can participate in the detoxification reactions of organisms
by transferring enzyme glucose or other sugar groups [23-25]. UGTs play an important
role by facilitating the binding of harmful substances and limiting the effects of harmful
substances on normal physiological and metabolic processes [23]. Blomstedt et al. suc-
ceeded in identifying a sorghum (Sorghum bicolor (L.) Moench) glycosyltransferase gene,
UGT85B1, and found that the mutation in this gene resulted in reduced plant vigor, dwarf
plants, poor roots development, low fertility, and no production of the toxic substance
dhurrin. Further investigation of the mechanism revealed that the reason why this mutant
did not show toxicity was sorghum did not have a feedback mechanism to inhibit the initial
steps of dhurrin biosynthesis when lacking the glucosyltransferase activity required to
complete dhurrin synthesis [24]. Su et al. proposed a TCP (trichlorophenol) phytoreme-
diation system based on sugar conjugation by overexpressing poplar (Populus euphratica
Oliv) UDP-glucosyltransferase. It was found that among the many glycosyltransferases,
PtUGT72B1 had the highest binding activity to TCDP, and its overexpression of Arabidopsis
thaliana lines showed significantly enhanced tolerance to 2,4,5-TCP and 2,4,6-TCP [25].
Although the involvement of plant glycosyltransferases in the detoxification process has
been reported in some cases, the involvement of apple (Malus x domestica) glycosyltrans-
ferases in the metabolic mechanism of detoxification of triketone herbicides has hardly
been studied. Therefore, in this study, a new apple (Malus x domestica) glycosyltransferase,
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MdAUGT91AJ2, was identified for the first time, and its mechanism of action in the detoxifi-
cation metabolism of the triketone herbicide sulcotrione was clarified, which will provide
scientific data for the reduction of the potential risks of pesticides to ecosystems, crops,

animals, and humans.

2. Results
2.1. Induction of mRNA Expression Level of Apple Glycosyltransferase Gene by

Triketone Herbicides
We analyzed the microarray data published online (https://www.ncbi.nlm.nih.gov/,
accessed on 10 December 2023) and found that eight glycosyltransferases in group A of
apple (Malus x domestica) glycosyltransferase family 1, MAUGT91A]J1 (MD02G1083600),
MdAUGT91A]2 (MD02G1084000), MdAUGT91A]3 (MD15G1211400), MdAUGTI91A]J4
(MD10G1101200), MdUGT91AJ5 (MD02G1083100), MdUGT91AJ6 (MD02G1083300),
MdAUGT91A]7 (MD02G1083800), and MdUGT91C7 (MD08G1200700) may be involved
in the mechanism of triketone herbicide detoxification metabolism. To verify the prediction,
we exogenously sprayed apple (Malus x domestica) seedlings with six triketone herbicides,
sulcotrione, tefuryltrione, benzobicyclon, mesotrione, tembotrione, and bicyclopyrone,
extracted the RNAs, and reverse-transcribed them into cDNAs, and then detected the ex-
pression levels of eight glycosyltransferase genes via real-time PCR; the results are shown
in Figure 2. Triketone herbicides induced the up-regulation of the expression of eight glyco-
syltransferase genes to varying degrees (Figure 2A, Table S4), with sulcotrione inducing
the most significant up-regulation of the glycosyltransferase gene, MAUGT91AJ2 (* p < 0.05,

**p <0.01) (Figure 2B).
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Figure 2. Real-time PCR detection of six triketone herbicides, as sulcotrione, tefuryltrione, benzo-
bicyclon, mesotrione, tembotrione, and bicyclopyrone after induction for 0, 3, 6, 12 and 24 h. In
apple (Malus x domestica) glycosyltransferase family 1, 8 glycosyltransferase genes in group A of
MdAUGT91A]1 (MD02G1083600), MAUGT91A]2 (MD02G1084000), MAUGTI91AJ3 (MD15G1211400),
MdAUGT91AJ4 (MD10G1101200), MAUGTI91A]5 (MD02G1083100), MAUGT91A]6 (MD02G1083300),
MdAUGT91A]7 (MD02G1083800), MAUGT91C7 (MD08G1200700) mRNA expression levels. (A) Real-
time PCR to detect the mRNA expression levels of eight glycosyltransferase genes in group A of
apple (Malus x domestica) glycosyltransferase family 1 induced by each of the six triketone herbicides;
(B) real-time PCR to detect the mRNA expression levels of the apple (Malus x domestica) glycosyl-
transferase gene, MAUGTI91A]2, induced by the triketone herbicide sulcotrione. Note: * p < 0.05,
*p<0.01,n=3.

2.2. In Vitro Enzyme Activity Assay of Apple Glycosyltransferase Glycosylated Modified
Triketone Herbicides

In the above study, we found that triketone herbicides induced different degrees
of mRNA levels of eight glycosyltransferase genes in group A of apple (Malus x do-
mestica) glycosyltransferase family 1, which are enzymes in plants that can transfer
sugar groups to different small molecule compounds. For this reason, we obtained
eight glycosyltransferase proteins successively through prokaryotic expression vector
construction and in vitro enzyme-protein purification system, performed in vitro enzy-
matic reactions against six triketone herbicides, and identified glycosidic substrates by
HPLC, and found that glycosyltransferases were selective and preferential to triketone
herbicides (Table 1). The glycosyltransferase MAUGT91A]J2 had the highest specific
enzyme activity for the triketone herbicide sulcotrione compared to other glycosyla-
tion modifications, i.e., MAUGT91A]2 was the most active for sulcotrione glycosylation
modification (Figure 3A,B).

Table 1. Specific enzyme activity determination of eight apple glycosyltransferases against
triketones herbicides.

Name Substrates Specific Activity (nkat/mg Protein)

Sulcotrione 1.24 +0.19
Tefuryltrione ND

Benzobicyclon ND

MdUGT91AJ1

Mesotrione ND

Tembotrione ND

Bicyclopyrone ND
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Table 1. Cont.

Name Substrates Specific Activity (nkat/mg Protein)
Sulcotrione 3.56 £ 0.25
Tefuryltrione ND
Benzobicyclon ND
MdUGT91A]J2
Mesotrione ND
Tembotrione ND
Bicyclopyrone ND
Sulcotrione ND
Tefuryltrione 0.36 +£0.11
Benzobicyclon ND
MdUGT91AJ3
Mesotrione ND
Tembotrione ND
Bicyclopyrone ND
Sulcotrione 0.76 = 0.20
Tefuryltrione ND
Benzobicyclon ND
MdUGT91AJ4
Mesotrione ND
Tembotrione ND
Bicyclopyrone ND
Sulcotrione ND
Tefuryltrione ND
Benzobicyclon ND
MdUGT91AJ5
Mesotrione ND
Tembotrione ND
Bicyclopyrone ND
Sulcotrione ND
Tefuryltrione ND
Benzobicyclon ND
MdUGT91AJ6
Mesotrione 0.31 +£0.04
Tembotrione ND
Bicyclopyrone ND
Sulcotrione ND
Tefuryltrione ND
Benzobicyclon ND
MdUGT91A]7
Mesotrione 0.45 + 0.08
Tembotrione ND
Bicyclopyrone ND

144



Plants 2024, 13, 1796

Table 1. Cont.

Name Substrates Specific Activity (nkat/mg Protein)
Sulcotrione ND
Tefuryltrione ND
Benzobicyclon ND
MdAUGT91C7
Mesotrione 0.39 4+ 0.07
Tembotrione ND
Bicyclopyrone ND
Note: ND, none detected.
A B
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Figure 3. HPLC detection of MAUGT91AJ2 glycosylation modification substrate sulcotrione.
(A) HPLC detection of MAUGT91A]2 glycosylation modification product sulcotrione glucoside;
(B) mass spectrometry detection of MAUGT91A]J2 glycosylation modification product sulcotrione
glucoside molecular weight. Note: 1: sulcotrione; 2: sulcotrione glucoside.

2.3. Analysis of the Expression Pattern of MAUGT91A]2 in Different Tissue Sites

In order to further understand the tissue expression pattern of MAUGT91A]2, we detected
the gene expression level of MAUGT91A]2 in different parts of apple (Malus x domestica) via
real-time PCR and the results are shown in Figure 4. The expression level of MAUGT91A]2
varied considerably in different parts of the apple (Malus x domestica), with the highest
expression level in the root system, followed by that in mature leaves, while in mature seeds
the expression level was the lowest. Combined with the above results that MAUGT91A]2
was able to glycosylate and modify sulcotrione herbicide, we speculated that MAUGT91A]2
may play a detoxification metabolism role in the root system and mature leaves.

2.4. Glycosylation of Apple Glycosyltransferase MAUG91A]J2 In Vivo in Plant to Modify
Sulforaphane Enzyme Activity Assays

In the above study, we demonstrated that MAUGT91A]2 can glycosylate sulcotrione
in vitro and its activity was much higher than that of the other seven glycosyltransferases;
MdUGT91A]J2 was also able to glycosylate sulcotrione in plants. To this end, we overex-
pressed MdUGTI91A]2 into apples (Malus x domestica) and obtained transgenic overexpres-
sion lines MdUGT91AJ2-OE11 and MdUGT91A]2-OE23 after screening (Figure 5A). After
exogenous spraying of sulcotrione, HPLC determination of sulcotrione glycoside content in
each strain. The result revealed a significant increase in sulcotrione glycoside content in the
overexpression lines (Figure 5B). This study suggested that the apple (Malus x domestica)
glycosyltransferase MAUG91A]J2 can still glycosylate modified sulcotrione in plants to
participate in detoxification metabolism.
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Figure 4. Real-time PCR to detect the expression of different parts of apple glycosyltransferase gene
MdUG91A]J2. Note: compared with the mature seed group, * p < 0.05, ** p < 0.01, n = 3.
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Figure 5. MdUGT91A]2 overexpression lines obtained and sulcotrione glycoside content assayed.
(A) Detection of MdAUGT91A]2 gene expression level in overexpression lines OEI11 and OE23;
(B) determination of sulcotrione and sulcotrione glycoside content in MAUGT91A]2 overexpres-
sion lines OE11 and OE23, 1: sulcotrione glycoside, 2: sulcotrione, 3: internal reference. Note:
*p<0.05n=3.

3. Discussion

With the gradual development of agriculture, herbicides have become one of the most
common weed control tools in the world. Triketones, derived chemically from a natural
phytotoxin (leptospermone), are a good example of allelochemicals as lead molecules
for the development of new herbicides. Triketone herbicides are the latest generation of
herbicides developed to inhibit a novel key enzyme involved in carotenoid biosynthesis,
HPPD (4-hydroxyphenylpyruvate dioxygenase herbicide) [26]. HPPD belongs to a-ketate
dependent, nonsemi-containing, and Fe?* dependent enzymes that are important enzymes
in tyrosine degradation. They can catalyze the formation of the aromatic precursor HGA
(homogentisic acid) of plasmic quinones and vitamin E. The reaction involves decarboxy-
lation, substituent migration, and aromatic oxidation in a single catalytic cycle [27]. Its
inhibition leads to the consumption of plant plastid quinones and vitamin E, leading to
bleaching syndrome, which is crucial for the discovery of new bleaching herbicides [28].
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The decrease in carotenoid levels in weeds leads to rapid degradation of chlorophyll and
visible bleaching of sensitive plants, which is due to uncontrolled free radical production
and chlorophyll oxidation altering cell structure [29]. Corn growers often use 3-triketone
herbicides that are used to prevent the growth of weeds in the field. This has brought a lot
of convenience to farmers. However, the application of herbicides can pollute the atmo-
sphere and be intercepted and absorbed by weeds and crops. Plants containing pesticide
residues may reach the soil during the crop cycle or after harvest, causing pollution of soil,
surface water, and groundwater, posing a further threat to the ecological environment [30].

The pollution of toxic substances in the environment has become a concern for agri-
cultural countries. Photolysis is an important way for pesticides to dissipate on crops, so
people achieve ideal results by increasing the use of pesticides [31]. Sulcotrione is a trione
herbicide used to control dicotyledonous weeds in maize cultivation. These herbicides are
very potent for the selective pre- and in some cases postemergence control of a wide range
of broadleaf and grass weeds in maize (Zea mays L.) and rice (Oryza sativa). It can rapidly
photolyze on plant leaves and produce two main light products: oxoanthane-1,9-dione-3,4-
dihydro-6-methylsulfonyl (XDD) and 2-chloro-4-meta phenylbenzoic acid (CMBA) [32].
However, an increase in the concentration of XDD and CMBA can significantly inhibit the
mitosis of plant cells, leading to a continuous increase in cells with chromosomal abnor-
malities [13]. At the same time, it can also damage the normal growth of crops, so it is
necessary to study an antidote to herbicides.

Previous studies have found that glycosylation modifications led by glycosyltrans-
ferases in plants are involved in detoxification [33-35]. Huang et al. found that the glycosyl-
transferase UGT91Cl1 can significantly reduce the toxicity of the triketone herbicide sulcotri-
one, enhance the resistance of arabidopsis to sulcotrione, and thus reduce its own damage
and chlorophyll destruction [33]. Li et al. found that the glycosyltransferase Group I family
has a significant detoxification effect on (acetyl CoA carboxylase) inhibitor herbicides, with
the glycosyltransferase MAUGT83K2 showing the most significant detoxification effect on
the ACCase herbicide QPP-7 [34]. Zhang et al. found that the glycosyltransferase Group D
family has a significant detoxification effect on (ALS) inhibitor herbicides. Among them,
the glycosyltransferase MAUGT73CG22 has the strongest specificity and most significant
detoxification effect on the ALS herbicide nicosulfuron [35]. In this study, we demonstrated
that the glycosyltransferase MAUGT91A]2 in apples (Malus x domestica) can glycosylate
the herbicide sulcotrione in vitro and in vivo, and this enzyme had substrate specificity for
carotene. After using the overexpressed strains, we also found that the glycosyltransferase
MdUGT91A]J2 enhanced plant resistance to such herbicides. In summary, this work not
only revealed the role of a new specific glycosyltransferase in apples (Malus x domestica) in
detoxifying the triketone herbicide sulcotrione, but also opened a new door for addressing
the use of herbicides in apple (Malus x domestica) cultivation and development.

4. Materials and Methods
4.1. Plant Material

Roots, stems, leaves, flowers, fruits, and seeds of a 10-year-old “Gala” apple
(Malus x domestica) tree (Malus x domestica Borkh.) planted in the School of Life Sciences
of Shandong Agricultural University were selected to investigate the expression charac-
teristics of MAUGT91A]2 in different tissues of apple (Malus x domestica). After sampling,
they were quickly frozen in liquid nitrogen and stored for use at —80 °C. The apple (Malus
x domestica) seedling material used in this study was “Gala” apple (Malus x domestica)
seedlings, which were bred and preserved in our laboratory. The apple (Malus x domestica)
seedlings were cultured in MS (Murashige and Skoog) medium and the overexpression
of MAUGT91A]J2 transgenic seedlings were cultured in MS medium containing 25 mg/L
Kanamycin. After 2 weeks, the seedlings were transplanted to a mixed (substrate: vermi-
culite: perlite 4:1:1) nutrient substrate in an incubator at 24 °C with 16 h of light/8 h of
darkness. The planting conditions of plant materials referred to reference [36], but there
were some changes. After three weeks, the seedlings were used for experiments.
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4.2. Exogenous Treatment of Apple Seedlings with Triketone Herbicides

Apple (Malus x domestica) seedlings, which had been normally cultured for 5 weeks,
were randomly divided into six groups and sprayed with 10 pmol/L sulcotrione, tefuryl-
trione, benzobicyclon, mesotrione, tembotrione, and bicyclopyrone (Table 2) for different
times of treatment (0, 3, 6, 12, 24 h) and immediately liquid nitrogen snap-frozen and stored
at —80 °C for subsequent RNA extraction.

Table 2. Specific information on triketone herbicides.

Chemical

Structure Name Structural Formula Manufacturer CAS
Compound
OH O CI

Y " . JLK Pharmaceutical

Sulcotrione 2-(2-Chloro-4 (methylsulfqnyl)benzoyl) Technology Co., Ltd 99105-77-8
1,3-cyclohexanedione (Beijing, China)
(0] SO,Me
2-{2-chloro-4-(methylsulfonyl)-3- St .

[(tetrahydrofuran-2- o Bayer CropScience
Tefuryltrione 4 o Co., Ltd 473278-76-1

ylmethoxy)methyl]benzoyl}cyclohexane- (Hangzhou, China)

1,3-dione (0] SO,Me gt
SPhO CI
One Plus One

Benzobicyclon 3—[2—chlorq—4—(methylsulfonyl)benzoyl]—4— Biotechnology Co., 156963-66-5

(phenylthio)bicyclo[3.2.1]oct-3-en-2-one Ltd (Wuhan, China)

o SO,Me
OH O NO,
. Xianda Agrochemical
Mesotrione 2-(4-Methylsulfonyl-2-nitrobenzoyl)- Co., Ltd 104206-82-8
1,3-cyclohexanedione (Binzhou, China)
(0]

2-{2-chloro-4-mesyl-3-[(2,2,2- Bayer CropScience
Tembotrione trifluoroethoxy)methyl]benzoyl}cyclohexane- Co., Ltd 335104-84-2

1,3-dione (Hangzhou, China)

Huisheng
4-Hydroxy-3-{2-[(2-methoxyethoxy)methyl]-6- Agricultural

Bicyclopyrone (trifluoromethyl)-3- Technology Co., Ltd 352010-68-5

pyridinylcarbonyl}bicyclo[3.2.1]oct-3-en-2-one (Beijing, China)

4.3. Real-Time PCR

RNA extraction: plant material was subjected to RNA extraction using an RNA extrac-
tion kit (DP437, Tiangen Biochemical Science and Technology Co. Ltd, Beijing, China).

cDNA reverse transcription: cDNA first strand synthesis was performed using
PrimeScript™ RT reagent Kit with a gDNA Eraser kit (DRR047A, Bao Bioengineering Co.,
Ltd, Dalian, China).

Real-time PCR: The UltraSYBR Mixture kit (CW0659S, Kangwei Century Technology
Co., Ltd., Beijing, China) was used, and the fluorescence quantitative PCR instrument
model was the BIO-RAD IQ5. The primer sequences are shown in Table S1. A total of 20 uL
of the PCR reaction system was composed of: 2 x Ultra SYBR Mixture 10.0 pL, Forward
primer (10 umol-L™1) 1.0 uL, Reverse primer (10 umol-L~1) 1.0 uL, cDNA 1.0 uL, and
ddH,O 7.0 uL. The reaction procedure: predenaturation at 94 °C for 10 min; denaturation
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at 94 °C for 15 s, annealing at 56 °C for 15 s, 40 cycles, and then the data were analyzed via
2-AACT algorithm.

4.4. Expression Vector Construction

Download the coding sequences of the eight glycosyltransferase genes( MAUGT91A]1
(MD02G1083600); MAUGT91A]2 (MD02G1084000); MAUGT91A]3 (MD15G1211400);
MdAUGTI91AJ4 (MD10G1101200); MdAUGTI91A]5 (MD02G1083100); MdAUGTI91A]6
(MD02G1083300); MdAUGT91A]7 (MD02G1083800), MAUGT91C7 (MD08G1200700)) from
the apple genome database GDDH13 v1.1 (Table S2). Full-length primers for MdAUGT91A]J2
gene were designed (Table S1). The coding region fragments of MAUGT91AJ2 gene were
cloned using ‘Gala’ cDNA as a template. PCR amplification was performed using the
high-fidelity 2 x PCR Solution PrimeSTAR™ HS Premix (DR040A, Bao Bioengineering Co.,
Ltd., Dalian, China). The PCR products were electrophoresed, recovered, and ligated into
T vector (pEASYBlunt Zero, Beijing Total Gold), and the positive clones were selected after
PCR verification of the bacterial liquid and sent to Shanghai Sangong Biotechnology Co.
Ltd. for sequencing. One hundred percent of the sequencing was correctly performed and
the products of the digestion were ligated into the same endonuclease-digested pGEX-
2T [37] and PBI121 vectors [38], respectively. After verification via bacteriological PCR and
double enzymatic digestion, the positive recombinant plasmids MAUGT91AJ1-pGEX-2T,
MdUGT91A]2-pGEX-2T, MAUGT91A]3-pGEX-2T, MAUGT91AJ4-pGEX-2T, MdAUGT91A]5-
pGEX-2T, MAUGT91AJ6-pGEX-2T, MAUGT91A]J7-pGEX-2T, MdUGT91C7-pGEX-2T, and
MdUGT91A]J2-pBI121 were transformed into E. coli BL-21 and R. rhizogenes strain K599
for subsequent protein expression and transgenic strain screening.

4.5. Glycosyltransferase Protein Purification and In Vitro Enzyme Activation Reaction

The E. coli BL21 strain containing positive recombinant plasmid was inoculated
into 2 mL LB medium containing Amp* antibiotic, and incubated at 37 °C with shak-
ing overnight. It was then diluted into 100 mL triangular flasks according to the ratio of
1:20, and shaking cultivation continued for about 2 h. When the ODg value was about
0.6, the expression was induced by adding the final concentration of 1 mmol-L~! IPTG,
and the induction temperature was 20 °C; the induction incubation time was 16 h. Cen-
trifugation was performed at 4200 rpm-min—! for 10 min, 10 mL of the bacterial bodies
was collected, and 1 mL of 1 xPBS buffer was used for the incubation. A total of 1 mL of
1xPBS buffer was used to resuspend the organisms, and the organisms were treated via
repeated freeze-thawing method, centrifuged at 12,000 rpm-min~"! for 15 min, and then all
the supernatant was taken. The recombinant proteins were purified using a His-tag Protein
Purification Kit Tagged Protein Purification Kit (BYX8228C, Beiyuanxin Biotechnology Co.,
Ltd., Changzhou, China), according to the instructions. The amino acid sequences of the
eight glycosyltransferases in this study are shown in Table S3.

In vitro enzymatic reaction: 100 pL in vitro enzymatic reaction system containing
10 puL 0.5 M Tris-HCI (pH 8.0), 5 uL 50 mM MgSQOy, 5 uL 200 mM KCl, 2.5 uL 0.1 M
UDP-glucose, 1 uL. 10% 3-mercaptoethanol, 1 pL 100 mM sulcotrione, 2 uL MdUGT91A]2
enzyme protein, and 73.5 uL. ddH,O [34].

4.6. Determination of Triketone Herbicide Glycosides via HPLC

Glycoside extraction: 5-week-old apple (Malus x domestica) seedlings treated with
10 uM sulcotrione, tefuryltrione, benzobicyclon, mesotrione, tembotrione, and bicyclopy-
rone for 12 h were milled to powder with liquid nitrogen. They were transferred to 10 mL
of 80% methanol in a triangular vial and 2 puL of endosulfan (Piclorom) was added. The
samples were placed in a shaker for 6 h at 60 r-min~! and shaken slowly. Then, they were
transferred to a rotary evaporator for vacuum evaporation and the residual powder on
the inner wall of the centrifuge tube was dissolved with 1 mL of methanol solution and
centrifuged at 15,000 rpm for 20 min; the glycosides were detected via HPLC [39].
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HPLC conditions: ACQUITY UPLC BEH Amide column (100 mm x 2.1 mm x 1.7 um),
column temperature 40 °C, temperature in the sample chamber 10 °C, injection volume
5.0 uL, mobile phase A was 0.1% ammonia-acetonitrile, and mobile phase B was 1 mmol/L
ammonium acetate (containing 0.1% ammonia) at a flow rate of 0.3 mL-min~!. The gra-
dient elution procedure was 0~1.0 min, 100% A; 1.0~2.5 min, 100% ~60% A; 2.0~4.0 min,
60% ~100% A; and 4.0~5.0 min, 100% A. The elution was carried out at a flow rate of
0.3 mL-min~!.

Mass spectrometry conditions: ESI source, positive ion mode, multiple reaction de-
tection scanning (MRM)), capillary voltage 3.5 kV, cone-well voltage 35 V, ion source tem-
perature 100 °C, desolvent gas temperature 300 °C, cone-well backblast nitrogen flow rate
of 50 L-h~1, desolvent gas flow rate of 600 L-h~!, photomultiplier voltage of 650 V, and
collision chamber vacuum 0.076 Pa. The conditions were the same as those of HPLC. The
elution method was the same, and the surface-induced decomposition intensity was 30 eV.

4.7. Transgenic Apple Seedling Screening

The apple genetic transformation experiment used “Gala” apple (Malus x domestica)
seedlings as materials, and obtained the line “GL-3" group-cultured seedlings with strong
regeneration ability and high transformation efficiency. The leaves of “GL-3" were trans-
formed with Agrobacterium tumefaciens carrying the sequence of MAUGT91A]2, and the
transgenic apple (Malus x domestica) lines OE11 and OE23 were obtained. The specific
operation was referred to in reference [40,41], which included the steps of preparation
of bacterial solution, infiltration, bacterial washing, screening, and identification. After
obtaining the positive strains, they were propagated, rooted, and transplanted to soil, and
then grown to a certain stage for subsequent tests.

4.8. Data Statistics and Analyses

The experimental data are expressed as “mean + standard error.” The data were
processed and statistically analyzed using Excel 2019 and SPSS 21.0, and graphs were
produced; the difference was tested for significance using the Least Significant Difference
(LSD) method (* p < 0.05, **p < 0.01).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants13131796/s1, Table S1: primer sequences; Table S2: coding
sequences of 8 glycosyltransferase genes; Table S3: amino acid sequences of 8 glycosyltransferase
genes; Table S4: expression of eight glycosyltransferase genes induced by triketone herbicides.
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Abstract: Allelopathy is an underlying and controversial mechanism for detrimental environmental
effects in the management of Eucalyptus plantations. However, little attention has been paid to
the dynamics of allelochemicals and phytotoxicity in soil fauna during litter decomposition. To
explore the relationship between the dynamics of phytotoxicity and allelochemicals, a decomposition
experiment was conducted using 4-year-old and 8-year-old Eucalyptus grandis litter (0, 10, 20, 30, and
45 days). The acute toxicity of Eisenia fetida was assessed, and a chemical analysis of the eucalyptus
leaves was performed. Biochemical markers, including total protein, acetylcholinesterase (AChE)
activity, and oxidative stress levels (SOD and MDA) were measured. A comet assay was used to
determine DNA damage in E. fetida cells. The results showed that after 20-30 days of decomposition,
E. grandis litter exhibited stronger phytotoxic effects on E. fetida in terms of growth and biochemical
levels. After 20 days of decomposition, the weight and total protein content of E. fetida first decreased
and then increased over time. SOD activity increased after 20 days but decreased after 30 days
of decomposition before increasing again. MDA content increased after 20 days, then decreased
or was stable. AChE activity was inhibited after 30 days of decomposition and then increased or
stabilized with further decomposition. Soluble allelochemicals, such as betaine, chlorogenic acid,
and isoquercitrin, significantly decreased or disappeared during the initial decomposition stage,
but pipecolic acid significantly increased, along with newly emerging phenolic fractions that were
present. More allelochemicals were released from 8-year-old litter than from 4-year-old E. grandis
litter, resulting in consistently more severe phytotoxic responses and DNA damage in E. fetida.
Scientific management measures, such as the appropriate removal of leaf litter in the early stages of
decomposition, might help support greater biodiversity in E. grandis plantations.

Keywords: ecotoxicology; litter decomposition; Eucalyptus; Eisenia fetida; DNA damage

1. Introduction

Eucalyptus species have been introduced in many countries because of their rapid
growth, broad adaptability, and high productivity for use in wood, paper, and charcoal
industries [1,2]. Over 5.46 million ha of Eucalyptus plantations have been established in
southern China [3]. However, the extensive area of Eucalyptus plantations and frequent
harvesting during a short rotation period has led to various environmental issues, such
as soil degradation, reduced biodiversity, decreased productivity, and allelopathy [1,4,5].
Allelopathy is considered to be one of the key mechanisms contributing to the decreased
biodiversity associated with the development of Eucalyptus plantations [6-8].

Allelopathy is the effect of chemicals released by plants or microbes on the growth of
other organisms [9]. Allelopathic compounds can be actively released by plants into the
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environment through volatilization, leaching, root exudation, or passive production during
litter or residue decomposition [10-12]. Litter decomposition is one of the most important
allelochemical release pathways after root exudation. Allelochemicals have undergone
several abiotic and biotic processes in the soil, such as sorption and polymerization by soil
organic matter and clay minerals and chemical transformation and degradation, maintain-
ing sufficient concentrations to affect plants and other biota [13,14]. The allelopathic effects
of plant litter on germination and seedling growth have been studied extensively [15-17].
However, limited information is available on the toxic effects of allelochemicals released by
plants on the soil biota. Allelochemicals entering soils can be directly toxic to soil faunal
communities or indirectly toxic by changing their food resource patterns and feeding
habitats by affecting the soil microbial community [12,18,19]. Allelochemicals can also
exert a positive influence on the soil biota community since they can serve as a carbon for
the soil microbial community. Macrofauna, such as earthworms, occupy a large amount of
soil biomass and play a vital role in the turnover of soil organic matter, nutrient cycling,
and plant growth [20,21]. Earthworms can facilitate litter fragmentation and aerate soils by
burrowing, increasing water infiltration, transporting soil organic matter, and reducing soil
erosion by bioturbation [22]. Earthworms are ideal bioindicators of soil quality because of
their sensitivity to the environment and contaminants [23,24].

Leaf litter decomposition is a major ecosystem process that determines nutrient cy-
cling, primary productivity, and soil fertility [25]. Several studies have focused on the
effects of litter quality, diversity, and environment on decomposition rate and nutrient
release [26-28]. Different litter components have different mechanisms of litter decom-
position [27,28]. Most previous studies have focused on the effects of complex phenolic
compounds, such as polyphenols and tannins, on their retarding effects at the late stage
of litter decomposition [29-31]. However, allelochemicals mainly consist of simple phe-
nolic compounds such as phenolic acids and flavones, which can be produced through
litter decomposition [32]. Although the allelopathic effects of plant litter have been ex-
tensively studied, limited attention has been paid to the dynamics of allelochemicals and
their kinetic phytotoxicities during decomposition. Existing studies indicate that most
of the allelochemicals are released rapidly and are degraded during the initial stage of
field decomposition [33-36]. The resistant and newly emerging fractions of allelochemicals
produced by litter decomposition undergo several physical and biochemical processes
that can either increase or decrease phytotoxicity on other biota [34]. Previous studies
have indicated that the decaying litter of Eucalyptus inhibits the germination and growth
of target plants at the early stages of decomposition; however, phytotoxicity declines as
decomposition proceeds [36]. However, little information is available on the allelochemical
dynamics and phytotoxicity of soil fauna during the decomposition of Eucalyptus litter.

Eucalyptus has been widely studied for its high allelochemicals content, including
water-soluble phenolics and VOCs released from decomposing litter, such as benzoic
acid, hydroxybenzoic acid, vanillic acid, and terpenoids [7,37]. Many previous studies
have evaluated the allelopathic effects of Eucalyptus litter extracts on the germination and
seedling growth of target plant species [16,17]. Few studies have been conducted to evaluate
the phytotoxicity of Eucalyptus litter to soil fauna. In addition, most previous studies have
been based on laboratory, and few studies have been conducted to survey the phytotoxicity
of Eucalyptus litter during decomposition under field conditions. Eucalyptus grandis is
one of the main introduced, fast-growing tree species used for afforestation in Southwest
China and is usually managed with a short rotation period (5-7 years) [1]. However,
large areas of E. grandis plantations have also resulted in adverse ecological effects, such
as reduced biodiversity, soil degradation, and decreased productivity [4,10,38,39]. Our
previous results at the study sites showed that plant and soil biodiversity in E. grandis
remained stable or decreased over 4-5 years, followed by a significant increase with the age
of the plantation. Consistently, higher levels of VOCs and phenolic allelochemicals were
detected in younger E. grandis litter (approximately four years old). In addition, a critical
increase in allelochemicals in E. grandis litter was observed at the eight-year-old mark [1,7].
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In this study, four- and eight-year-old E. grandis plantations were selected to represent
the critical time point for the increase in allelochemicals. Eisenia fetida, a common soil
fauna species used in toxicological and standard tests (OECD), was selected as the target
organism, as it has been found in E. grandis plantations at our study sites [1,40]. The purpose
of this study was to address the dynamics of phytotoxicity during the decomposition of
E. grandis litter by measuring the growth and biochemical responses (malondialdehyde
[MDA], superoxide dismutase [SOD], acetylcholinesterase [AChE], and DNA damage) of
E. fetida. In addition, the dynamics of the identified allelochemicals were evaluated during
the decomposition of the eucalyptus litter. We hypothesized that (1) allelochemicals are
rapidly released and degraded in the initial stages of field decomposition, influencing
the phytotoxicity dynamics of litter extracts on E. fetida, and (2) more allelochemicals are
released from 4-year-old E. grandis litter than from 8-year-old litter.

2. Materials and Methods
2.1. Study Site

This study was conducted at the Experimental Station of Sichuan Agricultural Uni-
versity, located in the western Sichuan Province (102°57'-103°04" E, 29°55'-29°59" N,
570-592 m altitude). The climate is subtropical, with an average annual rainfall and tem-
perature of 1397 mm and 17.5 °C, respectively [1]. The soil is a ferralsol with an old alluvial
yellow loam and a granular structure [41]. Large E. grandis plantations were established at
various growth stages. We selected four- and eight-year-old E. grandis plantations; both of
the two sites were larger than 5 hectares. The study sites were planted with crops before
afforestation with E. grandis. Cropping system, intensity, and management were typical and
similar in the study region. Weed control treatments were not applied after afforestation.
Three sites in each age group were selected for sampling (Table 1).

Table 1. Soil characteristics of two differently aged E. grandis plantations.

Soil Bulk . Soil Water Soil Organic . Soil Available
Stand Density Soil pH Content Matter Soil Total N p
4a 1.33 £ 0.08 3.99 £0.03 * 29.38 £ 0.01 *** 15.90 & 0.88 0.27 £0.03 2.54 £0.24
8a 122 +0.12 3.90 £ 0.03 28.99 +0.02 24.56 £0.58 ***  0.91 4+ 0.06 *** 6.89 £ 0.26 ***

* indicates significant differences between soil properties depending on forest ages. *, p < 0.05; ***, p < 0.001;
mean =+ standard error (SE).

2.2. Biodiversity Investigation

Vegetation surveys were conducted within each plot. Three 5 X 5 m quadrats contain-
ing one 1 x 1 m sub-plot were established to quantify the woody and herbaceous plants
and record the species name, number of plants, and coverage of shrubs and herbaceous
plants, respectively. Three 2 x 2 m plots were randomly selected, and soil macrofauna in
the litter layer and 0-5 cm and 5-10 cm soil layers were hand-sorted within a sampling
area of 0.25 m? (50 x 50 cm). Three sampling points within each plot were selected, litter
samples (10 x 10 cm) were collected, and soil samples from 0 to 5 cm and 5 to 10 cm were
collected using a cylindrical sampler (5 cm in diameter, 10 cm in height). Tullgren funnels
(24 h, 38 °C) were used to extract microarthropods. All the fauna specimens extracted were
preserved in 75% ethanol. Individuals were counted and identified at the family level.
Rhizosphere soil samples within 2 mm of the root surface of E. grandis were collected and
stored at —80 °C for soil microbial high-throughput sequencing [40].

2.3. Leaf Litter and Soil Sampling

Intact and newly fallen leaves, recognizable by their color, were collected from two
mature E. grandis plantations using litter traps (1 m x 1 m, 1 m above the ground) in
June 2021. The E. grandis fallen leaves were air-dried and used in laboratory and field
experiments. Fifty litter bags made of plastic with a 1.5 mm mesh, allowing access to soil
microbes and fauna and containing 20 g of newly fallen air-dried litter, were placed on the

155



Plants 2024, 13, 2415

soil surface in the plantations. The litter bags were recovered after 0, 10, 20, 30, and 45 days
of E. grandis litter decomposition and air-dried.

Air-dried leaf litter was cut into small pieces (<5 mm). Twenty grams of the leaf litter
was shaken for 24 h in 160 mL of distilled water at a mass: volume ratio of 1:8 at room
temperature. The mixture was then centrifuged (Beckman Coulter, Inc., Brea, CA, USA),
filtered, and diluted to concentrations of 10 mg mL~1, 25 mg mL~1, 75 mg mL~1 and
125 mg mL~! based on the original solution. Sterilized distilled water was used as control.
Natural soil samples from surface horizons (0-15 cm) were collected from abandoned
croplands near E. grandis plantations. The soil samples were thoroughly mixed and sieved
through a 2 mm mesh to measure soil physicochemical properties.

2.4. Earthworms

E. fetida was cultivated according to OECD guidelines [42]. E. fetida was identified
according to the pictorial keys to the soil animals of China. Earthworms were reared in a
container with a substrate composed of peat moss, manure, and CaCOj3 (the pH value was
adjusted to 6-7). The earthworms were fed twice per month. Adult worms with a clitellum
and similar weights (300-400 mg) were selected. The earthworms were removed from the
culture, rinsed with water, placed on dampened filter paper, kept in the dark at 18 °C for
depuration, and acclimated to the test soil before treatment.

2.5. Identification of Secondary Metabolites

Ten grams of air-dried pure E. grandis litter samples at the initial stage and two months
after decomposition from each plantation were subjected to extraction with 95 mL of 80%
methanol (Thermo Fisher Scientific, Waltham, MA, USA). Before ultrasonic extraction
(Zhengzhou Shengyuan Instrument Co., Ltd., Zhengzhou, China) (30 kHz for 40 min),
the solutions stored in 250 mL brown flasks were shaken (Changzhou Tianrui Instrument
Co., Ltd., Suzhou, China) for 24 h for a more complete extraction. The suspension was then
filtered through a 0.45 um micro-porous membrane and stored at —70 °C until subsequent
ultra-performance liquid chromatography—tandem mass spectrometry (UPLC-MS/MS)
analysis [32].

Metabolites of all thawed litter samples were extracted using methanol at 4 °C. Ex-
traction solution (180 pL) from each sample and 20 pL of 100 ppm internal standards
(naringenin and baicalein) were added to a 2 mL centrifuge tube. Subsequently, 20 uL of
each sample was mixed with a quality control (QC) sample, and the remaining samples
were subjected to UPLC-MS detection. Liquid chromatography was performed using a
Thermo Ultimate 3000 system (Thermo Fisher Scientific) equipped with an AXQUTTY
UPLC® HSS T3 column (150 x 2.1 mm, 1.8 um; Waters, Milford, MA, USA). Mass spec-
trometry was performed using a Thermo Q Exactive Focus mass spectrometer (Thermo
Fisher Scientific). High-energy collision-dissociation cells were used for secondary dis-
sociation to acquire MS/MS information, and unnecessary information was removed by
dynamic exclusion.

After converting the raw data into XCMS format with Proteowizard software (V3.0.8789),
the identification, filtration, and alignment of peaks were processed using the XCMS
package in R (V3.3.2). To compare different magnitudes within the data, we obtained a
dimensionless unit, that is, the normalized intensity, by normalizing the peak areas. All
data were processed for QC to obtain reliable and high-quality metabolomic data. The
peaks were matched using Metlin (http://metlin.scripps.edu, accessed on 20 August 2021),
MoNA (http://mona.fiehnlab.ucdavis.edu, accessed on 20 August 2021), and a proprietary
database (BioNovoGene; Suzhou, China). The OPLS-DA model was used to determine the
differential metabolites (DMs) between groups based on thresholds of variable importance
in projection (VIP) > 1 and p < 0.05 [1,32].
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2.6. Acute Toxicity

Brown glass bottles (200 mL) filled with 200 g of air-dried and sieved abandoned crop-
land soils were prepared. The litter extracts (20 mL) were mixed into the soil samples and
stirred using glass sticks, with a range of concentrations (CK and C1-C4) as follows: 0.00,
1.00, 2.50, 7.50, and 12.50 g kg’1 sets for the acute toxicity tests. In total, the toxicity test in-
volved five litter decomposition times x two forest ages x five test concentrations x three
replicates = 150 bottles. Ten healthy E. fetida individuals were randomly placed into each
bottle. These bottles were sealed with sterile, breathable sealing films. The bottles were
then placed in a cabinet (Zhengzhou Shengyuan Instrument Co., Ltd.) maintained at 20 °C,
with 1000 illumination and a 12/12 h photoperiod. Water was added to the samples, and
the soil water content was adjusted to 30% of the water-holding capacity. Soil samples
dried at 105 °C for 24 h were used to determine the soil water content. The water-holding
capacity was determined as described in the ISO guidelines [43]. Water was added to
ensure constant substrate water content by weighing the containers.

The mortality of the earthworms was determined after 7 and 14 days of exposure.
Earthworms were sorted by hand and considered dead if they did not respond to a gentle
mechanical stimulation. Living earthworms were rinsed with distilled water, dried on a
filter paper, and weighed.

2.7. Physiological Properties

Two live E. fetida from each replicate of each treatment were randomly selected for
the measurement of physiological properties. Normal saline (0.9%) (determination of total
protein, MDA content, and SOD activity) or extracting solution (determination of AChE
activity) was added, as well as the remains of the earthworms (to 1:9 weight-to-volume
ratio). The mixture was then homogenized under ice-cold conditions and centrifuged at
8000 rpm for 15 min at 4 °C [44]. The supernatant was collected and stored to evaluate
enzymatic activity and protein content. Physiological properties were determined using
test kits following the manufacturer’s instructions. Test kits for total protein content,
superoxide dismutase (T-SOD) activity, and MDA content were purchased from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). Test kits for AChE) activity were
purchased from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China).

Total protein content was determined using the bicinchoninic acid (BCA) method [45].
Under alkaline conditions, the protein reduces Cu?* to Cu*, forming purple complexes
with BCA. Supernatants and various reagents were pipetted into 2 mL centrifuge tubes
in an orderly fashion, swirled well, and allowed to stand for 5 min. Subsequently, 200 uL
was pipetted from the tubes into wells of a 96-well transparent plate. The absorbance of the
microplate was measured at 562 nm (AU562nm) using a microplate reader [46].

SOD activity was determined using the xanthine oxidase-hydroxylamine method;
O, was produced by the xanthine and xanthine oxidase reaction, which oxidized hydrox-
ylamine to form nitrite and presented purple red under the action of a chromogenic agent.
Color was read at 550 nm using a microplate reader [47]. MDA reacts with thiobarbituric
acid at 95 °C for 80 min to form a red product, and the color was read using a spectropho-
tometer at 532 nm [48]. AChE catalyzes the hydrolysis of Ach to produce choline, which
reacts with 5,5’-dithiobis-2-nitrobenzoic acid (DTNB) to produce TNB, and the absorbance
was then measured at 412 nm using a microplate reader [49].

2.8. Comet Assay

Based on the following results, the effects of litter extracts on the growth and phys-
iological properties of earthworms were stronger after 30 days of litter decomposition.
Earthworms were cultivated in brown bottles treated with E. grandis litter extracts for
30 days of decomposition. After 14 days, earthworm coelomocytes were extracted. Three E.
fetida individuals were selected from each bottle, rinsed with distilled water, and soaked in
chilled extrusion medium (5% ethanol, 95% saline, 2.5 mg mL~! Na, EDTA, and 10 mg
mL~! guaiacol glyceryl ether, pH 7.3) for 3 min [50]. The obtained coelomocyte cells were
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released, washed three times in phosphate-buffered saline, and centrifuged at 4 °C for
5 min. The final cell concentration was adjusted to approximately 10° cells mL~! with
phosphate-buffered saline.

The cell suspension was mixed with melted comet agarose (37 °C) at 1:10 (volume
ratio) in an EP tube. The mixture (20 pnL) was added to the wells of a 6-Well Comet Slide,
covered with a coverslip, and incubated at 4 °C for 15 min under yellow light to mitigate
UV-induced DNA damage. Alkaline electrophoresis was conducted in a buffer of 300 mA
NaOH and 1mM NayEDTA (pH > 13) for 30 min at 25 V and 300 mA, using a horizontal
electrophoresis apparatus. After washing twice with distilled water for 5 min each, the
slides were dehydrated in ethanol (10 min) and dried. Then, 40 uL of dyeing solution
was added to each agarose spot and stained in a humidified dark box for 10 min at room
temperature. A fluorescence microscope (BX41 Olympus, Tokyo, Japan) was used for
observation and capture of comet images. The captured images were analyzed using
Comet A 1.0 software (Cell Biolabs, San Diego, CA, USA). The obtained data of tail DNA
(%), tail length, tail moment, and OTM data were utilized for the assessment of DNA
damage in earthworms. OTM refers to the tail moment (distance between the center of
mass of the tail and that of the head) multiplied by the percentage of DNA within the
tail. It is also the most sensitive parameter reflecting the quality and quantity of DNA
damage [14].

2.9. Statistical Analysis

The survival rate of E. fetida was calculated as follows:
SR = (Sp — Dt)/Sp x 100%

where S is the initial number of earthworms, and Dy is the number of dead earthworms
after t days.
The rate of weight inhibition of E. fetida was calculated as follows:

IR = (Wy — Wy)/Wy x 100%

where W is the initial weight of earthworms and W; is the weight of earthworms after
t days [44].
The diversity indices were calculated as follows:

Shannon-Wiener diversity index (H) = —Z?Zl P;InP;

Pielou evenness index (E) = H/In S
Berger—Parker index (Dp.p) = Npax — N

Simpson index (D) =1 — X:Pi2

where N; is the number of individuals in the i-th group, N is the number of individuals
in all groups in the community, Ny is the number of individuals of the species with the
highest abundance in the sample unit, P; = N;/N, and S is the number of groups.

All statistical analyses were performed using the SPSS software (version 25.0, SPSS
Inc., Chicago, IL, USA), PAST 4.02, and R 4.3.1. Graphics were plotted using Origin 2021
and R version 4.3.1. The exposure time was taken as a within-subjects variable, and the de-
composition time, age, and dose were taken as between-subjects factors to conduct repeated
measurement analysis of variance and interaction analysis for all indicators. One-way
analysis of variance (ANOVA) and Tukey’s test were used to analyze the significance of
the differences in growth, physiological properties, and DNA damage depending on litter
decomposition time and concentration. The data normality and homogeneity of the varia-
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tions were tested using Shapiro-Wilk and Levene’s test, respectively. Data sets failing the
tests were Ln transformed or analyzed using non-parametric tests before further analysis
to help satisfy the requirement of normality and variance homogeneity. An independent
sample t-test was used to analyze the significance of the differences in the above-mentioned
properties of earthworms depending on forest age and exposure time. Analysis of similarity
based on Bray—Curtis distances was used to determine differences in the composition of
metabolic compounds in litter in the two aged E. grandis plantation stands during litter
decomposition. Non-metric multidimensional scaling (NMDS) ordination was used to
plot differences. RDA analysis was used to determine the correlations between the main
differential potential allelochemicals in litter and understory environmental factors in the
two aged plantations, such as pH, water content, organic matter, and N and P contents, and
biodiversity was determined before and after two months of litter decomposition. RDA
analysis was also used to determine the correlations between the growth and physiological
properties of E. fetida and the main differential potential allelochemicals in litter.

3. Results
3.1. Soil Properties and Plant and Soil Biodiversity

The soil bulk density did not differ significantly between the two mature plantations.
Soil water content and soil pH were higher in the 4-year-old stands than in the 8-year-
old stands. The soil organic matter, total N, and available P contents were higher in the
8-year-old stands than in the 4-year-old stands (Table 1). Regarding woody species, the
species number, density, and Shannon-Wiener index were higher in 8-year-old stands than
in 4-year-old stands, whereas the Berger—Parker indices showed the opposite trend. For
macrofauna and microfauna, the Shannon-Wiener index was higher in 8-year-old stands
than in 4-year-old stands; however, the Berger—Parker indices of macrofauna exhibited the
opposite trend (Table 2).

Table 2. Plant, soil microbial, and soil fauna diversity in the two different aged E. grandis plantations.

Species Density Shannon- .
Number (Ind m-2) Wiener Pielou Berger-Parker
Shrub (4a) 3.00 4 0.87 0.514+0.18 0.75+0.14 0.76 4 0.08 0.68 4 0.03 ***
, Shrub (8a) 6.50 £ 0.43 ** 1114+0.18* 1.65 + 0.05 *** 0.82 £ 0.02 0.35 £ 0.00
I.’lant.s Herbaceous (4a) 7.50 +2.18 48.00 £ 18.99 157 £0.21 0.73 +0.06 0.40 4 0.03
diversity Herbaceous (8a) 7.75 £1.30 54.25 + 4.63 1.64 +0.20 0.79 £ 0.07 0.39 4+ 0.03
Macrofauna (4a) 6424+ 0.14 54.00 & 11.27 1.58 £0.09 0.80 & 0.05 0.40 £ 0.05*
Soil faunal Macrofauna (8a) 7.50 +1.30 62.33 £19.73 1.79 £0.09 * 0.86 £ 0.07 0.31 £0.02
diversity Microfauna (4a) 9.08 £ 0.95 8441.67 + 1203.21 1.66 £ 0.02 0.64 & 0.07 0.40 4 0.02
Microfauna (8a) 10.67 £ 0.14 12141.67 £ 2546.61 1.79 £0.07 * 0.59 4 0.05 0.37 4+ 0.04
OTUs Shannon-Wiener Simpson ACE Chaol
Soil microbial (4a) 1623.08 £ 20.12 5.94 4+ 0.07 0.99 £ 0.00 2474.72 + 35.69 2312.38 + 16.72
diversity (8a) 1537.58 4 91.82 5.72 £0.17 0.98 £ 0.01 2398.02 + 127.48 2208.14 4 145.15

* indicates significant differences between soil properties depending on forest ages. *, p < 0.05; **, p < 0.01;
***, p <0.001; mean =+ standard error (SE).

3.2. Secondary Metabolites during E. grandis Litter Decomposition

A total of 328 and 381 primary and secondary metabolites, respectively, were identified
in the litter of the two mature E. grandis plantations before and after two months of litter
decomposition. The identified metabolites mainly included low-molecular-weight primary
compounds, such as carbohydrates, amino acids, peptides, nucleotides and purines, cofac-
tors, and vitamins. In addition, a wide variety of secondary metabolites, such as phenolic
acids, flavones, terpenoids, alkaloids, and non-protein amino acids, were observed in E.
grandis litter (Figure 1). The composition of metabolites in the litter varied between the two
E. grandis plantations during litter decomposition (Figure 2).
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a Initial b After 2 months

Flavones 14.51% Amino acids, peptides,
| and analogues 18.5% Dicarboxylic acids
and derivatives
13.56%

N

Amino acids, peptides, and
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Beta hydroxy acids and
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Medium-chain
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Figure 1. Top 10 categories of metabolites identified in litters of 4- and 8-year-old E. grandis at the
initial decomposition stage (a) and two months after decomposition (b).
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Figure 2. Non-metric multidimensional scale ordination for metabolites of 4- and 8-year-old E. grandis
at the initial stage of leaf litter decomposition (a) and two months after decomposition (b); non-metric
multidimensional scale ordination for metabolites at the initial stage of leaf litter decomposition and
two months after decomposition at 4-year-old (c) and 8-year-old E. grandis (d).

A total of 154 and 120 DMs were identified in the litter of the two mature E. grandis
plantations during the litter decomposition, respectively. A total of 301 and 310 DMs were
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detected before and after two months of decomposition in the 4- and 8-year-old stands,
respectively. Notably, the levels of amino acids and peptides were higher in the litter
of 4-year-old E. grandis than in 8-year-old E. grandis, a pattern also observed for lipids
after two months of decomposition. Conversely, other primary metabolites were more
abundant in the litter of 8-year-old E. grandis than in the 4-year-old E. grandis. Among the
secondary metabolites, higher levels of terpenoids and amines were observed in the initial
litter of the 4-year-old than in the 8-year-old E. grandis. Other potential allelochemicals,
such as phenolic acids, flavonoids, alkaloids, and non-protein amino acids, were more
abundant in 8-year-old stands than in 4-year-old stands. A similar trend was observed for
amines in the litter after two months of decomposition. Notably, no significant variation
in terpenoid levels was observed between the two mature E. grandis after two months of
decomposition. Except for lipids in the 4-year-old E. grandis and amines in the 8-year-
old E. grandis, there were no significant differences during decomposition; nucleotides,
alkaloids, and non-protein amino acids exhibited a significant increase after two months
of litter decomposition, whereas the other primary and secondary metabolites decreased
significantly after litter decomposition for the same months (Figure 3). SIMPER analysis
revealed that betaine, pipecolic acid, phenol, gamma-aminobutyric acid, and the other
13 potential compounds contributed to the variation in allelochemical composition during
E. grandis litter decomposition and between the two mature plantations (Table 3).

Table 3. Results of analysis of similarity (ANOSIM) for differential potential allelochemicals of E.
grandis between forest ages and decomposition times and analysis of similarity percentage (SIMPER).

Effects

R and Significance Main Contributive Compounds for Variation

Two-way ANOSIM

Betaine, pipecolic acid, phenol, gamma-aminobutyric acid, catechin, chlorogenic
Forest age (1) *** acid, eucalyptol, isoquercitrin, kaempferol, pulegone, sinapic acid, sinapoyl

aldehyde, and sphinganine

Gamma-aminobutyric acid, phenol, pipecolic acid, betaine, catechin, chlorogenic
Decomposition time (1) *** acid, eucalyptol, isoquercitrin, kaempferol, sinapoyl aldehyde, pulegone, sinapic

acid, sphinganine, and phytosphingosine

One-way ANOSIM of forest age effects

Initial

Betaine, methyleugenol, catechin, isoquercitrin, pulegone, sinapic acid,
1)* Sphinganine, 4-hydroxycinnamic acid, eucalyptol, Taraxerol, chlorogenic acid,

sinapoyl aldehyde, and pipecolic acid

After 2 months 1= Betaine, pipecolic acid, phenol, gamma-aminobutyric acid, and saccharopine

One-way ANOSIM of decomposition time effects

4 years

O

8 years

(ON

pipecolic acid, chlorogenic acid, isoquercitrin, and eucalyptol

Forest ages: 4 and 8 years old. Data in parentheses are the R value. Significant effects are indicated in su-
perscript: *, p < 0.05; ***, p < 0.001. The rightmost column is the contributive compounds (SIMPER analysis,
contributive rate = 2%) to the variation in differential potential allelochemicals composition among study sites or
decomposition times.
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Figure 3. Normalization intensity of differential metabolites and potential allelochemicals in 4-
and 8-year-old E. grandis at the initial stage of leaf litter decomposition (a) and two months af-
ter decomposition (b). * indicates significant differences between the two decomposition times;
(*) indicates significant differences between the two aged E. grandis stands; p < 0.05. Error bars
indicate the standard errors.

The levels of some key differentially contributing metabolites in E. grandis litter during
decomposition, such as betaine, chlorogenic acid, isoquercitrin, and kaempferol, generally
decreased during decomposition. However, the pipecolic acid content increased after
two months of decomposition. Catechin, eucalyptol, pulegone, sinapic acid, sinapoyl
aldehyde, and sphinganine disappeared as the decomposition progressed, whereas phenol,
phytosphingosine, and gamma-aminobutyric acid appeared as the decomposition process
(Figure 4).
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Figure 4. Normalization intensity of differential potential allelochemicals with contributive rate = 2%
in two-way ANOSIM and SIMPER analysis (Table 3) of 4- and 8-year-old E. grandis at the initial
stage of leaf litter decomposition (a) and two months after decomposition (b). * indicates significant
differences between the two decomposition times; (*) indicates significant differences between the
two aged E. grandis stands; p < 0.05. Error bars indicate the standard errors.

3.3. Effects of Leaf Litter Extract on Earthworms
3.3.1. Survival Rate and Growth of E. fetida

Repeated ANOVA revealed that decomposition, exposure time, and dose significantly
affected the survival and weight inhibition rates of E. fetida (Table 4). After 14 days of
exposure to the 4-year-old litter treatment, the survival rate of E. fetida at C2 significantly
increased after 10 days of decomposition and then remained stable over time (Table S1). The
weight inhibition rate of E. fetida at C3 significantly increased after 20 days of decomposition
and subsequently decreased over time. The weight inhibition rate of E. fetida decreased
with increasing doses of litter extract under several treatments (Table S2).

Table 4. Repeated measures ANOVA of the effects of forest age, decomposition time, exposure time,
and dose on growth and physiological characteristics of E. fetida.

Survival Rate Weight Inhibition Total Protein SOD Activity MDA Content AChE Activity
Rate Content
F 4 F 4 F 14 F 4 F 4 F 14

Decomposition time ~ 17.476 0.000 *** 5.498 0.000 **  41.199 0.000 *** 69.155 0.000 ***  29.708 0.000 *** 43.625 0.000 ***

Age 0.129 0.720 0.088 0.767 5.130 0.026 * 10.673 0.001 *** 2.596 0.110 2.815 0.097
Dose 0.587 0.673 4.680 0.002 ** 3.034 0.021 * 7.769 0.000 *** 2.708 0.034 * 6.349 0.000 ***
Exposure time 134.20 0.000 ***  420.00 0.000 *** 22.767  0.000 *** 2.395 0.125 94.713 0.000 *** 8.834 0.004 **

Age x Dose 1.863 0.123 2.372 0.057 0.816 0.518 2.345 0.060 0.532 0.712 1.100 0.361
Age x 0.662 0.620 2455 0.051 0.905 0.464 0.865 0.488 1.065 0.378 3.667 0.008 **

Decomposition time

* indicates significant differences. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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3.3.2. Physiological Properties of E. fetida

The content of total protein, MDA, and activities of SOD and AChE changed signifi-
cantly with decomposition time, forest age, dose, and exposure time. Significant interactive
effects on AChE activity were observed (Table 4). Under 4-year-old litter treatments, after
seven days at C1 and C3 and 14 days of exposure at C1, C3, and C4 doses, the total protein
content of E. fetida decreased significantly after 10-20 days of decomposition but remained
stable or increased after 30 days and then decreased with time. Under 8-year-old litter
treatments and seven days of exposure at C1 and C2, the total protein content of E. fetida
decreased after 10 days of decomposition and then remained stable over time. After 14 days
of exposure to C4, the protein content was initially stable but decreased after 45 days of
decomposition (Figure S1).

After 7 or 14 days of exposure at C1 and C4 under the two mature litter treatments,
the SOD activity of E. fetida fluctuated. It increased after 10-20 days of decomposition,
decreased after 30 days, and then increased again after 45 days of decomposition. However,
after seven days of exposure at C2 and C4, the SOD activity of E. fetida increased after
10 days of decomposition and then remained stable over time (Figure S2). After 14 days of
exposure, the MDA content of E. fetida stimulated under 4-year-old litter treatments at C1,
C2, and C4 increased after 20 days but decreased after 30 days of decomposition and then
increased with time. For the treatments of the litter of 8-year-old trees, the MDA content at
C3 after seven days of exposure was stimulated after ten days of decomposition and then
stabilized over time. After 14 days of exposure at C1 and C2, the MDA content of E. fetida
fluctuated and was stimulated after 20 or 45 days of decomposition (Figure S3).

After seven days of exposure, the AChE activity of E. fetida under 4-year-old litter
treatments at C1 and C2 decreased after ten days of decomposition and then stabilized over
time. After 14 days of exposure at C1 and C4, AChE activity decreased after 20-30 days,
then stabilized with decomposition time. Under the treatment of 8-year-old litter at C2
after seven days of exposure, AChE activity decreased after 10 days and increased after
20 days of decomposition. However, after 14 days of exposure to C1, AChE activity was
initially stable and then decreased after 30 or 45 days of decomposition (Figure S4).

The effects of dose and forest age on E. fetida were observed in several treatments. After
20 days of decomposition, the weight inhibitory rate of E. fetida increased with increasing
doses of litter extracts of 4-year-old E. grandis and reached a maximum at C3. SOD activity
of earthworms treated with 8-year-old litter increased at C1 and then stabilized with
increasing doses. The total protein content of E. fetida was higher in the litter extracts of
4-year-old trees than in 8-year-old trees. However, SOD activity was higher in the litter of
8-year-old E. grandis than in 4-year-old E. grandis litter.

3.4. Effect of E. grandis Leaf Litter Extract on DNA Damage in E. fetida

Based on the above results, the toxic effects of E. grandis on E. fetida were stronger
after 20-30 days of litter decomposition. We selected E. grandis litter after 30 days of
decomposition to evaluate DNA damage in E. fetida using a comet assay. After 14 days of
exposure, the litter extracts of 8-year-old E. grandis caused DNA damage to E. fetida, and
no significant DNA damage to E. fetida was observed after treatment with litter extracts
of 4-year-old trees. Compared with the control, the tail DNA content, tail moment, and
OTM decreased significantly at C1 and then increased with increasing doses. At the highest
concentration (C4), tail DNA content, tail length, and OTM were significantly higher in the
litter of 8-year-old E. grandis than in the 4-year-old E. grandis litter (Table 5).
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Table 5. DNA damage effects of E. grandis litter extracts from different aged stands evaluated via a
comet assay on coelomocytes from E. fetida.

Tail DNA (%) Tail Moment Olive Tail Moment Tail Length

Dose
4a 8a 4a 8a 4a 8a 4a 8a

CK 1.51 £+ 0.81 1.51 £ 0.81 (ab) 019£012 0.19+0.12(ab) 0.46+£0.21 0.46 £ 0.21 (ab) 7.46 +2.31 7.46 +2.31
C1 1.63 £ 0.48 1.17 £ 0.29 (b) 0.34 0.2 0.12£0.03(b)  0.50 £0.17 0.29 £ 0.07 (b) 6.28 £ 0.69 5.02 £0.49
C2 2.16 £0.87 1.52 £ 0.13 (ab) 0.52+032 052+0.18(b) 0.75+0.33 0.56 £ 0.04 (ab) 9.04 - 4.48 798 +1.44
C3 1.50 £+ 0.54 2.84 £ 1.32 (ab) 024 +0.1 0.79 £0.56 (a) 0.46 +£0.21 0.97 £ 0.55 (a) 6.85 + 2.02 11.75 £ 6.19
C4 1.03+024 320£074(a)(*) 012+0.07 0.82+058() 027+£0.08 1.04+0.27(@)(*) 533+134 11.70+£3.28(*)

Lowercase letters in parentheses indicate significant differences among various concentrations; (*) indicates
significant differences between two aged E. grandis stands; p < 0.05; mean =+ standard error (SE).

3.5. Correlation Analysis

Environmental changes between the two aged E. grandis affected the potential allelo-
chemicals released by the litter during litter decomposition. The RDA showed that the first
ordinate axes represented changes in most environmental factors, except for the diversity
of herb species. At the initial decomposition stage, the second ordinate axes were closely
correlated with the diversity of herb species. The contents of alkaloids, non-protein amino
acids, and flavonoids in the initial litter were positively correlated with soil available P,
total N, organic matter, shrub, and soil faunal diversity in the two-aged E. grandis planta-
tions. The contents of terpenoids and phenolic acids were positively correlated, but that
of amines was negatively correlated with changes in herb diversity. After two months of
litter decomposition, the content of alkaloids and non-protein amino acids was positively
correlated with changes in soil organic matter, available P, total N, soil faunal diversity,
and shrub diversity. The phenolic acid content in E. grandis litter was positively correlated
with changes in herb diversity. The amine, terpenoid, and flavonoid contents were not
significantly correlated with the environmental factors (Figure 5, Table S3).
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Figure 5. Redundancy analysis (RDA) diagram illustrating the relationship between soil physico-
chemical traits, soil biodiversity, and differential potential allelochemicals in 4- and 8-year-old E.
grandis at the initial stage of leaf litter decomposition (a) and two months after decomposition (b).

RDA also indicated that the responses of growth and physiological properties of E.
fetida were correlated with the release of potential allelochemicals after two months of
decomposition. For the 4-year-old stands, the first ordinate axis represents the changes
in potential allelochemicals, whereas the second ordinate axis represents the changes in
amines during litter decomposition in 8-year-old stands. Under the treatments of 4-year-old
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litter, the responses of SOD, AChE, and MDA in E. fetida were closely related to the changes
in amines, phenolic acids, flavonoids, and terpenoids during litter decomposition. For the
litter treatments of 8-year-old E. grandis, the changes in amines were responsible for the
changes in the total protein and weight inhibitory rate of E. fetida (Figure 6, Table 54).
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Figure 6. Redundancy analysis (RDA) diagram illustrating the relationship between differential
potential allelochemicals and growth and physiological properties of E. fetida in the initial stage of
leaf litter decomposition and two months after decomposition at 4-year-old (a) and 8-year-old E.
grandis (b). The growth and physiological properties of E. fetida were standardized by Z-Score, in
which the growth and physiological properties of E. fetida were 0 and 30 days of decomposition and
14 days of exposure to C4 concentration, respectively.

4. Discussion

Earthworms are epidermal respiratory soil macrofauna that can be easily absorbed
into the body through respiration or can cause toxic effects through direct skin contact [51].
In this study, under most treatments, the survival rate of earthworms did not change signif-
icantly. The results indicated that allelochemicals in E. grandis litter were not maintained at
sufficient concentrations, and earthworms activated the surface defense system in response
to stimuli to avoid death [52]. However, inhaled and absorbed toxic chemicals inhibited this
increase in earthworm weight. The weight inhibition rate of E. fetida increased significantly
when treated with litter extracts after 20 days of decomposition. Earthworms reduce their
food intake while avoiding the intake of toxic substances that are involved in the inhibitory
effects on the weight of E. fetida [53].

Earthworms also adapt to environmental stress by adjusting their physiological activi-
ties. In this study, the total protein content and activities of SOD and AChE decreased, but
the MDA content of E. fetida increased after 20 or 30 days of decomposition. The results in-
dicated that the phytotoxicity of the litter extracts of E. grandis on E. fetida was severe at the
initial stage of approximately 20-30 days of decomposition, followed by weaker toxicity as
decomposition progressed. These results were consistent with previous studies, indicating
that the most inhibitory effects occurred in the early stage of decomposition and then weak-
ened in phytotoxicity with decomposition [11,33]. The initial decomposition phase of litter
consists of comminution and release of the soluble fraction, followed by the degradation of
cellulose and hemicellulose and retarded decomposition caused by inhibitory compounds
such as tannins and lignin at the late stage of decomposition [26,54,55]. Several studies
have reported a rapid loss of soluble phenolics from the Eucalyptus litter within the first
week or month [33,36]. The rapid degradation of phenolics might be attributed to chemical
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processes after leaf fall, such as higher concentrations of oxidizing enzymes, particularly
phenolases [34]. Subsequently, the rapid loss of phenolics from the Eucalyptus litter could
be ascribed to leaching and sugar and microbial degradation [34,36,56]. A delay has been
demonstrated between nutrient release from decomposing organic matter and root col-
onization of decomposing litter, which could be related to the occurrence of phytotoxic
“windows” during the early stages of decomposition, which inhibits the development of
the soil microbial community [11,57]. Despite a rapid decrease in phenolic compounds
within a few days of leaf fall, Puig et al. (2018) observed that lettuce germination was
completely inhibited at every sampling time [36], which demonstrated that E. globulus
litter showed a continuous release of phenolic and volatile compounds during the 30 days
of decomposition. As the decomposition period was prolonged, the phytotoxin levels
declined when allelochemical inactivation was not balanced by new production. Previous
studies have shown that there is a more resistant phenolic fraction after the initial rapid
disappearance of phenolics and volatile compounds [36,58]. The relationship between
allelochemicals and biological features, such as soil fauna, should refer to the resistant
fraction that might be leached into the soil [11,34]. These soluble phenolics and volatiles
entering the soil might be directly or indirectly toxic to soil fauna by changing the soil
microbial community.

A total of 328 and 381 primary and secondary metabolites, respectively, were identified
in the litter of the two mature E. grandis, and their presence, quantities, and composition
varied significantly, depending on individual compounds as well as the decomposition pro-
cess. Except for lipids in 4-year-old litter and amine in the litter of 8-year-old trees, which
were stable, and the levels of nucleotides, alkaloids, and non-protein amino acids, which
increased significantly, the levels of other primary and secondary metabolites reduced sig-
nificantly after litter decomposition for two months. The secondary metabolites identified,
such as catechin, eucalyptol, sinapic acid, and epicatechin, were partly in agreement with
the allelochemicals previously identified in Eucalyptus litter [32,36,58]. In contrast, a few
compounds, such as betaine, aminobutyric acid, and isoquercitrin, were not detected in
previously identified E. grandis litter. This can be explained by the fact that allelochemicals
are subjected to various biotic and abiotic processes, reduce their concentrations, and in-
duce chemical transformation into other compounds [59,60]. The quantities of some of the
main differentially contributing metabolites in E. grandis litter, such as betaine, chlorogenic
acid, isoquercitrin, and kaempferol, generally decrease during decomposition. However,
the quantity of pipecolic acid increased after two months of decomposition. Catechin,
eucalyptol, pulegone, sinapic acid, sinapoyl aldehyde, and sphinganine disappeared as the
decomposition proceeded, whereas phenol, phytosphingosine, and gamma-aminobutyric
acid appeared as the decomposition proceeded. Although metabolites from E. grandis
litter have not been consistently identified at each specific time point of decomposition,
we also observed that the dynamics of allelochemical release were closely aligned with
the phytotoxicity of E. grandis litter throughout the decomposition process. The main
allelochemicals, including amines, phenolic acids, flavonoids, and terpenoids, explain the
variation in the phytotoxicity of E. fetida during decomposition. Despite the insolubility of
volatile organic compounds, such as terpenoids, their lower solubility and retention in soil
particles have also been reported, which partly explains the phytotoxicity of eucalyptus
litter on E. fetida [14,36].

Biochemical responses of earthworms have been regarded as a warning system for
environmental stress [61]. Proteins are important components of an organism and regulate
various physio-metabolic processes [62]. In this study, the total protein content of E. fetida
decreased significantly after 20 days of litter decomposition. After the initial fragmentation
of the litter, the rapid release of potential allelochemicals promoted the secretion of protein
enzymes from the cell wall and intestinal tract and altered membrane permeability, con-
suming total protein from E. fetida [63,64]. Subsequent release of the soluble C fraction and
nutrients gradually reduced the stimulation of earthworms, provided food resources, and
increased total protein [20]. SOD is an important enzyme in the antioxidant system that
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prevents lipid peroxidation [65]. The SOD activity of E. fetida was initially increased but
decreased after 30 days of decomposition and then increased. The increase in SOD activity
implies that earthworms suffered from oxidative stress, as reflected by the production of
superoxide anion radicals to reduce the cellular stress response [66,67]. The MDA content
was also stimulated after 20 days of decomposition and then stabilized or decreased with
decomposition time. MDA is the final product of lipid peroxidation, caused by an increase
in oxygen free radicals, reflecting the degree of lipid peroxidation and damage to the
organism [68,69]. The AChE is a specific filament amino acid hydrolase that promotes
neuronal development and regeneration [70]. AChE activity of E. fetida was initially stable
but decreased after 30 days of decomposition and then stabilized or increased with de-
composition. Inhibition of AChE activity and behavioral alterations stimulate cholinergic
receptors, ultimately leading to uncoordinated movements and neuromuscular paraly-
sis [71,72]. In this study, a lack of avoidance response was observed after treatment with
litter after 30 days of decomposition. Therefore, leaf litter of E. grandis after decomposition
for 20-30 days had a stronger effect on the physiological properties of E. fetida.

In addition, the dynamics of allelochemicals and phytotoxicity of E. grandis litter on
E. fetida varied considerably depending on plantation forest age. In this study, the total
protein content of E. fetida was higher in the litter of 4-year-old trees than in 8-year-old trees,
whereas the SOD activity of earthworms showed the opposite trend. Natural antioxidant
defenses can be overwhelmed when enzymes cannot scavenge free radicals from pollutants,
causing serious cellular DNA damage [73,74]. Comet assays have been used to detect DNA
damage in E. fetida exposed to E. grandis litter extract. Olive tail moment (OTM) is the most
sensitive comet parameter, which reveals the severity and quantity of DNA damage [75,76].
In this study, the increment of tail DNA, comet tail length, and OTM indicated that litter
extracts of 8-year-old E. grandis caused more DNA damage to E. fetida than 4-year-old
trees. DNA damage in earthworms leads to compromised immunity, rendering E. fetida
vulnerable [74]. In addition, the litter extracts of E. grandis showed more severe toxic effects
on E. fetida with increasing doses [77]; however, DNA damage decreased at the lowest dose.
Lower concentrations of allelochemicals can weaken phytotoxicity and enhance the growth
and survival of the earthworm.

Previous studies at the study sites indicated that 4-year-old and 8-year-old trees were
the critical turning points for the increment of potential allelochemicals in litter across a
range of E. grandis plantations. In the present study, except for the higher amount of amino
acids and peptides, terpenoids, and amines in the initial litter and lipids after 2-month
decomposition, the other primary and secondary metabolites were in greater abundance in
the litter of 8-year-old E. grandis than in 4-year-old E. grandis litter. In general, mature leaves
produce more secondary metabolic substances than young leaves, whereas young leaves
have more abundant amino and organic acids [78]. Given the higher growth rate of E.
grandis at four years, intra- and inter-specific competition for soil resources was severe, and
E. grandis would invest more resources in chemical defense mechanisms [7,39]. However,
the rapid growth rate of the tree created a relatively open canopy before the rotation period
(approximately four years), which facilitated the development of soil microbial communi-
ties and, to some extent, might promote the degradation of the accumulated production of
allelochemicals. Previous studies at the study sites also observed a slight difference in the
diversity of the soil microbial community between the two-aged stands; however, they were
higher in 4-year-old stands than in 8-year-old stands [79]. External environmental factors
could also explain the between-age differences in potential allelochemicals [12,80]. Soluble
compounds may have been efficiently leached out of young E. grandis litter under the
relatively open canopy of 4-year-old stands. The closed canopy and developed understory
plant structure and diversity in 8-year-old E. grandis stands increased the interception of
rainfall, and phenolics were less efficiently leached out and consequently persisted longer
in the mature leaf litter. As the decomposition proceeded, more abundant terpenoids were
released quickly in the young leaf litter but retained for longer periods in mature E. grandis
litter [14,81]. In addition, pH can affect the solubility of allelochemicals with increasing
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toxicity under acidic conditions in 8-year-old stands [11,82]. All of these factors explain
the severe phytotoxicity of litter extracts of 8-year-old E. grandis compared to 4-year-old
E. grandis.

5. Conclusions

In conclusion, this study demonstrated the occurrence of litter phytotoxicity in E. fetida
with clear, dynamic patterns during the initial decomposition stage. The litter of E. grandis,
after decomposition for 20-30 days, exerted stronger phytotoxicity on the growth and
biochemical characteristics of E. fetida, and the toxicity was weakened by decomposition.
E. fetida individuals exhibited significant inhibition of weight and the activities of AChE
under litter treatment after 20-30 days of decomposition, whereas the activities and MDA
content were stimulated at this stage. The phytotoxicity dynamics of decaying litter on E.
fetida might be involved in the resistance of phenolic and volatile fractions after the initial
fast disappearance of allelochemicals. Compared with the litter of 4-year-old trees, E. fetida
exhibited a more severe phytotoxicity response to protein content, stimulation of SOD
activity, and DNA damage in the litter extracts of 8-year-old E. grandis. Consistently, an
increased abundance of potential allelochemicals was observed in the litter of 8-year-old
E. grandis. However, the expression of allelopathy in 8-year-old litter does not necessarily
need to outcompete 4-year-old litter under natural conditions because of the developed
stand structure, environmental heterogeneity, and abundant precipitation in this region.
Overall, our results suggest that the use of scientific management measures, such as the
appropriate removal of leaf litter in the early stages of decomposition, may help support
greater biodiversity in E. grandis plantations.
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Abstract: Plant nucleotide-binding leucine-rich repeat immune receptor genes (NLRs) play an im-
portant role in plant defenses against pathogens, pathogenic nematodes, and piercing—-sucking
herbivores. However, little is known about their functions in plant defenses against chewing herbi-
vores. Here, we identified a plasma membrane-localized coiled-coil-type NLR protein, OsPik-2-like,
whose transcript levels were induced by the infestation of rice leaf folder (LE, Cnaphalocrocis medinalis)
larvae, and by treatment with mechanical wounding. Knocking out OsPik-2-like in rice increased
the LF-induced levels of jasmonic acid (JA) and jasmonoyl-isoleucine (JA-Ile), the activity of trypsin
protease inhibitors (TrypPIs), and the basal levels of some flavonoids, which in turn decreased the
performance of LF larvae. Moreover, knocking out OsPik-2-like reduced plant growth. These findings
demonstrate that OsPik-2-like regulates the symbiosis between rice and LF by balancing plant growth
and defense.

Keywords: rice; OsPik-2-like; Cnaphalocrocis medinalis; jasmonic acid; jasmonoyl-isoleucine; trypsin
protease inhibitors

1. Introduction

Plants are constantly being challenged by a variety of stresses, including herbi-
vores. As a consequence, plants have evolved complicated strategies to cope with her-
bivore infestation. When attacked by herbivores, plants employ two tiers of immune
receptors—plasma membrane-localized pattern recognition receptors (PRRs) and intracel-
lular nucleotide-binding domain leucine-rich repeat receptors (NLRs)—to initiate specific
defense responses [1-3]. PRRs mainly recognize plant-derived damage-associated molec-
ular patterns (DAMPs) or herbivore-associated molecular patterns (HAMPs, also called
herbivore-associated elicitors) to activate pattern-triggered immunity (PTI) [2,4], whereas
NLRs mainly perceive herbivore-secreted effectors to initiate effector-triggered immunity
(ETI) [5,6]. After recognizing patterns/effectors, plants activate a series of defense re-
sponses, including calcium influx, the production of reactive oxygen species (ROS), the
activation of mitogen-activated protein kinases (MAPKSs), and signaling pathways medi-
ated by phytohormones (such as jasmonic acid (JA), salicylic acid (SA), ethylene (ET), and
abscisic acid (ABA)), and the accumulation of defense compounds. Acting together, these
responses enhance the direct and indirect resistance of plants to herbivores [2,7].

Plant NLRs are usually composed of three conserved domains: a variable N-terminal
domain; a central NB-ARC (nucleotide-binding adaptor shared by Apafl, certain resis-
tance genes, and a CED4) domain; and a C-terminal LRR (leucine-rich repeat) domain [8].
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Based on their N-terminal domains, plant NLRs are divided into three classes, including
Toll/interleukin-1 receptor/R protein (TIR)-type NLRs (TNLs); coiled-coil (CC)-type NLRs
(CNLs); and resistance to powdery mildew 8 (RPW8)-type NLRs (RNLs) [8]. Numerous
studies have revealed that NLRs usually regulate plant disease resistance by forming homo-
multimers or heteromultimers [8,9]. For example, PigmR (Pigm Resistant) and PigmS (Pigm
Susceptible) are functional gene pairs identified at the rice Pigm locus for rice blast resistance.
PigmR forms homologous dimers conferring broad-spectrum disease resistance to rice,
but severely decreasing rice yields in the process; however, PigmS binds to PigmR to form
heterodimers, thereby inhibiting PigmR-mediated broad-spectrum disease resistance and
offsetting the negative effect of PigmR on rice yields [10]. In Arabidopsis and tobacco plants,
ZAR1 (HopZ-activated resistance 1) interacts with multiple members of the receptor-like
cytoplasmic kinase (RLCK) subfamily to form immune receptor complexes; these sense the
pathogen-derived effectors and trigger immune responses [11-14]. For instance, the ZAR1
resistosome in Arabidopsis—a heterodimer composed of ZAR]1, the resistance-related kinase
1 (RKS1), and the PBL2YMP (the acetylated form of PBL2 by the effector protein AvrAC
of Xanthomonas campestris pv. campestris)—directly enters the lipid bilayer of the plasma
membrane of cells, where it acts as a Ca?* channel and promotes Ca?* influx, thereby
triggering ROS production and cell death [14].

Recently, NLRs have also been reported to play an important role in plant herbivore
resistance [3]. For example, several NLR genes involved in plant resistance to aphids
have been identified and cloned, such as Vat in Cucumis melo, Ra in Lactuca sativa, and
AIN (Acyrthosiphon-induced necrosis) in Medicago truncatula [15-18]. Also, the resistance
gene Mil.2 in Lycopersicon peruvianum confers broad-spectrum resistance to root-knot
nematodes, whitefly (Bemisia tabaci), and psyllid (Bactericerca cockerelli) on plants [19,20].
When Pieris brassicae egg deposition-induced hypersensitive response (HR)-like cell death
was genetically mapped in the black mustard Brassica nigra, a cluster of TNL genes was
identified as a potential source of R genes; these genes may regulate the ability of plants to
kill herbivore eggs [21]. In rice, two CNL genes, Brown planthopper resistance 9 (Bph9) and
Bph14, are well known to confer BPH resistance on rice: Bph9 regulates rice BPH resistance
by affecting JA, SA, and ET-mediated signaling pathways, and Bph14 positively mediates
the resistance of rice to BPH by promoting SA and ROS-mediated defenses [22-25]. Further
studies proved that the CC and NB domains, as well as the full length of Bph14, interact
with two WRKY proteins (OsWRKY46 and OsWRKY72); this interaction stabilizes the
two WRKY proteins and enhances their transactivation activity, thereby increasing the
expression of callose-biosynthesis genes and the deposition of calloses in the phloem of rice
leaf sheaths [26]. Moreover, Bph14 interacts with the BPH-derived effector BISP (Bph14-
interacting salivary protein) to activate ETI, which markedly increased rice resistance
to BPH [27]. However, our understanding of the role of NLRs in plant defense against
herbivores and their underlying mechanisms is limited.

Rice (Oryza sativa L.), one of the primary food crops in the world, is often seriously
damaged in the field by multiple herbivores, including the rice leaf folder (LE, Cnaphalocro-
cis medinalis) [28]. LF larvae fold rice leaves longitudinally and feed on the green mesophyll
tissues of these folded leaves, actions that reduce both the photosynthetic productivity
and grain yield of rice plants [29]. It has been reported that the infestation of LF lar-
vae activates defense-related signaling pathways mediated by JA, SA, ET, and H,O; in
rice; these signaling pathways jointly modulate the expression of defense genes and the
accumulation of defense compounds, such as trypsin protease inhibitors (TrypPIs) and
phenolamines [30,31]. Although a few NLRs have been reported to be involved in the
resistance of rice to piercing—sucking herbivores, as stated above, whether NLRs participate
in rice defense against chewing herbivores, such as LF, remains largely unknown.

In this study, we isolated a rice CNL gene OsPik-2-like (XM_015756755.2), which was
induced by LF larval infestation [31], and investigated its function in interactions between
rice and LF. By combining molecular tools, chemical analysis, and bioassays, we found that
OsPik-2-like negatively regulates the biosynthesis of LF-induced JA and JA-Ile, the activity
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of induced TrypPls, and the resistance of rice to LF, suggesting that NLRs participate in
rice-LF interactions.

2. Results
2.1. Characterization of OsPik-2-like

Using transcriptome data [31], we determined that a putative CNL gene was up-
regulated by herbivore infestation. The full-length cDNA sequence obtained from a cDNA
library of rice variety XS11 using the reverse-transcription polymerase chain reaction
(RT-PCR) was identical to the sequence of a rice disease resistance gene OsPik-2-like (anno-
tated in the Genbank database, https://www.ncbi.nlm.nih.gov/genbank/, under the ID:
XM_015756755.2; accessed 30 August 2023). The gene includes an open-reading frame of
2,892 bp that encodes a protein of 963 amino acids with a predicted molecular weight of
109.03 kDa (Figure S1). The protein harbored three conserved domains: a CC domain, a
NB-ARC domain, and a LRR domain (Figure 1a). OsPik-2-like shared high similarity with
CNL proteins in other plants, including ObPik-2-like (88.30% identity) in Oryza brachyantha,
BdRPM1 (72.28% identity) in Brachypodium distachyon, and PaPIK6-NP-like (71.06% iden-
tity) in Phragmites australis (Figure 1b). These results showed that OsPik-2-like belongs to

the CNL protein family.
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OsPik-2-like
(b) .
57 —————— PhRPM1-like
Sf’j L PaRPM1-like
100 \— PaPIK6-NP-like
ZmPIK6-NP
91
M 100 PVPIK6-NP-like
%0 r OsPik-2
] 100 L OgPik-2-like
BARPMH
100 LrPik-2-like
ObPik-2-like
100 ® OsPik2-like
ObPIK6-NP-like
| E—
0.050

Figure 1. Structure and phylogenetic relationship of OsPik-2-like. (a) Schematic structure of OsPik-2-
like. (b) Sequence alignment of OsPik-2-like and its homologs. Species abbreviations are included before
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the protein names: Bd, Brachypodium distachyon; Lr, Lolium rigidum; Ob, Oryza brachyantha; Og,
Oryza glaberrima; Os, Oryza sative; Pa, Phragmites australis; Ph, Panicum hallii; Pv, Panicum virga-
tum; and Zm, Zea mays. Plant species and accession numbers from the NCBI database are as
follows: BARPM1, XP_003576018.1; LrPik-2-like, XP_047085044.1; ObPIK6-NP-like, XP_040383595.1;
ObPik-2-like, XP_006660848.1; OgPik-2-like, XP_052139461.1; OsPik-2, XP_015619167.2; OsPik-2-like,
XP_015612241.1; PaPIK6-NP-like, XP_062198511.1; PaRPM1-like, XP_062193254.1; PhRPM1-like,
XP_025803740.1; PvPIK6-NP-like, XP_039795950.1; ZmPIK6-NP, XP_008652943.2. The blue dot
indicates OsPik-2-like. The scale bar represents 0.05 amino acid substitutions per site in the pri-

mary structure.

To elucidate the subcellular localization of OsPik-2-like, we generated the construct
355::0sPik-2-like-EGFP (the enhanced green fluorescent protein was fused to OsPik-2-like),
which was driven by a CaMV 35S promoter. Then, the construct was transiently expressed
in Nicotiana benthamiana leaves using Agrobacterium tumefaciens-mediated transformation.
As shown in Figure 2, compared with the wide distribution of the control EGFP, the OsPik-
2-like-EGFP mainly localized to plasma membranes of tobacco leaf cells, indicating that
OsPik-2-like was a plasma membrane (PM)-localized CNL protein.

GFP Bright Merge

OsPik-2-like-GFP

GFP

Figure 2. Subcellular localization of OsPik-2-like. Subcellular localization of the fused OsPik-2-
like-GFP or GFP in N. benthamiana leaf cells. OsPik-2-like-GFP, green fluorescent protein (GFP)
fluorescence from OsPik-2-like-GFP; Bright, bright field; Merged, the merged image of OsPik-2-like-
GEFP or GFP and Bright. Bar = 50 pm.

Quantitative real-time PCR (qRT-PCR) revealed that the constitutive transcript levels
of OsPik-2-like in rice leaves were low. However, when rice plants (leaf blades) were infested
by LF larvae (Figure 3a,b), the levels of OsPik-2-like transcripts in leaf blades were rapidly
(starting 0.5 h after infestation) and lastingly up-regulated; the levels, which peaked at 72 h,
were about 70-fold higher than the levels in control plants (Figure 3b; Table S1). Mechanical
wounding also quickly (0.5 h after treatment) induced the expression of OsPik-2-like (levels,
which peaked at 0.5 h, were about 10-fold higher than levels in control plants); however,
the levels of OsPik-2-like transcripts rapidly declined to those of controls 3 h after treatment
(Figure 3¢; Table S1). MeJ A treatment only slightly induced the expression of OsPik-2-like at
12 h after treatment (Figure 3d; Table S1). These results suggest that OsPik-2-like might be
involved in LF-induced rice defense responses.
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Figure 3. Relative expression levels of OsPik-2-like in rice leaves after different treatments. (a) Pheno-
types of rice plants that had been infested by one 3rd-instar LF larva. (b—d) Mean transcript levels
(£SE, n = 3~6) of OsPik-2-like in rice leaves that were infested with one 3rd LF larva (LF) (b), or
punctured by a fabric pattern wheel rolling (Wound) (c), or treated with methyl jasmonate (MeJA)
by root absorption (d). Con, non-treated plants; Buf: plants treated with the same concentration
of ethanol in the nutrient solution as MeJA treatment. Asterisks represent significant differences
between the treatments and controls at each time point (* p < 0.05, ** p < 0.01, and *** p < 0.001,
Student’s t-tests or t tests with Welch'’s correction).

2.2. Knocking out OsPik-2-like in Rice

To explore the function of OsPik-2-like in interactions between rice and LF, we obtained
two T-DNA-free homozygous rice lines with knocked-out OsPik-2-like in the variety XS11
using a CRISPR/Cas9-mediated gene-editing system (ko-pik2!: kopik2I-1 and kopik2I-16).
As shown in Figure 4a, compared with the target sequence of OsPik-2-like gene in WT
plants, the line kopik2I-1 displayed a single “A” insertion and the line kopik2Il-16 showed
a 16-bp deletion (Figure 4a). DNA sequencing analysis revealed no mutations of off-
target sites (such mutations had been predicted by the CRISPR-P server, http:/ /cbi.hzau.
edu.cn/crispr/, accessed 25 June 2023), in ko-pik2[ lines (Figure S2), suggesting that the
CRISPR/Cas9-based OsPik-2-like-knockout was specific.

We investigated the effect of knocking out OsPik-2-like on plant growth. Knocking out
OsPik-2-like reduced shoot height (by 11.75% in kopik2I-1 and 1.84% in kopik2I-16, compared
with WT plants), root length (by 18.18% and 9.91%), chlorophyll content in leaves (by 7.15%
and 3.47%), stem strength (by 15.34% and 10.7%), shoot fresh mass (by 42.24% and 31.21%)
and shoot dry mass (by 42.17% and 25.14%), and root fresh mass (by 42.47% and 22.99%)
and root dry mass (by 45.28% and 25.01%) of 30-day-old plants (Figure 4b—i; Table S2).
These data suggest that OsPik-2-like positively regulated rice growth.
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Figure 4. OsPik-2-like gene-knockout rice lines and their growth phenotypes. (a) Sanger sequencing

analysis of mutation patterns in the target site of OsPik-2-like gene in the wild-type (WT) and OsPik-2-
like knockout rice lines. Blue boxes represent exons. The sgRNA sequence that specifically targets
OsPik-2-like is indicated. The mutations, an “A” insertion in line kopik2/-1 and a 16 bp deletion in
kopik21-16, lead to premature translational termination of OsPik-2-like. (b—i) Mean shoot height (b),
root length (c), chlorophyll content (d), stem strength (e), shoot fresh weight (f), root fresh weight (g),
shoot dry weight (h), and root dry weight (i) (+SE, n = 20) of WT plants and ko-pik2! lines at 30 days
old in the phytotron. Asterisks indicate significant differences in ko-pik2I lines compared with WT
plants evaluated by Bayesian analysis of variance (* p < 0.05 and *** p < 0.001). (j) The phenotype of
30-day-old WT and ko-pik2! lines in the phytotron.
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2.3. Knocking out OsPik-2-like-Enhances LF-Induced JA and JA-Ile Levels

The JA-mediated signaling pathway plays a central role in rice defenses against chew-
ing herbivores [32]. Hence, we determined the levels of JA and JA-Ile in WT plants, as well
as ko-pik2l lines before and after LF infestation. Consistent with previous studies [31,33],
LF infestation significantly increased the contents of JA and JA-Ile in rice leaf blades in WT
plants (Figure 5; Table S3). Knocking out OsPik-2-like did not influence the constitutive
levels of JA and JA-Ile in rice leaves. However, it did enhance the induced levels of JA and
JA-Ile, especially JA-Ile, in rice leaves 8 h after LF infestation: the LF-induced JA-Ile levels
in the two ko-pik2! lines kopik2l-1 and kopik2I-16 were about 2- and 1.5-fold higher than
those in WT plants (Figure 5; Table S3).
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Figure 5. Knocking out OsPik-2-like enhanced LF-induced JAs levels in rice leaves. Mean levels (+SE,
n = 4~6) of JA (a) and JA-Ile (b) in WT plants and ko-pik2I lines that were individually infested by a
3rd-instar LF larva on the first fully expanded leaf at the indicated time points. Asterisks indicate
significant differences in ko-pik2I lines compared with WT plants evaluated by Bayesian analysis of
variance (* p < 0.05).

We also found that LF larval infestation (at 8 h) enhanced the content of 3-indoleacetic
acid (IAA) in rice leaf blades. However, no difference was observed in IAA content between
WT and ko-pik2! lines (Figure S3a; Tables S3 and S4). These results indicate that the JA
signaling pathway might be involved in OsPik2-like-mediated rice defenses against LF.

2.4. Knocking out OsPik-2-like Enhances the Level of Defense Compounds and Rice Resistance
to LF

Plants employ multiple defense compounds to limit the population development
of herbivores, such as flavonoids, phenolamides, and TrypPIs [32]. To evaluate whether
OsPik-2-like regulates the production of defense compounds in rice plants, we examined
the content of flavonoids and TrypPIs in WT plants and in ko-pik2! lines before and after LF
infestation. Knocking out OsPik-2-like in rice constitutively increased the contents of three
flavonoids—prunin, carlinoside, and isovitexin (Figure 6a—c; Table S5)—but decreased the
contents of two flavonoids—astragalin and luteolin 7-O-glucoside (Figure S3b,c; Table S5).
After LF larval infestation, knocking out OsPik-2-like also decreased the contents of five
flavonoids: astragalin (by 49.83% in kopik2I-1 and 59.17% in kopik21-16 compared to WT
plants), luteolin 7-O-glucoside (by 49.89% and 59.76%), luteolin (by 65.71% and 72.89%),
sakuranetin (by 100% and 100%), and isoquercitrin (by 32.61% and 28.04%) (Figure S3b—f;
Table S5). Consistent with the results reported previously [31], the basal level of TrypPls
in rice leaves of WT plants was extremely low. However, when plants were infested by
LF larvae, the TrypPI activity in leaves was markedly enhanced (Figure 6d,e; Table S5).
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Figure 6. Flavonoid levels and TrypPI activity in the leaves of WT plants and ko-pik2! lines. Mean
concentrations (+SE, n = 5~6) of prunin (a), carlinoside (b), isovitexin (c), and mean TrypPI activity
(+SE, n =7) (d) in WT plants and ko-pik2! lines that were individually infested by a 3rd-instar LF larva
on the first fully expanded leaf for 0 h or 48 h. Asterisks indicate significant differences in ko-pik2l
lines compared with WT plants evaluated by Bayesian analysis of variance (* p < 0.05, ** p < 0.01
and *** p < 0.001). (e) Representative pictures of TrypPI after different treatments measured by radial
diffusion assay.

Given that knocking out OsPik-2-like in rice influenced the JA signaling pathway and
the levels of defense compounds in plants, we asked whether knocking out OsPik-2-like
affected rice defense against LF. As expected, LF larvae fed on ko-pik2/ plants gained
significantly less mass compared with those fed on WT plants: by day 11, the mass of
LF larvae fed on the kopik2I-1 and kopik2I-16 plants decreased by about 18% and 20%,
respectively, compared with the mass of larvae fed on WT plants (Figure 7; Table S6). These
results indicate that OsPik-2-like negatively regulates rice defense against LF larvae.
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Figure 7. OsPik-2-like negatively regulates the resistance of rice to LF. (a) Mean larval mass (+SE,
n = 48~51) of LF fed on WT plants and ko-pik2! lines for 11 days. (b) Phenotypes of LF larvae fed on
different lines on day 11. Asterisks indicate significant differences in ko-pik2I lines compared with
WT plants evaluated by Bayesian analysis of variance (** p < 0.01).

3. Discussion

Plant NLRs have widely been reported to act as resistance proteins that sense pathogen/
herbivore-derived effectors, thereby triggering ETI. However, their role in plant defense
responses to chewing herbivores remains poorly understood [15-25]. In this study, we
revealed that a CNL protein, OsPik-2-like, plays an important role in LF larvae-induced
rice defenses. First, OsPik-2-like localized to PM, and its transcript levels were significantly
induced by LF larval infestation and mechanical wounding. Second, knocking out OsPik-
2-like decreased the shoot mass, root mass leaf chlorophyll content, and stem strength of
plants. Third, knocking out OsPik-2-like enhanced the LF-induced levels of JA and JA-Ile, as
well as the activity of TrypPIs in rice, which in turn reduced the growth of LF larvae. Our
findings demonstrate that OsPik-2-like positively regulates plant growth, but negatively
mediates the resistance of rice plants to LF.

NLRs play an important role in regulating defense-related signaling pathways [3].
Two NLRs, Sw-5b and SI5R-1, from Solanaceae, for instance, have been reported to activate
the JA signaling pathway and then increase plant resistance to infection by tomato spotted
wilt orthotospovirus (TSWV) [34,35]. In rice, Bph9 and Bph14, two NLRs, have been reported
to negatively regulate the expression of genes related to JA biosynthesis, such as genes
encoding allene oxide synthase 2 (OsAOS2) and lipoxygenase (OsLOX); moreover, the
levels of JA and JA-Ile in plants carrying Bph9 or Bph14 were significantly lower than those
in WT plants in response to BPH infestation [22,25]. Here, we observed that knocking
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out OsPik-2-like significantly increased the LF-elicited levels of JA and JA-Ile in rice leaf
blades (Figure 5). Moreover, LF larval infestation up-regulated the transcript levels of
OsPik-2-like, especially late in the process. These data suggest that, like Bph9 and Bph14,
OsPik-2-like negatively modulated the biosynthesis of LF-induced JA and JA-Ile in rice.
These results indicate that LF was able to suppress the JA-mediated rice defense by inducing
the expression of OsPik-2-like. Further studies should elucidate the mechanism underlying
the OsPik-2-like-mediated regulation of JA biosynthesis. It would also be interesting to know
whether and how other defense-related signaling pathways are modulated by OsPik-2-like.

Why rice plants up-regulate the expression of OsPik-2-like at late stages of infestation
by LF larvae, given that OsPik-2-like negatively regulated rice defense, remains a question.
It may be that rice plants are trying to avoid the autotoxicity caused by excessive levels of
defenses [36,37] and to restore growth. Given that OsPik-2-like suppressed the biosynthesis
of LF-induced JA and JA-Ile, and that knocking out OsPik-2-like decreased plant growth
(Figures 4 and 5), the up-regulation of OsPik-2-like at the late stage of LF larval infestation
caused plants to maintain appropriate levels of defenses. Moreover, it made plants regrow
quickly. In rice, several such genes, such as OsMPK20-5 [38] and OsLRR2 [39], have been
reported. Alternatively, it may be related to herbivore decoy strategies [40]. Thus far,
many CNLs have been reported to regulate plant disease resistance [3]. In rice, two CNLs,
Pik-1 and Pik-2, have been reported to enhance rice resistance to Magnaporthe oryzae (syn.
Pyricularia oryzae) expressing the AvrPik effector [41-43]. Because many symbiotic microbe
species live in herbivores [44], it may be that LF larvae regulate the expression of OsPik-
2-like by secreting one of these microbes during their feeding, thereby suppressing the
JA-mediated defense in rice. Further research should clarify this mechanism. Moreover,
how OsPik-2-like influences rice growth, including which plant growth-related signaling
pathways are regulated by OsPik-2-like, should also be elucidated.

The JA signaling pathway plays a central role in regulating the biosynthesis of multiple
defense compounds [31,33]. For example, silencing or knocking out genes related to JA
biosynthesis (such as herbivore-induced rice type 2 13-LOX gene, OsHI-LOX, and the
allene oxide cyclase gene, OsAOC) or signaling (JA receptor gene, rice CORONATINE-
INSENSITIVE1 (OsCOI1) and the core JA-responsive transcriptional factor OsMYC2) in rice
reduces plant resistance to LF by impairing the activity of TrypPIs and the accumulation of
some phenolamines in rice plants [31,33]. Therefore, the observed results—namely, that
knocking out OsPik-2-like enhanced the activity of LF-induced TrypPIs in plants—were
related, at least in part, to the increase in the levels of LF-induced JA and JA-Ile in plants.
Interestingly, we observed that knocking out OsPik-2-like increased the basal levels of three
flavonoids and decreased the basal levels of two flavonoids; moreover, it also decreased
LF-induced levels of five flavonoids (Figure 6). Although some researchers have reported
that the JA signaling pathway positively modulates the production of herbivore-induced
flavonoids [45], these results indicate that the regulation of flavonoid biosynthesis was
complex and that other signaling pathways were also involved in this process. It has
been reported that signaling pathways mediated by brassinosteroids, SA, and ET also
regulate the biosynthesis of flavonoids in plants [46—48]. Future research should elucidate
which other signaling pathways regulated by OsPik-2-like mediate the biosynthesis of
these compounds in rice.

TrypPIs and some flavonoids are important defense compounds against herbivores.
TrypPls, for example, have been reported to suppress the growth and development of
chewing herbivores, including LF, by inhibiting the activity of digestive enzymes in their
midgut [30,31,49]. Some flavonoids (including prunin, carlinoside, schaftoside, and its
isomers, isoschaftoside and neoschaftoside) impede the feeding, survival, and development
of rice planthoppers [50-52], although no flavonoids have been reported to affect the
performance of LF larvae. Moreover, two isovitexin-derived compounds, isovitexin 2”-O-
(6""-(E)-feruloyl) glucoside and isovitexin-2'-O-B-[6-O-E-p-coumaroylglucopyranoside],
decrease the probing responses of Nephotettix cincticepts [53] and the fecundity of Helicoverpa
armigera, respectively [54]. Hence, the enhanced resistance of ko-pik2! plants to LF larvae is
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probably related to the increase in the levels of defense compounds, such as TrypPls and
some flavonoids. Future research should clarify which compounds are responsible for the
performance of LF larvae on ko-pik2! plants.

In summary, our results demonstrate that the PM-localized rice CNL protein, OsPik-2-
like, plays an important role in regulating the interaction between rice and LF larvae. When
infested by LF larvae, plants perceive signals derived from the herbivore and then initiate
defense-related signaling pathways, such as the JA signaling pathway. These changes en-
hance the expression of defense-related genes and the level of defense compounds, such as
TrypPlIs, in turn decreasing the performance of LF larvae. The up-regulation of OsPik-2-like
in rice at late stages of LF larval infestation not only reduces plant defense by suppressing
the JA signaling pathway, but also promotes plant regrowth. Both consequences may be
beneficial for both plants and herbivores. Plants may avoid the autotoxicity associated
with excessive defenses and also experience regrowth; herbivores may improve growth
due to decreased plant defense. Our study provides an interesting example of how a single
gene can act as a modulator for the symbiotic relationship between plants and herbivores,
balancing plant growth and defense. From an application point of view, this study shows
how specific genes can be edited in plants to control insect pests.

4. Materials and Methods
4.1. Plants and Insects

The japonica rice variety XiuShui 11 (XS11) was used as the wild type (WT) in this
study. The gene-knockout rice lines of OsPik-2-like (ko-pik2I: kopik2I-1 and kopik2I-16) were
generated and screened as below. Seeds of WT and ko-pik2! lines were pre-germinated in
plastic culture dishes (diameter 90 mm, height 15 mm) in a climate incubator under the
following conditions: 28 £ 2 °C, 60% relative humidity, and 14/10 h light/dark cycle. Ten
days later, rice seedlings were transplanted to 25 L hydroponic boxes (length 51 cm, width
35 cm, and height 17 cm) brimming with rice nutrient solution [55] and cultivated in a
phytotron (26 + 2 °C, 14 h light phase, 60% relative humidity). Twenty-five-day-old rice
plants were individually transferred into plastic pots (diameter 7 cm, height 9.5 cm) filled
with 350 mL of nutrient solution. Plants were used for experiments 4 d after transplantation.

Colonies of LF were originally obtained from a rice paddy in Hangzhou, China, and
subsequently reared with wheat seedlings in a climate chamber (26 & 2 °C, 14 h light phase,
and 65 £ 10% relative humidity) for more than 30 generations.

4.2. Plant Treatment

For LF treatments, a third-instar LF larva was starved for 2 h, then placed on the
youngest fully expanded leaf of a plant. Untreated plants were used as controls. For
mechanical wounding in rice leaves, the youngest fully expanded leaf was punctured by
rolling a fabric pattern wheel over it [45]. Untreated plants were used as controls. For
mechanical wounding in rice leaf sheaths, aerial parts 2 cm high from the roots of rice
plants were individually punctured 200 times using an insect needle (length 40 mm and
diameter 0.45 mm; Yuxiu, Taizhou, China). Untreated plants were used as controls. For
treatment with methyl jasmonate (MeJA) (Sigma-Aldrich, Darmstadt, Germany), MeJA
was dissolved in 1 mL of absolute ethyl alcohol and then added to the nutrient solution to
make its concentration 100 M, as stated in previous studies [56]. Plants cultivated in the
nutrient solution with an equal volume of solvent were used as controls.

4.3. RNA Extraction and Quantitative Real-Time PCR (gRT-PCR)

Total RNA was extracted from rice samples using FastPure® Universal Plant Total RNA
Isolation Kit (Vazyme, Nanjing, China) following the manufacturer’s instructions. One
microgram of total RNA was then reverse-transcribed by using HiScript® IT Q RT SuperMix
for qPCR (+gDNA wiper) (Vazyme, Nanjing, China) according to the manufacturer’s
instructions. QRT-PCR assays were performed with Taq Pro Universal SYBR qPCR Master
Mix (Vazyme, Nanjing, China) on the CFX96 Real-Time PCR System (Bio-Rad, Richmond,
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CA, USA). With the OsACTIN (TIGR ID: LOC_Os03g50885) as an internal control, the
relative expression levels of tested genes were analyzed by the —222¢t method [56]. All
primers used in the qRT-PCR assays are listed in Table S7.

4.4. Isolating OsPik-2-like

Four micrograms of total RNA extracted from WT plants was reverse-transcribed to
first-strand cDNAs using PrimeScript™ IV ¢cDNA Synthesis Mix (TaKaRa, Dalian, China).
Then, the opening read frame of OsPik-2-like (XM_015756755.2) was PCR-amplified from the
cDNA library using specific primers OsPik-2-like-CDS-F (5'-TCTCCGCCATTTACACCCAC-
3’) and OsPik-2-like-CDS-R (5'-TGCCAAAGAGGAACATCGGA-3'), and the KOD FX
polymerase (TOYOBO, Shanghai, China) following the manufacturer’s instructions. PCR
products were subsequently cloned into the pEASY®-Blunt Zero cloning vector (TransGen,
Beijing, China) and sequenced. The primers used in this study are listed in Table S8.

4.5. Structure and Phylogenetic Analysis of OsPik-2-like

The conserved domains of the deduced OsPik-2-like protein were analyzed using CD-
search (https:/ /www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi; accessed on 30 August
2023). The homologs of OsPik-2-like from different plant species were identified using the
BLASTP plug-in in the NCBI online database (https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi; ac-
cessed on 24 June 2024). The amino acid sequences of OsPik-2-like and their homologs from
other plant species were downloaded from the NCBI website. Then, multiple sequence
alignment was carried out using Clustal W program in Molecular Evolutionary Genetics
Analysis (MEGA, version 11.0.13) as described previously [56]. A neighbor-joining phylo-
genetic tree was constructed by MEGA with 1000 bootstrap replicates using the default
parameters as described [56].

4.6. Subcellular Localization Assay

For subcellular localization, the full-length coding sequence of OsPik-2-like with-
out the termination codon was inserted into the pCAMBIA1301-EGFP vector [39] using
ClonExpress® II One Step Cloning Kit C112 (Vazyme, Nanjing, China), yielding a 355::OsPik-
2-like-EGFP construct. The constructed plasmid was then transformed into A. tumefaciens
strain EHA105 by electroporation. A. tumefaciens—cultivated overnight and carrying the
OsPik-2-like-EGFP construct—was injected into leaves of 4-week-old N. benthamiana plants
as previously described [57]. Two days after infiltration, the EGFP fluorescence images were
observed and recorded by Olympus FV3000 confocal laser scanning microscope (Olympus,
Tokyo, Japan) at an excitation wavelength of 488 nm and an emission wavelength of 507 nm.
The primers used in this study are listed in Table S8.

4.7. Generating and Characterizing OsPik-2-like Gene-Knockout Rice Plants

To generate OsPik-2-like gene-knockout rice lines, the target sequence (5'-TTCCAGGAG
TCGGACATCAT-3') was introduced into pLYsgRNAOsU6b to yield rice U6b promoter-
driven single-guide RNA (sgRNA). The sgRNA expression cassette was then introduced
into the plant CRISPR-Cas9 binary vector pYLCRISPR/Cas9Pubi-H [58]. The T-DNA was
inserted into XS11 using A. tumefaciens (EHA105)-mediated transformation. Plants with mu-
tations but lacking the T-DNA were screened by target DNA sequencing and hygromycin
resistance gene identification using the method described in [39]. Two homozygous OsPik-
2-like gene-knockout (ko-pik2l) lines, kopik2l-1 and kopik2I-16, were used for all experiments.
Potential off-target sites were predicted by CRISPR-GE (http:/ /skl.scau.edu.cn/home/,
accessed 13 August 2023) and identified by target DNA sequencing using the specific
primers listed in Table S9.

4.8. Measuring Plant Growth Parameters

Thirty-day-old WT plants and OsPik-2-like gene-knockout lines were used to measure
plant growth parameters, which included root length, shoot height, root fresh mass, root
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dry mass, shoot fresh mass, shoot dry mass, stem strength, and chlorophyll content. To
determine stem strength, the aerial parts (2 cm high from plant root) of rice plants were
measured with a plant-stem-strength meter [59], YYD-1 (Top Cloud-Agri, Hangzhou,
Zhehjiang, China). To determine chlorophyll content, the middle location of the youngest
fully expanded leaves from each plant was measured with a chlorophyll meter [56], SPAD-
502 Plus (Konica Minolta, Tokyo, Japan). Each experiment was replicated 20 times.

4.9. Herbivore Bioassays

To measure LF performance, freshly hatched LF neonates were allowed to feed on
WT and ko-pik2I rice plants. The larval mass (to an accuracy of 0.1 mg) was individually
measured 11 days later. Each treatment was replicated 48~51 times.

4.10. JA, JA-Ile, and IAA Analysis

For JA, JA-Ile, and IAA analysis, 30-day-old plants of the WT and ko-pik2! rice lines
were randomly assigned to LF and control treatments as described above. The youngest
fully expanded leaf of each plant was harvested at different time points (0, 1, 3, and 8 h
after the start of treatment) and was ground in liquid nitrogen. JA, JA-Ile, and IAA were
extracted from a sample of about 100 mg of ground rice with ethyl acetate containing labeled
internal standards (D°-JA, D®-JA-Tle, and D>-IAA) and then quantified by high-performance
liquid chromatography-mass spectrometry—mass spectrometry (HPLC-MS-MS) (Agilent
Technologies, Santa Clara, CA, USA) using the method described in [60]. Each treatment
was replicated 4~6 times.

4.11. Analysis of the Activity of TrypPls

To analyze TrypPls, 30-day-old plants of the WT and ko-pik2! rice lines were randomly
assigned to LF and control treatments as described above. The youngest fully expanded leaf
of each plant was harvested at 0 and 2 d after the start of treatment and was ground in liquid
nitrogen. Samples containing about 100 mg of ground rice were homogenized with 300 pL
of cooled extraction buffer (0.1 M Tris-HC1, pH 7.6, 5% polyvinylpolypyrrolidone (Sigma-
Aldrich, Darmstadt, Germany), 2 mg/mL phenylthiourea (Sigma-Aldrich, Darmstadt,
Germany), 5 mg/mL diethyldithiocarbamate (Sigma-Aldrich, Darmstadt, Germany), and
0.05 M NayEDTA) as described previously [61]. TrypPl activity was measured by the radial
diffusion method [62]. Each treatment was replicated 7 times.

4.12. Detecting Flavonoids

To detect flavonoids, 30-day-old plants of the WT and ko-pik2! rice lines were randomly
assigned to LF and control treatments as described above. The youngest fully expanded leaf
of each plant was harvested at 0 and 2 d after the start of treatment and was ground in liquid
nitrogen. Flavonoids were extracted from samples of approximately 100 mg using 800 uL
of 70% methanol, and then quantified by HPLC-MS-MS as previously described in [63].
The content of each compound was calculated using an external standard method [64].
Each treatment was replicated 5~6 times.

4.13. Data Analysis

Two-treatment data were analyzed using Student’s t-tests (equal SDs) or f tests with
Welch’s correction (unequal SDs). For comparisons between data collected from WT plants
and from two transgenic lines of OsPik-2-like (ko-pik2l), an a priori approach based on
Bayesian analysis of variance was used. All statistical analyses were conducted with SPSS
software version 26 (IBM Corp., Armonk, NY, USA).

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/plants13233275/s1, Figure S1: Sequences of nucleotides and deduced
amino acids of OsPik-2-like; Figure S2: Sanger sequencing results of potential off-target sites; Figure
S3: Other compounds in the leaves of WT plants and ko-pik2I lines; Table S1: Student’s t-test or ¢-test
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with Welch'’s correction analysis with data from Figure 3; Table S2: Bayesian analysis of variance
with data from Figure 4; Table S3: Bayesian analysis of variance with data from Figure 5; Table S4:
Student’s t-test analysis with data from Figure S3; Table S5: Bayesian analysis of variance with data
from Figure 6 and Figure S3; Table S6: Bayesian analysis of variance with data from Figure 7; Table S7:
Primers used for real-time qPCR; Table S8: Primers used for OsPike-2-like cloning and subcellular
localization assay; Table S9: Primers used for generation and characterization of transgenic plants.
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Abstract: Plant interference is a key factor influencing plant coexistence and species composition. The
two primary forms of plant interference—allelopathy and resource competition—are often difficult
to separate. This study conducted an outdoor pot experiment to quantify the distinct contributions of
resource competition and allelopathy of Artemisia frigida on seedling growth of three species: Leymus
chinensis, Cleistogenes squarrosa, and Potentilla acaulis. The index of relative neighbor effect (RNE) was
used to quantify the overall effect of plant interference, while the inhibition rates (IRs) of resource
competition and allelopathy were utilized to determine the specific contributions of allelopathy and
resource competition from A. frigida on the growth of target plant species. The interference effect
of A. frigida was found to be species-specific. The allelopathic effect of A. frigida played a major
role in inhibiting the belowground biomass of L. chinensis (23.97%) and C. squarrosa (58.27%), while
allelopathy and resource competition from A. frigida promoted the belowground biomass (45.12%)
and aboveground biomass (46.63%) of P. acaulis, respectively. The combined effect of allelopathy and
resource competition from A. frigida significantly affected the aboveground biomass of C. squarrosa
and P. acaulis, as well as the belowground biomass of L. chinensis and C. squarrosa. These findings
contribute to a better understanding of the patterns and mechanisms of plant species composition
and its relationship with grazing intensity in this grassland ecosystem.

Keywords: Artemisia frigida; Eurasian Steppe; grazing intensity; outdoor pot experiment; plant interference

1. Introduction

Plant interference is a central driver for plant coexistence [1]. The negative interspe-
cific interaction can be attributed to resource competition (competing for water, nutrients,
light, or space) or allelopathy (chemical interactions among species) [2—4]. Allelopathy
can alter the dynamics of resource competition by influencing the growth of recipient
species [5,6], while the intensity of resource competition can also affect the release of allelo-
chemicals [7,8]. Traditionally, resource competition has been considered the primary driver
of plant community diversity and dynamics [9]. However, other researchers have found
that allelopathy can significantly influence plant community composition and succession,
potentially playing a role as crucial as resource competition [4,10,11].

Numerous studies have been conducted to distinguish between the two types of
plant interference [7,8,12]. For example, PVC tubes have been employed to mitigate both
aboveground and root competition between two species, while activated carbon (AC) has
been utilized to absorb and eliminate allelochemicals leached by donor plants [12-14].
Partial least squares regression or glasshouse experiments have been employed to ascertain
the relative contribution of resource competition and allelopathy on the growth of winter
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cereals and rice [15,16]. Density-dependent experiments have been conducted to quantify
the relative contributions of allelopathy and competition to overall interference [2,3,17],
while some research has focused on the impact of competition and allopathy on community
composition in coastal and inland ecosystems [18]. However, nature is inherently complex,
where allelopathy and resource competition often coexist and interact closely [19,20]. The
specific contribution of these two types of plant interference remains unknown.

Grasslands constitute approximately 40% of the global land area, offering a plethora
of benefits to over 1 billion people worldwide [21]. The most prevalent and significant
use of grasslands is for livestock grazing [22,23]. Extensive research has shown that plant
species composition varies considerably along grazing gradients [24,25]. Artemisia frigida
Willd. (Prairie Sagebrush) is a resilient perennial semi-shrub found throughout the Eurasian
Steppe. It exhibits remarkable resistance to drought, grazing, trampling, and regenera-
tion and can be used as high-quality forage, especially in spring and winter [22,23,25].
Meanwhile, Artemisia frigida is the dominant species under moderate and heavy grazing
intensities in temperate grasslands of northern China [22]. Conversely, Leymus chinensis
prevails in the eastern Eurasian Steppe, while Cleistogenes squarrosa and Potentilla acaulis are
the dominant species under light and extreme grazing intensities, respectively [25]. Cleisto-
genes squarrosa is a C4 perennial bunchgrass noted for its robust drought tolerance, whereas
P. acaulis is a perennial stoloniferous herb known for its pronounced allelopathy [22,24].
Both A. frigida and P. acaulis exhibit allelopathic effect, and the aqueous extracts from
these two species and the volatile organic compounds (VOCs) from A. frigida markedly
inhibit the growth of C. squarrosa and L. chinensis [22,25,26]. The ecological adaptation of
A. frigida to prolonged continuous grazing can be attributed to its strong phenotypic plas-
ticity [27], altered carbon allocation patterns [28], intense interspecific competitiveness [24],
and allelopathy [22,25,29,30].

To assess the distinct impact of resource competition and allelopathy of A. frigida on
the growth of common species within the Eurasian Steppe, we initiated an outdoor pot
experiment in northern China. We hypothesized that the plant interference of A. frigida
would exhibit species-specific variation among different plant species. Our study sought
to address the following question: How does the interference from A. frigida differ across
various target plant species, and how is this interference influenced by grazing intensity
and specific plant species?

2. Results
2.1. Interference Between A. frigida and Three Target Plant Species

For the interference of A. frigida with three target plant species (AF-LC, AF-CS, and AF-
PA in Table 1), A. frigida inhibited both the aboveground (LC 0.28, CS 0.45) and belowground
biomass (LC 0.15, CS 0.64) of L. chinensis and C. squarrosa but promoted the root/shoot
ratio (—0.16) of L. chinensis. Concurrently, A. frigida enhanced the aboveground biomass
(—0.08), belowground biomass (—0.67), and root/shoot ratio (—0.64) of P. acaulis. The index
of relative neighbor effect (RNE) of the aboveground biomass, belowground biomass, and
root/shoot ratio were all significantly different among the three target species (aboveground
biomass: df =8, F = 19.875, P = 0.002; belowground biomass: df =8, F = 535.398, P < 0.001;
root/shoot ration: df =8, F = 59.108, P < 0.001). Notably, the growth inhibitory effect of
A. frigida on C. squarrosa was stronger, especially in terms of belowground biomass and
root/shoot ratio, when compared to L. chinensis.

As for the interference of three target plant species with A. frigida (LC-AF, CS-AF and
PA-AF in Table 1), in addition to the inhibitory effect of P. acaulis on the aboveground
biomass (0.30) of A. frigida, the other two target plant species all promoted the above-
ground biomass (LC —0.27, CS —0.64) and belowground biomass (LC —0.40, CS —0.52)
of A. frigida. Meanwhile, the promoting effects of C. squarrosa on the aboveground and
belowground biomass of A. frigida were both significantly greater than that of L. chinensis
(df =5, F =136.862, P = 0.001 and df =5, F = 18.752, P = 0.012).
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Table 1. Interference between Artemisia frigida and three target plant species at the study site.

RNE
Indexes of Plant Interference
Aboveground Biomass Belowground Biomass Root/Shoot Ratio
AF-LC 028+0.10a 0.154+0.04b —0.16 £ 0.08 b
AF-CS 045+0.10a 0.64 £0.07 a 0.30 £0.08 a
AF-PA —0.08 £ 0.04b —0.67 £ 0.01 ¢ —0.64 £ 0.05¢
LC-AF —0.27 £0.07b —0.40 £ 0.07 a —0.18 £0.05b
CS-AF —0.64 £0.02 ¢ —0.52+0.04b 023 +0.09a
PA-AF 0.30 = 0.06 a —0.59 £0.04b —0.71 £0.02¢

Note: Different lowercase letters in the same column indicate significant differences in the RNE among three target
plant species. All the data are shown as mean =+ SE (n = 3). AF-LC: interference of Artemisia frigida with Leymus
chinensis; LC-AF: interference of L. chinensis with A. frigida; AF-CS: interference of A. frigida with Cleistogenes
squarrosa; CS-AF: interference of C. squarrosa with A. frigida; AF-PA: interference of A. frigida with Potentilla acaulis;
and PA-AF: interference of P. acaulis with A. frigida.

2.2. Specific Contributions of Allelopathy and Resource Competition from A. frigida to the Growth
of Three Target Species

For L. chinensis, allelopathy of A. frigida played a predominant role in plant interference,
particularly affecting the belowground biomass (Figure 1). The resource competition from
A. frigida led to a decrease in the aboveground biomass by 1.16% but increased the below-
ground biomass by 17.42%. Furthermore, the allelopathy of A. frigida resulted in a reduction
of the belowground biomass by 23.97% yet augmented the aboveground biomass by 6.13%.

RC CK AE
-1.16% +6.13%
‘—\/ \/-7
+17.42% -23.97%
+22.67% -48.68%
~— ~—1
-30.88% -58.27%

+46.63% +1.27%

U< -
PA ' i
e ~——1
/ -27.62% f +45.12%

Figure 1. Specific contribution of allelopathy and resource competition from Artemisia frigida to the growth
of three target species (LC: Leymus chinensis, AF: Artemisia frigida, CS: Cleistogenes squarrosa, PA: Potentilla
acaulis; RC: resource competition; AE: allelopathy; and CK: monoculture. Red font in the figure indicates
a growth-inhibiting effect, while blue font indicates a growth-promoting effect. The green arrows in the
figure indicate aboveground biomass, and the brown arrows indicate belowground biomass).

For C. squarrosa, the allelopathy exhibited by A. frigida played a major role in affecting
its aboveground and belowground biomass. Specifically, resource competition initiated by
A. frigida resulted in a 22.67% increase in the aboveground biomass while simultaneously
causing a 30.88% decrease in the belowground biomass. Conversely, the allelopathy of
A. frigida resulted in a reduction in the aboveground biomass by 48.68% and the below-
ground biomass by 58.27%.
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Aboveground biomass(g/plant)

Belowground biomass(g/plant)

As for P. acaulis, both the aboveground and belowground biomass was affected by
the resource competition from A. frigida. This competition led to a 46.63% increase in the
aboveground biomass and a 27.62% decrease in the belowground biomass. Additionally,
the allelopathy of A. frigida contributed to a 1.27% increase in the aboveground biomass
and a 45.12% increase in the belowground biomass of P. acaulis.

2.3. Effects of Allelopathy and Resource Competition and Their Coupling Effect on the Plant
Growth of Three Target Species

The allelopathic effect (AE vs. CK) of A. frigida significantly reduced the belowground
biomass of L. chinensis (df =17, F = 17.319, P < 0.001), while resource competition (RC vs. AC
added) did not have a significant impact (Figure 2(al,b1)). Neither factor significantly affected
the aboveground biomass of L. chinensis (Figure 2(al)). The combined effect of allelopathy
and resource competition of A. frigida did not significantly influence either the aboveground
or belowground biomass of L. chinensis (AE + RC vs. CK). However, the addition of activated
carbon significantly inhibited the aboveground (df = 5, F = 18.572, P = 0.013) and belowground
biomass (df =5, F = 170.763, P < 0.001) of L. chinensis (AC added vs. CK).

3 LC (a1 | 100 CS(az)| 100 PA(a3)
a a a
ab 075 075
2
b b ° a
o ab
al 050 b 050
b b ¢ be
1 — b — ¢ c
025 025
0 000 0.00
CK AE +RC RC AE  NoAEorRC AC added CK AE+RC RC AE  NoAEorRC AC added cK AE +RC RC AE  NoAEOrRC AC added
3 LC (b1)| 20 CS(b2)| 15 PA (b3)
15 ab a
2 a 10 a
ab —
b b a
10 )
c
c
1 c be
—T b b b b o8 c
5 b =
0 00 00
CK  AE+RC  RC AE  NoAEorRC AC added K  AE+RC  RC AE  NoAEOrRC AC added cK AE+RC  RC AE  NoAEorRC AC added

Figure 2. Effects of allelopathy and resource competition of Artemisia frigida on the growth of three
target plant species (All the data are shown as mean £ SE (n = 3). (a): Effects of allelopathy and
resource competition of Artemisia frigida on the aboveground biomass of L. chinensis (al), C. squarrosa
(a2), P. acaulis (a3). (b): Effects of allelopathy and resource competition of Artemisia frigida on the
belowground biomass of L. chinensis (b1), C. squarrosa (b2), P. acaulis (b3). CK: monoculture; AE + RC:
both allelopathy and resource competition; RC: resource competition; AE: allelopathy of A. frigida;
No AE or RC: neither allelopathy nor resource competition of A. frigida; and AC added: activated
carbon was added to evaluate the specific impact of activated carbon on plant growth of three target
plant species). Different lowercase letters show the significant differences in biomass of the same
plant specie between different treatments (P < 0.05).

The allelopathic effects of A. frigida significantly reduced both the aboveground
(df =17, F = 7.083, P = 0.003) and belowground biomass (df = 17, F = 6.529, P = 0.004)
of C. squarrosa (Figure 2(a2,b2)). Conversely, resource competition from A. frigida did not
have a significant effect on either the aboveground or belowground biomass of C. squarrosa.
However, when considering the combined effects of allelopathy and resource competition
from A. frigida, there was a significant inhibition observed in both the aboveground (df =5,
F =30.536, P = 0.005) and belowground biomass (df =5, F = 11.170, P = 0.029) of C. squarrosa.
Furthermore, the introduction of activated carbon led to a significant reduction in the
aboveground (df =5, F = 134.602, P < 0.001) and belowground biomass (df =5, F = 8.114,
P =0.046) of C. squarrosa.
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The allelopathic effects of A. frigida did not significantly affect the aboveground and
belowground biomass of P. acaulis (Figure 2(a3,b3)). However, resource competition from
A. frigida significantly enhanced the aboveground biomass of P. acaulis (df = 17, F = 5.870,
P =0.006). The combined effect of allelopathy and resource competition from A. frigida
significantly increased the belowground biomass of P. acaulis (df =17, F = 10.162, P = 0.001)
(Figure 2(b3)). The addition of activated carbon significantly increased the belowground
biomass of P. acaulis (df =5, F = 45.518, P = 0.003).

Our study found that, compared to monocultured L. chinensis and C. squarrosa, the
interference of A. frigida inhibited the plant growth of these species (LC 0.22, CS 0.55).
Conversely, the interference of A. frigida promoted the growth of P. acaulis compared to its
monoculture condition (—0.38). However, the interference from L. chinensis, C. squarrosa,
and P. acaulis all had a positive effect on the growth of A. frigida (LC —0.34, CS —0.58,
PA —0.14) (Figure 3).

Y

-0.34+0.08
0.22%0.04

Figure 3. Interference of Artemisia frigida with the plant growth of three target species (We used the
average RNE of aboveground and belowground biomass to represent the interference of A. frigida
with three target species (red arrows). Meanwhile, the interference of three target species with
A. frigida was also marked in the figure (blue arrows). The blue values signify a promotional effect,
while the red values denote an inhibitory effect).

3. Discussion
3.1. Interference of A. frigida with Three Target Plant Species

Our results support our hypothesis that the interference of A. frigida was species-
specific. However, this study only examined the pairwise interference of A. frigida on three
target plant species, leaving the specific interference of L. chinensis, C. squarrosa and P. acaulis
to each other unexplained (Figure 3). The impact of interference on phenotypic plasticity
can have more profound effects on species composition than above- and belowground
biomass. For instance, the inhibitory effect of Plantago lanceolate on the root growth of Festuca
rubra could diminish the competitive strength of F. rubra against other species within the
community [31]. Similarly, the inhibitory effect of P. acaulis on the plant growth of A. frigida
may alter the interference of A. frigida with other plant species at the study site (Figure 3).
Therefore, to gain a comprehensive understanding of the role of plant interference on
species composition, it is necessary to consider not only pairwise interactions but also the
interaction chain among coexisting plant species in future research.

The interaction between two species may be conditional, depending on environmental
conditions, and herbivory may also change the balance of interference among species [32].
In a multispecies community, the species interactions are the sum of all intraspecific and
interspecific interactions. Moreover, the interference among species is important in shaping
community dynamics and maintaining biodiversity [33]. Concurrently, plant interference
may also be influenced by plant-soil feedbacks (PSFs), which can promote the growth of
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neighboring species in heterogeneous environments [34]. Furthermore, competition among
species within the same clades tends to favor dissociation, primarily due to asymmetrical
competition within the community [35]. Species with high interspecific competition ability
along with grazing intensity would result in asymmetric competition. Highly dominated
communities are often characterized by strongly asymmetric competition [36]. Our findings
indicate that A. frigida and P. acaulis possess a relatively high degree of interspecific compe-
tition ability in comparison to L. chinensis and C. squarrosa (Figure 3). This asymmetrical
competition could potentially lead to the dominance of A. frigida and P. acaulis under
conditions of heavy and extreme grazing.

3.2. Separation of Allelopathy and Resource Competition from Plant Interference

Consistent with prior research, our findings validated that the plant interference of
A. frigida was a synergistic effect of resource competition and allelopathy [17]. Further-
more, we established that the combined effect of allelopathy and resource competition
significantly impacted plant—plant interference, with the primary type and intensity of
interference from A. frigida varying among different plant species. The allelopathic ef-
fect of A. frigida became important for L. chinensis and C. squarrosa under conditions of
no grazing and light grazing intensity (Figure 2). Meanwhile, both the allelopathy and
resource competition of A. frigida facilitated the dominance of P. acaulis under extreme
grazing intensity. Therefore, this study provides a partial explanation for the mechanism of
community succession in temperate grasslands along grazing gradients.

Several methods have been developed to distinguish resource competition from al-
lelopathy [8,19,37]. However, most prior research has overlooked the combined effect of
allelopathy and resource competition [38]. This study addresses two significant limitations
in allelopathy research. Firstly, we implemented a field control experiment, enhancing
the credibility of our results compared to those derived from greenhouse experiments.
Secondly, this study not only isolates the allelopathic effects of A. frigida from resource
competition but also examines the interactive effect of resource competition and allelopathy
of A. frigida on the plant growth of three target plant species.

The application of activated carbon (AC) has been widely utilized in allelopathy studies
to adsorb allelochemicals and mitigate soil toxicity caused by these compounds. This method
effectively separates the effects of allelopathy from resource competition [39,40]. However,
the use of AC can introduce controversy due to potential side effects such as altering soil
nutrient availability and plant growth [40] and affecting soil microbial activity [41]. Our study
confirmed that the addition of AC can influence the plant growth of target plant species,
although the specific effects varied among the three target plant species (Figure 2). In contrast
to the inhibitory effect of AC on the plant growth of L. chinensis and C. squarrosa (Figure 2),
the addition of AC significantly promoted the plant growth of P. acaulis (Figure 2). This
discrepancy could be attributed to the fact that AC may also absorb the allelochemicals
released by P. acaulis itself, which has been shown to have strong allopathic effects on the seed
germination of L. chinensis and A. frigida [26]. Additionally, we used AC added to L. chinensis,
C. squarrosa, and P. acaulis as controls to assess the impact of resource competition on the plant
growth of three target plant species. By incorporating controls for the effect of AC in our
experimental design, our results provide a clearer reflection of the relative contributions of
allelopathic interference and resource competition to plant growth.

3.3. The Impact of Allelopathy and Resource Competition and Their Coupling Effects on the
Dominant Status of A. frigida in Moderate Grazing Grassland

Our findings corroborate previous research indicating that allelopathy can vary among
target plant species, either stimulating or inhibiting growth [42]. For instance, the above-
ground biomass of L. chinensis was marginally enhanced by the allelopathy of A. frigida, while
the belowground biomass was significantly suppressed [43,44]. In this study, C. squarrosa
demonstrated a higher sensitivity to allelopathy of A. frigida than L. chinensis, contradicting
previous results [22]. This discrepancy may be attributed to C. squarrosa’s adaptability to

195



Plants 2024, 13, 3286

environments with lower precipitation levels; thus, its interference in the community is likely
to increase under conditions of aridity induced by livestock grazing [45]. The heavy rainfall
during the latter stages of our experiment may have heightened C. squarrosa’s sensitivity to
both the allelopathy and resource competition of A. frigida. Additionally, the belowground
biomass was more significantly affected by the allelopathy of A. frigida, aligning with previous
findings in northern China [22].

Allelopathy, whereby the growth of neighboring plants is inhibited by donor plants,
can simultaneously enhance their resource competitiveness [4]. This form of intransitive
competition can lead to changes in plant species composition [33]. Our study found that
the combined effect of allelopathy and resource competition significantly influenced the
aboveground biomass of P. acaulis and the above- and belowground biomass of C. squarrosa
(Figure 2). However, we were unable to precisely quantify the contribution of this coupling
effect. Our results indicated that the coupling effect varied substantially among the three
target plant species. It could increase the above- and belowground biomass of L. chinensis
and C. squarrosa and the belowground biomass of P. acaulis, and it could also decrease
the aboveground biomass of P. acaulis. Therefore, the coupling effect of allelopathy and
resource competition could either offset or amplify the actual effect, playing an important
role in regulating species composition at the study site [14].

Allelopathy can facilitate the dominance of specific plants within a community, es-
pecially for alien plants [6]. Additionally, allelopathy has been identified as a key factor
driving grassland succession in northern China [22,44] and forest dynamics in Mediter-
ranean and southern China [11,46]. Resource competition is widely recognized as one
of the most significant mechanisms of plant interference in shaping species composition.
Concurrently, previous research has indicated that the competition among plant species
in the absence of herbivores transitions to facilitation in heavily grazed pastures [47]. In
stressful habitats, positive neighbor effects become increasingly important for plant inter-
ference [48], a phenomenon that may also be reflected in our study. Along with grazing
gradients, the high intensity of trampling and feeding imposed by livestock can cause
mechanical damage to plants of A. frigida and increase the release of allelochemicals [49].
A prior study revealed that grazing intensity could influence the components and con-
centrations of allelochemicals released by A. frigida, with the maximum relative contents
of 1,8-cineole and (3-terpineol both occurring under heavy grazing intensity [25]. These
high concentrations of allelochemicals had a strong inhibitory effect on the plant growth of
C. squarrosa and a promotional effect on the plant growth of P. acaulis. However, we did not
take into account the concentration of allelochemicals, particularly the VOCs released by
A. frigida, throughout the entire experiment, which should be considered in future research.

4. Materials and Methods
4.1. Study Site

This study was conducted at the Hulunbuir field observation experimental station
(48°55'48" N, 119°41'26" E, altitude 636 m) of the Chinese Academy of Environmental
Sciences in Temo Huzhu, situated in the Ewenki Autonomous Banner of Hulunbuir city,
China. The study site is characterized by a mid-temperate continental monsoon climate,
with an annual average temperature of —2.4 to 2.2 °C and an annual average precipitation
from 330 to 350 mm (mainly occurring from June to August). The grassland at the study
site is part of the Eurasian Steppe, and the soil is classified as calcic chestnuts, equivalent
to Kastanozems according to the soil classification system of the Food and Agriculture
Organization (FAO). In the absence of grazing, L. chinensis and Stipa baicalensis are the
dominant species, while Agropyron mongolicum, Achnatherum sibiricum, and Carex duriuscula
are common species in the study site.

4.2. Experimental Design

An outdoor pot experiment was carried out at the study site to distinguish the specific
contribution of resource competition and allelopathy of A. frigida on the seedling growth of
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three target species. Artemisia frigida (AF) was utilized as the donor plant, while L. chinensis
(LC), C. squarrosa (CS), and P. acaulis (PA) were selected as the recipient plants. The proportion
of dry matter for each of the four species within the community is detailed in Table 2.

Table 2. The dry matter proportion of four plant species at the study site along with grazing gradients.

Dry Matter Proportion (%)

Plant Species

No Grazing Light Grazing Medium Grazing Extreme Grazing
Leymus chinensis 3534+ 145a 2632 +£1.89b 1553 +1.23 ¢ 6.12+£0.78d
Cleistogenes squarrosa 5.61 £0.32d 43.64 £3.27 a 2525+232b 1342 £ 1.62¢
Artemisia frigida 326 +025¢ 1025+ 1.67b 3821 £2.87a 28.02+298a
Potentilla acaulis 0.08 £0.03 ¢ 2.35 £ 0.08 be 730+ 1.12b 3275+425a

Note: Different lowercase letters in the same line indicate significant differences in the dry matter proportion of
four plan species among four grazing intensities. All the data are shown as mean + SE (n = 3).

In our pot experiment, we utilized seedlings from four plant species, all of which were
collected from the same location within the study site. Seedlings of four plant species were
gathered at the stem elongation stage, as defined by the BBCH scale. To ensure homogeneous
growth conditions, we selected seedlings of average size, with a coefficient of variation (CV)
in plant height of less than 10% for each species. We took measures to enhance the survival
rate of the seedlings by preserving the integrity of their roots during excavation. Each pot
was initially watered with 500 mL, and no further irrigation was provided throughout the
experiment. To maintain soil consistency across the pots, we extracted 0-30 cm topsoil from the
sample plot where the plants were originally collected. This soil was then sieved, meticulously
mixed, and purged of any impurities. Each pot contained six seedlings: either three from both
donor and recipient plants or exclusively six from recipient plants. The pots used had a capacity
of 2 gallons and dimensions of 0.24 m x 0.22 m (diameter x height). We established three
biological replicates for each treatment.

The experimental design is illustrated in Figure 4. Our field control experiment incor-
porated five treatments: allelopathy of AF(AE), resource competition of AF(RC), neither
allelopathy nor resource competition of AF (No AE or RC), both allelopathy and resource com-
petition of AF (AE + RC), and the addition of activated carbon (AC added). The allelopathic
effect of A. frigida was neutralized by introducing activated carbon, a method frequently em-
ployed in previous studies (represented by black-dotted pots in Figure 4) [12,13,19]. We used
analytical-grade activated carbon (charcoal-activated powder extra pure, Zhejiang Minxin
Ecological Technology Company, Quzhou, China), added at a concentration of 20 mL/L
according to Parepa et al. [50]. The activated carbon was divided into two portions: one was
mixed into the soil to absorb allelochemicals released by the roots of A. frigida, while the other
was placed on the pot surface to absorb VOCs emitted by A. frigida.

Resource competition was eliminated by introducing a PVC plastic sheet into the
center of the pot (gray-shaded pots in Figure 4) [34]. Three individuals from each species
were planted into a pot, with each species situated on opposite sides of the plastic sheet.
The sheet was affixed to the sides of each pot, ensuring that each side had equal resources
and space for plant growth. We conducted a standard partition study where both roots
and shoots of each species were physically separated. The impact of activated carbon on
seedling growth of the three target plant species was assessed by incorporating activated
carbon into the pots under monoculture conditions (white spotted pots in Figure 4). The
entire experiment spanned over 2 months, from June 2019 to September 2019. All 72 pots
were placed outdoors throughout the experimental period.
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Figure 4. Design of outdoor pot experimental to differentiate between allelopathy and resource
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competition of Artemisia frigida in a temperate grassland in northern China. The allelopathic effect
of A. frigida was eliminated by adding activated carbon to absorb allelochemicals both in the soil
and air, represented by black dots on the pots. Resource competition was mitigated by introducing
a PVC partition in the center of the pot, depicted as gray-shaded pots in the figure. The four plant
species used in this study included LC, Leymus chinensis; CS, Cleistogenes squarrosa; AF, Artemisia
frigida; and PA, Potentilla acaulis, representing the dominant species under non-grazing, light grazing,
moderate grazing, and extreme grazing intensities at the study site, respectively. The experimental
conditions were categorized as follows: AE (allelopathy), RC (resource competition), No AE or RC
(neither allelopathy nor resource competition), AE + RC (both allelopathy and resource competition),
AC added (activated carbon was added to assess its impact on plant growth), and CK (three target
species planted individually).

4.3. Measurements

Biomass measurements were conducted at the end of the experiment. Seedlings were
divided into aboveground and belowground parts by cutting at the root collar’s apex.
Roots were thoroughly washed, and both aboveground and belowground samples were all
oven-dried (65 °C) for a minimum of 48 h before being weighed. We also evaluated the
soil nutrient contents used for the field control experiment, and the soil description of the
study site is present in Supplementary Table S1.

4.4. Data Analysis

The index of relative neighbor effect (RNE) was used to quantify the interference
between A. frigida and the three target plant species, as it can overcome skewed distribu-
tion and facilitate statistical analysis compared to the commonly used index of relative
competitive intensity (RCI) [51,52]:

RNE = (Pmono - Pmix)/Pmax (1)

where Pjyno and P,,;, represent the performance of four plant species under monoculture
and mixed culture conditions, respectively. The maximum value between Py and P,y is
denoted as Pyqy. For this research, we utilized aboveground biomass, belowground biomass,
and root/shoot ratio as performance parameters. The RNE value ranged from —1 to 1, where
positive and negative RNE values signify competitive and facilitatory effects, respectively.

Meanwhile, the index of inhibitory rate (IR) was used to distinguish the specific impacts
of resource competition and allelopathy from A. frigida on the three target plant species:

IR=(1—T/C) x 100% @)

where T represents the performance of four plant species under polyculture conditions,
while C represents the performance of four plant species under monoculture conditions.
The positive and negative values of IR indicate inhibitory and facilitatory effects, respec-
tively.
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We calculated the indices of IR separately for resource competition and allelopathy;,
noting that the values of T and C differed between resource competition and allelopathy.
To calculate the indices of IR under resource competition for A. frigida, T represents the
performance of the recipient species in polyculture conditions, influenced solely by in-
terspecific competition, with allelopathy eliminated by the addition of activated carbon
(RC). Conversely, C represents the performance of the recipient species in monoculture
conditions with the inclusion of activated carbon (AC added), ensuring that the effect of
activated carbon on plant growth was counterbalanced [40].

As for calculating the indices of IR under allelopathy of A. frigida, T represents the
performance of the recipient species in polyculture conditions influenced solely by allelopa-
thy. To eliminate resource competition, a PVC partition was introduced in the center of
each pot (AE). Conversely, C denotes the performance of recipient species in monoculture
conditions (CK).

4.5. Statistical Analyses

This study tried to ascertain the significance of RNE and IR among target plant species
and the significance of plant growth of target plant species among five treatments (AE, RC,
AE + RC, No AE or RC, AC added). ANOVA is used for significance, and the LSD is used
for grouping when data show significant differences among treatments. All experimental
data are reported as the mean =+ standard error (SE). A significance level of « = 0.05 was
adopted for all analytical determinations. Statistical analyses were performed using R
statistical software version 3.6.1 (R Project for Statistical Computing, Auckland, NZ). All
the graphs were generated with ggplot2.

5. Conclusions

Overall, our findings indicate that the type and intensity of plant interference sig-
nificantly vary among different species. The growth of L. chinensis, C. squarrosa, and P.
acaulis is primarily affected by resource competition, allelopathy, and the combined effect
of allelopathy and resource competition from A. frigida, respectively. The inhibitory effect
of A. frigida on L. chinensis and C. squarrosa, coupled with its promotional effect on P. acaulis,
could partially elucidate the community succession observed at the study site in relation to
grazing gradients. Both inhibitory and facilitation models make a substantial contribution
to the process of community succession. Our results may aid in distinguishing the mecha-
nisms involved in plant interference and community succession within grassland under
long-term grazing. Future work should focus on mutual interference among L. chinensis,
C. squarrosa, and P. acaulis in plant interactions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants13233286/s1, Table S1: Soil description of the study site
used for pot experiment.
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Abstract: Chemical weed control is a significant agricultural concern, and reliance on a
limited range of herbicide action modes has increased resistant weed species, many of
which use C4 metabolism. As a result, the identification of novel herbicidal agents with
low toxicity targeting C4 plants becomes imperative. An assessment was conducted on
the impact of 3-cyanobenzoic acid on the growth and photosynthetic processes of maize
(Zea mays), a representative C4 plant, cultivated hydroponically over 14 days. The results
showed a significant reduction in plant growth and notable disruptions in gas exchange
and chlorophyll a fluorescence due to the application of 3-cyanobenzoic acid, indicat-
ing compromised photosynthetic activity. Parameters such as the chlorophyll index, net
assimilation (A), stomatal conductance (gs), intercellular CO; concentration (C;), maxi-
mum effective photochemical efficiency (F,/ /F), photochemical quenching coefficient
(gp), quantum yield of photosystem II photochemistry (¢ppgyr), and electron transport rate
through PSII (ETR) all decreased. The A/PAR curve revealed reductions in the maximum
net assimilation rate (Amax) and apparent quantum yield (¢), alongside an increased light
compensation point (LCP). Moreover, 3-cyanobenzoic acid significantly decreased the car-
boxylation rates of RuBisCo (Vcmax) and PEPCase (Vpmax), electron transport rate (J), and
mesophilic conductance (gm). Overall, 3-cyanobenzoic acid induced substantial changes
in plant growth, carboxylative processes, and photochemical activities. The treated plants
also exhibited heightened susceptibility to intense light conditions, indicating a significant
and potentially adverse impact on their physiological functions. These findings suggest
that 3-cyanobenzoic acid or its analogs could be promising for future research targeting
photosynthesis.

Keywords: chlorophyll a fluorescence; enzyme inhibitor; gas exchange; phenolics;
phytotoxicity; pyruvate O-phosphate dikinase; weeds

1. Introduction

C4 plants, such as maize (Zea mays), sugarcane (Saccharum officinarum), millet (Pennise-
tum glaucumy), and sorghum (Sorghum bicolor), have evolved highly specialized photosyn-
thetic pathways that enable them the competitive ability to capture and use atmospheric
COs. This efficiency is facilitated by the actions mesophyll and bundle sheath cells working
in the C4 carbon concentration mechanism [1]. More specifically, the assimilation and
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reduction of CO; occur in two distinct steps, implemented by different enzymes. Initially,
CO;, is assimilated in the cytoplasm of mesophyll cells, where it is converted into bicar-
bonate, then incorporated into phosphoenolpyruvate to form oxaloacetate by the action
of phosphoenolpyruvate carboxylase (PEPCase). The oxaloacetate is then converted into
malate or aspartate, which are transported to the bundle sheath cells. In these cells, malate
or aspartate is decarboxylated, releasing CO,, which is in turn captured by RuBisCo for
further assimilation [1]. Because the high-CO, environment, the carboxylative activity of
RuBisCo increases and reduces oxygen interference, minimizing photorespiration [2,3]. As
a result, C4 plants grow faster and accumulate more biomass, especially in areas with high
temperature and high light. The ability of C4 plants to concentrate CO, provides them
with a significant advantage in challenging climates, making them essential for food, feed,
and also bioenergy production [4]. In addition, C4 plants contribute to about 18% of global
plant productivity, highlighting their essential role in both ecosystems and agriculture [5].

Agroecosystems, much like any other ecosystem, are greatly influenced by their sur-
rounding environment and climate, which in turn impacts the various living organisms
within them. Since the primary goal of an agroecosystem is to meet specific human needs,
not all organisms within it are desirable. For instance, pests, diseases, and weeds are
typically unwelcome. Weeds are common in all agricultural settings and can significantly
reduce both productivity and crop quality. Climate change, with higher CO, levels, ris-
ing temperatures, and changing rainfall patterns, directly impacts agriculture, favoring
the growth of competitive C4 weeds [6]. Weeds present a significant challenge due to
their rapid growth, the ability to absorb resources, and the interception of sunlight, all
of which can disrupt the agroecosystem. To address these challenges, integrated weed
management strategies—such as crop rotation, selective herbicide use, and other agronomic
practices—are essential [7,8].

Herbicides are a primary tool for weed control, but their repeated use often leads
to the emergence of resistant weed biotypes. These resilient weeds not only survive
but thrive, dominating plant populations and creating new challenges. Atrazine, a pre-
emergent herbicide widely used in maize cultivation, exemplifies this challenge. It inhibits
photosystem II, disrupting photosynthesis after being absorbed primarily by plant roots [9].
However, its extensive use has raised significant concerns due to its persistence in the
environment, leaching into groundwater and surface water, and its long half-life. These
characteristics, combined with evidence of adverse health effects, including carcinogenicity
and endocrine disruption, led to its ban in the European Union [10]. Despite this, atrazine
remains one of the most commonly used herbicides in countries like Brazil [11]. The
environmental and health concerns associated with herbicides such as atrazine, coupled
with the rise of resistant weed biotypes, emphasize the urgent need for novel herbicides
with unique mechanisms of action [12]. These alternatives must balance efficacy and
environmental safety to ensure sustainable weed management practices. Currently, there
are 533 documented cases of herbicide-resistant weeds worldwide, involving 273 species
(156 dicots and 117 monocots). These resistant weeds have evolved to survive against 21 out
of 31 known herbicide sites of action and 168 different herbicides, impacting 101 crops
in 72 countries. Some species have developed resistance to up to seven herbicide sites
of action, highlighting the significant challenge posed by resistant weeds in the Poaceae
family, which contains 92 resistant species—double that of the second most affected family,
Asteraceae [9]. Many of the most problematic weed species are C4 plants [13], with 14 of
the 18 most noxious species belonging to this group [14]. The continuous rise of herbicide-
resistant weeds, coupled with the lack of new herbicides with novel modes of action since
1980 [12], highlights the pressing need for more effective, selective, and environmentally
friendly herbicide solutions.
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Our research team is dedicated to identifying and evaluating novel herbicides with
innovative modes of action. We utilize a combination of in silico, in vitro, and in vivo
approaches to assess the effectiveness of enzyme inhibitors with potential herbicidal
activity [15,16]. Targeting enzymes essential for C4 photosynthesis, such as pyruvate
O-phosphate dikinase (PPDK), could be one promising strategy to develop herbicides [17,18].
Inhibiting PPDK, a crucial enzyme in mesophyll cells, has been shown to reduce pho-
tosynthetic activity, potentially providing a method for controlling C4 weeds [19-21].
Enzymatic inhibitors, which downregulate target enzymes, play a critical role in controlling
plant metabolism. Because PPDK is essential for C4 plants to assimilate CO, through
photosynthesis, we evaluate selective inhibitors of this enzyme as potential candidates
for new herbicides. We have already tested a few compounds, selected from a virtual
library and anchored to the PPDK active site of Digitaria sanguinalis, to develop specific
PPDK inhibitors. Using virtual screening and drug repositioning approaches, we found
five promising chemicals (bromoacetic, bromopyruvic, 2-bromobutyric, 2-bromopropionic,
and 3-cyanobenzoic acids) as potential PPDK inhibitors. Among these, bromoacetic acid
showed a dose-dependent inhibition of PPDK activity in maize, significantly affecting gas
exchange and reducing the photosynthetic rate [22]. These findings laid the groundwork
for further exploration of PPDK inhibitors. More recently, we found that 3-cyanobenzoic
acid not only inhibited maize seedling growth but also triggered oxidative stress, increasing
reactive oxygen species (ROS) production [23]. Despite the lack of literature on this specific
molecule, 3-cyanobenzoic acid is a simple phenolic compound, part of a class of molecules
derived from benzoic and cinnamic acids, which are known for their extensive biological
activities [24]. These include allelopathic interactions between plants, where these simple
phenols can affect growth by disrupting electrical conductivity in membranes, hormonal
balance, and stomatal closure, and have been shown to impact structural components
of mitochondria and chloroplasts as primary targets [24]. Notably, this compound can
also be synthesized by bacteria, presenting a promising opportunity for its bio-sourced
production, which could enhance its sustainability and commercial viability [25]. Further-
more, 3-cyanobenzoic acid is like certain O-group herbicides, such as chloramben, dicamba,
naptalam, and dimethyl-2,3,5,6-tetrachloroterephthalate, which are herbicides known for
mimicking auxin and inhibiting microtubule assembly [9,26].

Based on our earlier findings, we hypothesized that the adverse impacts of 3-cyanobenzoic
acid extend beyond root damage and that this compound could potentially serve as a tar-
geted herbicide for C4 plants. Thus, this study aimed to evaluate the phytotoxic effects of
3-cyanobenzoic acid on maize (Zea mays), focusing on its impact on growth, photosynthetic
processes, and biochemical parameters. Maize was selected as a model plant due to its
C4 metabolism and ease of cultivation. To evaluate enzyme activity and photochemical
efficiency, we measured intercellular CO; concentration (Cj) and constructed irradiance
light curves. Chlorophyll a fluorescence emission, a noninvasive and quantitative method,
was used to monitor changes in photosynthetic processes. From the fluorescence data,
we calculated key parameters such as photochemical yield, electron transport ability, and
energy dissipation. We also generated OJIP curves and conducted the JIP fluorescence
test to analyze energy flow through reaction centers and photosystems, providing a com-
prehensive assessment of the compound’s effects on plant photosynthetic performance.
By assessing these effects, we aim to explore the potential of 3-cyanobenzoic acid as a
candidate herbicide targeting C4 plants.

2. Materials and Methods

The maize (Zea mays L. cv. IPR-164) seeds were cleaned by soaking in a 2% sodium
hypochlorite for three minutes, followed by thorough rinsing with deionized water to
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ensure cleanliness. The seeds were then evenly spread on pre-moistened germination
paper (Germitest® CEL-060, Netlab, Sao Paulo, Brazil) and covered with another sheet,
rolled up, and kept in the dark at 25 °C for three days to promote germination. Germinated
seedlings with radicle lengths between 5 and 6 cm were randomly selected and grouped
into sets of 12, then transferred to hydroponic systems. These seedlings were placed in
Styrofoam trays and placed in glass containers filled with 200 mL of !/, strength nutrient
solution at pH 6.0 [27], which contained either 0 (control), 0.5, or 1.0 mM of 3-cyanobenzoic
acid (Sigma—Aldrich, St. Louis, MO, USA). The seedlings were grown under controlled
conditions with a 12 h light/12 h dark photoperiod at 25 °C and an irradiance of 300 pmol
photons m~2 s~ 1. The nutrient solution was replaced every other day to maintain optimal
growth conditions. On the 14th day (V2 stage) entire plants were carefully harvested for
biometric measurements, while the second fully expanded leaf was sampled for further
biochemical and physiological analyses.

2.1. Biometric Measurements

Plant height was determined by measuring the distance from the point of seed at-
tachment to the culm up to the base of the last fully developed leaf and the main root.
Stem diameter was precisely measured at the first internode using a digital caliper. Fresh
biomass of shoots and roots was assessed through gravimetric analysis. Leaf area estima-
tion was performed using the Easy Leaf Area Free 1.02 software for mobile devices [28].
These measurements ensured consistency and accuracy, with a total of 18 plants evaluated
per treatment.

2.2. SPAD Index, Chlorophyll a Fluorescence, and Gas Exchange

Chlorophyll content was measured using a SPAD-502 m (Konica Minolta®, Ramsey,
NJ, USA). Chlorophyll a fluorescence parameters were assessed with a pulse-amplitude
modulated fluorometer (PAM) integrated into an LI-6800 portable photosynthesis system
(Li—Cor®, Lincoln, NE, USA). Measurements were conducted in the middle region of the
last fully expanded leaf, previously dark-adapted for 10 h to fully oxidize photosystem II
(PSII), ensuring optimal data accuracy [29]. Key fluorescence parameters were recorded,
including minimal fluorescence intensity (Fy), observed in the absence of light when PSII
reaction centers were fully open, and maximal fluorescence intensity (Fn), elicited under
a high-intensity multiphase flash of 8000 umol m~2 s~ when PSII centers were fully
closed. After that, the maximum photochemical efficiency (Fi, — Fy/Fr) of the plants was
calculated [30]. A total of eighteen plants were evaluated for each treatment.

Next, measurements focused on light-adapted leaf regions under controlled conditions
(irradiance of 1400 pmol m~2 s~! and CO, concentration of 400 umol mol~!) to achieve
complete photosynthetic induction. Using the PAM fluorometer and the LI-6800 infrared
gas analyzer (IRGA, Li-Cor®), fluorescence and gas exchange parameters were recorded.
Variables such as net assimilation (A), stomatal conductance (gs), maximum quantum
yield of PSII photochemistry (F,,/F,), effective quantum yield of PSII photochemistry
(dpsi), electron transport rate (ETR), photochemical quenching coefficient (qp), and non-
photochemical quenching (NPQ) were recorded. The measurements were performed at 27
°C; relative humidity of 60%; air flow of 700 umol~!; CO, concentration of 400 pumol~?;
photosynthetically active radiation (PAR) of 1400 umol m~2 s~!; and multiphase saturating
light flash of 8000 pmol m~2 s~ 1. Values were recorded from duplicated points obtained
when constructing light curves and A/C; curves, which are explained in detail in the
following sections. The values were recorded point by point with adaptation times ranging
from 60 to 120 s after changing the parameters associated with the curve (light or CO,),
indicating the steady state of the leaf area when the instantaneous rate of change of water,

205



Plants 2025, 14, 1

CO; concentration, and chlorophyll a fluorescence was varied in the recorded values less
than one in the device sample chamber. A total of 22 plants were evaluated per treatment,
ensuring high reproducibility and reliability of the results.

2.3. Net Assimilation Curves in Response to Changes in Photosynthetically Active
Radiation (A/PAR)

Plants were light-adapted under controlled conditions (1400 pmol m~2 s~ irradiance
and a fixed CO, concentration of 400 pmol mol~! within the sample chamber) until full
photosynthetic induction was achieved. Other environmental parameters were maintained as
previously described to ensure consistency. The net assimilation rate (A) curve was generated
by systematically recording photosynthetically active radiation (PAR) values at a series of
pre-defined intervals using the LI-6800 IRGA. Measurements at each PAR level were taken
over 60 to 120 s, allowing the plants to reach a stable photosynthetic state before data collection.
PAR levels ranged from 2000 to 0 pmol photons m~2 s~!, following a descending sequence of
2000, 1800, 1600, 1400, 1200, 1000, 800, 600, 400, 200, 175, 150, 125, 100, 75, 50, 25, and 0 pumol
photons m~2 s~ 1. This comprehensive range ensured an accurate representation of the light
response curve. Measurements were taken from four plants per treatment.

The resulting A/PAR curve was well-suited to the light range of 0 to 2000 pmol m~2 s~ 1,

with particular emphasis on the linear phase observed between 0 and 175 pmol m 2 s~ 1.
Key parameters derived from the curve included the maximum net assimilation rate (Amax),
apparent quantum yield (¢), light compensation point (LCP), and dark respiration rate
(Rp). These parameters were calculated using a Microsoft® Excel-based tool developed by

Lobo et al. [31], ensuring precision in data analysis and parameter estimation.

2.4. Net Assimilation Curves in Response to Changes in Intercellular CO, Concentration (A/C;)

Like the A/PAR curve measurements, acclimatization of the plants to light intensity

1

at 1400 umol m~2 s~! was ensured prior to data collection. The recording time was

standardized to capture the steady-state photosynthetic responses of the plants. During the
experiment, the light intensity was maintained at a constant PAR of 1400 umol m~2 s,
while the concentration of available CO, was systematically varied. The measurements
began at a CO, concentration of 400 pmol mol~!, progressively decreasing in steps without
reaching zero. Following this, CO; levels were increased in the sequence: 400, 200, 25,
50, 75, 100, 125, 150, 175, 200, 225, 250, 270, 300, 325, 350, 400, 400, 500, 600, 700, 800,
1000, 1200, 1400, 1600, 1800, and 2000 pmol mol~!. This method ensured comprehensive
profiling of photosynthetic responses at varying CO, concentrations. Measurements were
performed on six plants per treatment, providing robust and replicable data [2,32]. To
analyze the results, spreadsheets developed by Zhou et al. [2] were used to fit assimilation
curves based on the concentration of intercellular CO5, tailored specifically for C4 plants.
From these fitted curves, key photosynthetic parameters were derived, including the
maximum RuBisCo carboxylation rate (Vemax), maximum PEPCase carboxylation rate

(Vpmax), photosynthetic electron transport rate (J), and mesophilic conductance (gm).

2.5. Transient Responses of the Chlorophyll a Fluorescence (O]IP Curve) and Derived Parameters
(JIP Test) Parte Superior do Formuldrio

Fast fluorescence kinetics were measured using the inductive flash feature of the LI-6800
IRGA PAM fluorometer (Li—Cor®, Lincoln, NE, USA) in plants that had been dark-adapted
for 10 h to ensure fully open PSII reaction centers. Fluorescence emissions were recorded at
millisecond intervals for one second, capturing the rapid changes associated with the OJIP
transient. Data from 18 plants per treatment were collected to produce OJIP curves, with time
converted to a logarithmic scale, showcasing different stages between O (Fy) and P (Fy;) phases.
The photochemical phase (O-]) reflects the reduction of the primary quinone acceptor (Qa), while
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the thermal phase (J-1) corresponds to electron transfer between Qp and the secondary quinone
acceptor (Qp). The I-P phase represents fluorescence emissions driven by the pool of oxidized
plastoquinone molecules [33-35]. This detailed division of phases enables a comprehensive
understanding of electron transport dynamics within the photosynthetic apparatus.

Fluorescence data were analyzed using the JIP test, which translates the OJIP curves
into specific energy fluxes and parameters indicative of photosynthetic efficiency. Key energy
fluxes included absorption per reaction center (ABS/RC), trapped energy per reaction center
(TRo/RC), electron transport flux per reaction center (ETy/RC), dissipated energy per reaction
center (DIy/RC), and the density of active PSII reaction centers per cross-section (RC/CS).
These metrics provided insights into energy dynamics and the operational efficiency of PSIL.
The maximum quantum yield of primary photochemistry (TRy/ABS), quantum yield for
electron transport from Q to Qp (ETy/ABS), and the probability that a trapped exciton moves
an electron into the electron transport chain beyond Qa = (ETy/TRg) were also assessed. Two
critical performance indices, PIags and Pltorar, were derived. PIpgs quantifies the conserva-
tion of absorbed energy from PSII up to Qp reduction, while Pltorar is an indicator of the
conservation of energy absorbed by the PSII until the decline in the final PSI acceptors) [33-35].
Together, these indices provide an integrated evaluation of the energy conservation ability
within the photosynthetic electron transport chain, offering a robust framework for assessing
plant photosynthetic performance under varying treatments.

2.6. Statistical Analysis

The experimental design used was completely randomized, and the data were submitted
to one-way analysis of variance (ANOVA). Significant differences were then compared using
Dunnett’s test at both 5% and 1% levels of significance. Data from the A/PAR and A/C;
curves were adjusted using Microsoft® Excel spreadsheet provided by Lobo et al. [31] and Zhou
et al. [2]. Furthermore, parameters derived from the JIP test were calculated using data from
the chlorophyll a transient curve, normalized, and subjected to the same tests. All statistical
analyses were performed using GraphPad Prism® program, version 8 (La Jolla, CA, USA).

3. Results
3.1. Effects on Biometric Measurements

Treatment with 3-cyanobenzoic acid significantly inhibited maize growth (Table 1). At
1.0 mM, plant height decreased by 20.3%. The leaf area was reduced by 21.4% at 0.5 mM
and by 42% at 1.0 mM, while the culm diameter decreased by 26.5% at 0.5 mM and 34.9%
at 1.0 mM. Shoot fresh biomass saw a 45.9% decrease at 1.0 mM compared to the control.
Root length also showed significant reductions, with a 45.5% decrease at 0.5 mM and a
striking 65.7% decrease at 1.0 mM. Moreover, fresh root biomass decreased by 62.9% at
1.0 mM. These decreases are illustrated in Figure 1. These substantial decreases underscore
the significant impact of 3-cyanobenzoic acid on various growth parameters of maize.

Table 1. Effects of 3-cyanobenzoic acid on maize plant growth during a 14-day hydroponic cultiva-
tion period.

3-Cyanobenzoic Acid (mM)

0 0.5 1.0
Plant height (cm) 9.51 +0.27 8.77 £ 0.26 7.57 £0.20 **
Shoot fresh weight (g) 1.11 +0.12 0.88 £ 0.06 0.60 £ 0.05 **
Leaf area (cm?) 38.0 & 2.84 299+ 1.71* 22.0 £1.38 **
Culm diameter (cm) 3.34 +0.19 2.46 +0.08 ** 2.17 £ 0.08 **
Root length (cm) 28.7 £1.77 15.4 +0.81 ** 9.84 £+ 0.47 **
Root fresh weight (g) 0.33 +0.04 0.25 £+ 0.02 0.12 +0.01 **

Means values (n = 18 £ SEM) significantly different from the control are marked with * p < 0.05, ** p < 0.01,
according to Dunnett’s test.
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Figure 1. Hydroponically grown maize plants treated with 3-cyanobenzoic acid for 14 days: 0 mM
(A), 0.5 mM (B), and 1.0 mM (C). Scale bars represent 10 cm.

3.2. Effects on SPAD Index, Chlorophyll a Fluorescence and Gas Exchange

Maize plants grown with 3-cyanobenzoic acid for 14 d exhibited mild chlorosis. The
total chlorophyll content, as indicated by the SPAD index in the second fully expanded leaf,
decreased by 19.3% at 1.0 mM (Figure 2A). Fy /F, values remained unchanged (Figure 2B).
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Figure 2. Effects of 3-cyanobenzoic acid on hydroponically grown maize plants for 14 days. Parame-
ters measured include (A) chlorophyll content (SPAD index), (B) maximum quantum efficiency of
PSII photochemistry (Fy /Fm), (C) net assimilation (A), (D) stomatal conductance (gs), (E) intercellular
CO; concentration (C;), (F) maximum efficiency of PSII (F, /F), (G) non-photochemical quench-
ing (NPQ), and (H) photochemical quenching (qp). Means values (n = 16-22 4+ SEM) significantly
different from the control are marked with * p < 0.05, ** p < 0.01, according to Dunnett’s test.
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Under full photosynthetic conditions (1400 pmol m 2 s~ ! irradiance and 400 pmol mol ~*
COy,), several key parameters were significantly reduced compared to the controls. The
A (Figure 2C) decreased by 23% to 0.5 mM and 56.7% to 1.0 mM. Similarly, gs showed a
marked reduction, decreasing by 32.8% at 0.5 mM and 68.2% at 1.0 mM (Figure 2D). The G
also decreased by 21.4% at 0.5 mM and 44% at 1.0 mM (Figure 2E). In addition, the F,, /F,
decreased by 24.8% at 1.0 mM (Figure 2F). While NPQ (Figure 2G) remained stable, qp
(Figure 2H) decreased by 10.9% at 0.5 mM and 39.3% at 1.0 mM.

The ¢pgyr (Figure 3A) and ETR (Figure 3B) decreased by 15.3% (at 0.5 mM) and 51.4%

(at 1.0 mM).
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Figure 3. Effects of 3-cyanobenzoic acid on hydroponically grown maize plants for 14 days on
quantum yield of photosystem II photochemistry (¢psy) (A) and electron transport rate through
PSII (ETR) (B). Means (n = 22 + SEM) marked with * or ** are statistically different from the control
according to Dunnett’s test at 5% and 1% significance levels, respectively.

3.3. Effects on A/PAR Curve and Derived Parameters

Significant changes were seen in the A versus PAR (Figure 4). At 0.5 mM, A levels were
already lower than those of the control. At 1.0 mM, the decline in A was more pronounced
at higher PAR levels and in the slope of the first linear phase.
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The Amax decreased by a striking 82% at 1.0 mM (Figure 5A). The ¢ decreased by 57%
at 1.0 mM (Figure 5B). Additionally, the LCP increased by 175% at 1.0 mM (Figure 5C),
while Rp remained unaffected (Figure 5D).
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Figure 5. Effects of 3-cyanobenzoic acid on hydroponically grown maize plants after 14 days, focusing
on parameters derived from the A/PAR curve: (A) net assimilation (Amax), (B) apparent quantum
yield (), (C) light compensation point (LCP), and (D) dark respiration rate (Rp). Means values
(n = 3—4 + SEM) significantly different from the control are marked with, ** p < 0.01, according to
Dunnett’s test.

3.4. Effects on A/C; Curve and Derived Parameters

To differentiate the effects of CO, diffusion through the stomata, the A versus C;
curve was analyzed to derive key parameters, including Vemax, meax, J, and gm. The
impact of 3-cyanobenzoic acid was clear at even low CO, concentrations and became more
pronounced at higher concentrations (Figure 6).
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Figure 6. Average net assimilation (A) curves in response to varying intercellular CO, concentration
(Cj) forma maize plants grown hydroponically with 3-cyanobenzoic acid for 14 days. Data are
presented as mean values (n = 4-6).
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At 1.0 mM, Vemax decreased by 32% (Figure 7A), Vpmax by 42% (Figure 7B), | by 34.8%
(Figure 7C), and gm by 28% (Figure 7D).
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Figure 7. Effects of 3-cyanobenzoic acid on maize plants grown hydroponically for 14 days, focusing
on parameters derived from the A/Cj curve: (A) maximum carboxylation rate of RuBisCo (Vcmax),
(B) maximum carboxylation rate of PEPCase (Vpmax), (C) rate of photosynthetic electron transport (J),
and (D) mesophyll conductance (gm). Means values (n = 4-6 4+ SEM) significantly different from the
control are marked with * p < 0.05, ** p < 0.01, according to Dunnett’s test.

3.5. Effects on Chlorophyll a Transient Curve and Derived Parameters

No significant changes were seen in the OJIP curve (Figure 8).
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Figure 8. Chlorophyll a fluorescence OJIP transient curves in maize plants grown hydroponically
with 3-cyanobenzoic acid for 14 days. The OJIP curve represents key fluorescence intensities: the
minimal fluorescence when all PSII reaction centers are open (O step), the intensity at 0.002 s (J step),
the intensity at 0.03 s (I step), and the maximal fluorescence when all PSII reaction centers are closed
(P step, at 0.3 s). Data are presented as means (n = 18 & SEM).

Finally, a noteworthy reduction was seen in RC/CS, which decreased by 25.8% at
0.5 mM (Figure 9).
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Figure 9. Effects of 3-cyanobenzoic acid on specific energy flux parameters in hydroponically grown
maize plants after 14 days of treatment. Parameters include: absorption flux per reaction center
(ABS/RC), energy trapping per reaction center (TRy/RC), electron transport per reaction center
(ETo/RC), energy dissipation per reaction center (DI /RC), reaction center density per cross-sectional
area (RC/CS), quantum yield of primary PSII photochemistry (TRy/ABS), efficiency with which a
trapped electron is transferred from Qp to Qp (ET¢/TRy), quantum yield of electron transport from
Qa to Qp (ETy/ABS), and performance indices (PIpgs and Plyy,)). Data are presented as means
(n = 18 & SEM). Mean value significantly different from the control is marked with * p < 0.05,
according to Dunnett’s test.

4. Discussion

Treatment with 3-cyanobenzoic acid resulted in a significant reduction in both foliar
and root growth, as well as in key photosynthetic, photochemical, and carboxylative
parameters in maize plants grown hydroponically for 14 days. These findings suggest that
the compound impairs multiple aspects of plant development and function. Further steps
aim to understand the reasons behind these declines and identify primary targets.

Our earlier study demonstrated significant damage to root growth and development in
maize seedlings exposed to 3-cyanobenzoic acid for four days. This included reduced root
length and biomass, a decrease in secondary roots, increased root respiration, heightened
antioxidant activity, and elevated ROS production. While the mitochondrial respiratory
chain was not directly affected, the observed damage was linked to membrane destabiliza-
tion, deficiencies in nutrient and water absorption, and hormonal imbalances [23]. These
effects are consistent with those observed in other plants exposed to monophenols, such as
cinnamic and benzoic acids. Upon absorption, these acids undergo deprotonation, leading
to the dissipation of the proton gradient and membrane depolarization. This cascade of
events triggers an increase in ROS production and antioxidant activity, disrupting ion trans-
port, nutrient absorption, and water balance [24,36-38]. Additionally, these disturbances
extend to hormonal imbalances, stomatal closure, reduced chlorophyll content, diminished
RuBisCo activity, and damage to photosynthetic reaction centers and electron transport
chains [24].

Maize plants grown for 14 days exhibited damage like that observed in seedlings [23],
suggesting an acclimatization response to unfavorable conditions. However, it is essential
to determine whether the observed effects are solely due to continuous root damage or
if there are also direct impacts on the aerial parts of the plant, including photosynthe-
sis. Regardless of light intensity or CO, supply, a clear reduction in net photosynthesis
was observed. The negative correlation between compound concentration and photosyn-
thetic performance—reflecting a trade-off between defense mechanisms and growth—is
expected [39,40]. Consequently, the decrease in photosynthesis cannot be attributed solely
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to energy partitioning. A more comprehensive understanding of the underlying mecha-
nisms requires the identification and integration of additional relevant parameters.
Various simple phenolics have been shown to impact photosynthetic parameters, with
stomatal closure being one of the most common effects [37,41-43]. Typically, an increase in
C; is accompanied by a reduction in gs, signaling a decrease in the efficiency of carboxylation
cycles. This has been demonstrated in soybean plants exposed to L-DOPA [44] and in
poplar seedlings exposed to a phenolic mixture [43]. However, alternative patterns can
also emerge. In cases of photosynthesis limitation due to stomatal closure, a decrease in
gs is often paired with a reduction in C; [24]. Similar findings were observed in cucumber
treated with cinnamic and benzoic acid derivatives [41]. As evidenced in the present
study, this pattern suggests that the damage to diffusion processes is more severe than the
impairment of the carboxylative systems (such as the C4 cycle, Hatch—Slack pathway, and
C3 Calvin-Benson cycle). This observation, per se, provides a strong rationale for the noted
decrease in Cj, emphasizing the greater impact on stomatal function and CO, diffusion.
Stomatal closure likely explains much of the observed reductions in photosynthetic
parameters. By limiting CO, availability within the leaf, this closure, combined with a
decrease in g, results in a substrate shortage for key enzymes such as PEPCase (Vpmax)
and RuBisCo (Vemax). This shortage compromises their carboxylative activities, which ac-
counts for the observed declines in photosynthetic efficiency. Alternatively, 3-cyanobenzoic
acid may have exerted a direct inhibitory effect on these enzymes. For instance, Gao
et al. [38] showed that salicylic acid reduced RuBisCo activity and disrupted photochem-
ical structures in Chlamydomonas reinhardtii. Similarly, Huang and Bie [45] reported that
cinnamic acid decreased RuBisCo activity in Vigna unguiculata without affecting C; or ¢pgyy,
suggesting that direct enzyme inhibition could be a contributing factor in the present study.
Maize, a C4 plant, benefits from an efficient CO, concentration mechanism that
provides a distinct advantage over C3 plants. This mechanism is driven by PEPCase,
which has a higher carboxylation rate than RuBisCo, enabling more effective CO, fixation [1-
3]. However, the observed decline in Vpmax was more pronounced than the reduction
in Vemax, suggesting a compromised CO, concentration mechanism. This impairment
is further worsened by the lack of ribulose-1,5-bisphosphate (RuBP), the substrate for
RuBisCo, which weakens the carboxylation process. The decreased plateau in the A/C;
curve shows a limitation in RuBP regeneration, a critical process for maintaining efficient
photosynthesis [2,46,47]. RuBP regeneration relies heavily on ATP and NADPH, which
are generated through the electron transport chain, as evidenced by the reduced ETR and
the decrease in J. These findings underscore the impact of 3-cyanobenzoic acid on maize’s
photosynthetic machinery, particularly on its ability to regenerate RuBP and sustain efficient
carbon fixation. Although our results indicate significant disruptions in photosynthetic
parameters, it is important to acknowledge that concluding 3-cyanobenzoic acid directly
targets key photosynthetic pathways at this stage may be premature. The observed effects
on photosynthesis, such as reductions in ETR, Vemax, Vpmax, and chlorophyll content, could
also be indirect consequences of oxidative stress, which is known to impair photosynthetic
machinery through ROS accumulation and membrane destabilization. To confirm whether
the primary target of 3-cyanobenzoic acid is within photosynthetic pathways, further
studies are required. A combination of omics approaches, such as transcriptomics and
proteomics, would allow us to identify changes in the expression and abundance of proteins
involved in photosynthesis and oxidative stress responses [48]. For example, decreased
levels of PPDK, RuBisCo, or other Calvin cycle enzymes could point to direct inhibition.
Additionally, metabolomics could reveal disruptions in ATP and NADPH production, as
well as in the pools of photosynthetic intermediates. Complementary in silico molecular
docking studies could help predict the binding affinity of 3-cyanobenzoic acid to target
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enzymes, such as RuBisCo, PPDK, or components of the electron transport chain. Such
simulations would provide insights into the likelihood of direct enzymatic inhibition.
Moreover, targeted enzymatic assays would be essential to confirm the direct inhibition
of photosynthetic enzymes, distinguishing them from generalized oxidative stress effects.
These combined approaches would clarify the mode of action of 3-cyanobenzoic acid and
determine whether it is a direct or indirect disruptor of photosynthesis.

Photosynthesis involves the capture of light energy and its conversion into chemical
energy, processes that are reflected in key parameters such as qp, F,//F,,;/, dpsy;, and ETR.
The observed changes in these parameters show a significant reduction in ATP and NADPH
production, suggesting an energy deficit that hampers the plant’s ability to conduct essential
metabolic functions. Additionally, the insufficient dissipation of energy impacts the NPQ
mechanism, leading to lower ROS production in leaves compared to roots [23]. Several
phenolic compounds, including O-methoxybenzoic, benzoic, usnic, salicylic, cinnamic,
syringic, and phthalic acids, are known to interfere with antenna complexes, disrupting
the function of reaction centers and blocking electron transport between Qa and Qg.
These disruptions reduce photochemical efficiency and increase heat dissipation, as shown
in earlier studies [24,38,42,43]. Similarly, photochemical quenching parameters change
similarly to A in plants under growth stress, where ATP and NADPH consumption are
critical. Variations in carboxylation efficiency, CO, availability, or carbohydrate export from
cells can further influence this consumption, highlighting the complex interdependencies
within the photosynthetic process [49].

To evaluate potential structural damage to the photochemical process, chlorophyll a
fluorescence is measured in the dark, when the carboxylation cycle is inactive. Key parame-
ters such as F, /Fy,, SPAD index, OJIP curve, and JIP test are critical for this assessment.
Fy /Fm reflects the maximum efficiency of photosystem II, indicating the proportion of open
reaction centers. The lack of change in Fy /Fy, suggests that there was no severe damage to
photochemical structures, as the parameter remains stable even with reduced chlorophyll
content [29,38]. However, while the unaltered F /Fn, indicates that 3-cyanobenzoic acid
did not severely damage the photochemical machinery, the observed decrease in reaction
centers per cross-section (RC/CS) and total chlorophyll levels suggests that some degree of
damage may have occurred, potentially affecting overall photosynthetic efficiency.

In their study on the effects of various phenolic compounds on the photosynthesis
of C. reinhardtii, Gao et al. [38] found that while benzoic acid did not affect F /Fy,, it
significantly altered chlorophyll and carotenoid levels, as well as the OJIP curve and JIP-
test parameters. Specifically, benzoic acid reduced the RC/CS ratio, like 3-cyanobenzoic
acid, and affected PIzps, an important indicator of PSII photoinhibition under abiotic stress,
while also enhancing the ] phase in the OJIP curve. These changes closely resemble those
caused by DCMU, a PSII inhibitor that disrupts electron transport between plastoquinones,
thereby reducing PSII quantum efficiency by disconnecting smaller antenna molecules
and blocking electron flow beyond Q4. Based on these observations, it is likely that 3-
cyanobenzoic acid induces photochemical damage to PSII reaction centers by interfering
with antenna molecules, leading to a reduction in chlorophyll content. This decrease in
chlorophyll is a primary effect of phenolic compounds on photosynthesis, likely due to
either decreased biosynthesis or increased degradation of chlorophyll [24]. Additionally,
carotenoids, which function as accessory pigments in antenna complexes, may also be
reduced because of hormonal imbalances, potentially linked to an increase in abscisic acid,
a carotenoid-derived hormone [50].

The effects of 3-cyanobenzoic acid on maize seedling roots suggest a disruption in
hormonal balance [23]. Abscisic acid (ABA) is known to induce stomatal closure [40,51],
but certain phenolic compounds, such as hydroxybenzoic and hydroxycinnamic acids, can
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counteract this effect. Similarly, 3-cyanobenzoic acid, like 3-hydroxybenzoic acid, exhibits
diverse and complex impacts on plant physiology [24,52]. Monosubstituted benzoic acids,
like 3-cyanobenzoic acid, can inhibit ethylene synthesis at high concentrations, while
some monophenols stimulate auxin degradation [24]. Given these effects, it is plausible to
hypothesize that 3-cyanobenzoic acid may contribute to root damage and hinder maize
growth and photosynthesis. This could be linked to elevated ABA levels relative to
other hormones, which may lead to reduced stomatal conductance and altered carotenoid
synthesis. Such changes in hormonal regulation could help explain the observed damage
to reaction centers, further impairing the plant’s ability to efficiently capture light and
perform photosynthesis.

Lastly, the LCP, which is the minimum irradiance needed to sustain basal metabolism,
showed the most significant change [34]. The increase in LCP can be attributed to a
combination of reduced carbon assimilation, impaired quantum efficiency, and elevated
root respiration [23]. Despite the challenges imposed by 3-cyanobenzoic acid, maize plants
exhibited a degree of adaptability, adjusting their metabolic processes to cope with the
altered growth conditions. However, in environments with insufficient light, maize plants
remain vulnerable, as they are unable to meet the high demands of basal metabolism. At
high irradiance, NPQ would likely be inadequate to prevent the formation of ROS in the
aerial parts of the maize plants, further exacerbating the stress.

Future research on 3-cyanobenzoic acid should prioritize elucidating its biochemical
targets, particularly PPDK, through comprehensive enzymatic assays, and determining
its selectivity between C4 weeds and C3 crops. Field trials are essential to assess its effi-
cacy, stability, and interactions within the environment, including its soil adsorption and
bioavailability. Exploring chemical modifications could improve both its potency and safety
profile, while in-depth toxicity evaluations and advanced formulation strategies will be
critical for optimizing its use as a preemergence herbicide. Despite its promising potential,
several challenges remain, including environmental persistence, high development costs,
stringent regulatory hurdles, and the risk of resistance development. A strategic, multi-
disciplinary approach is vital to addressing these challenges effectively. These factors will
play a crucial role in shaping future studies and advancing the compound’s development
toward practical application.

5. Conclusions

The presence of 3-cyanobenzoic acid significantly hampers maize growth by disrupt-
ing photosynthetic, photochemical, and carboxylative processes. The primary driver of
reduced photosynthesis is root damage, which diminishes both stomatal and mesophyll
conductance, thereby limiting CO, availability for RuBisCo and PEPCase activity. This
disruption in CO, assimilation is compounded by damage to the antenna complexes and
reaction centers of photosystem II, likely caused by reduced chlorophyll content and a
possible diversion of carotenoids for ABA synthesis, which triggers stomatal closure. While
maize plants exhibit some resilience to 3-cyanobenzoic acid, their vulnerability becomes
evident under low-light conditions due to the high metabolic costs associated with main-
taining basic physiological functions. Under high light conditions, the inadequacy of
the photosynthetic machinery leads to increased oxidative stress, further exacerbating
growth limitations. These findings highlight the potential of 3-cyanobenzoic acid and its
derivatives as herbicide candidates, targeting key photosynthetic pathways. By leveraging
advanced screening technologies and analyzing plant-specific responses, such as those
observed in maize, we can develop selective and environmentally sustainable herbicides.
Evaluating the phytotoxicity of potential plant protection products is essential to ensuring
their effectiveness against target weeds while minimizing adverse effects on non-target
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species and ecosystems. These assessments provide valuable insights into the compounds’
mechanisms of action, selectivity, and safety, facilitating the development of effective and
sustainable agricultural solutions.
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Abbreviations

The following abbreviations are used in this manuscript:
A net assimilation
ABS/RC  absorption flux per reaction center at t = 0 or a measure for an average antenna size

Amax net assimilation rate

G intercellular CO, concentration

DI, /RC energy dissipation per reaction center
E transpiration rate

ETR electron transport rate through PSII

ETy/ABS quantum yield for electron transport (at t = 0) from Qy to Qp
ETy/RC  electron transport flux per reaction center at t = 0
ETy/TRy  probality (at t = 0) of a trapped exciton transfer an electron beyond QA ~ into the ETR

Foy minimal fluorescence intensity when all the reaction centers of PSII are open
Fm maximum fluorescence intensity when all reaction centers of PSII are closed
F, variable fluorescence

Fyv/Fm maximum quantum yield of PSII photochemistry

Fy /F maximum quantum yield of PSII photochemistry in light

gm mesophilic conductance

gs stomatal conductance

] photosynthetic electron transport rate

LCP light compensation point

NPQ non-photochemical quenching

oJr chlorophyll a fluorescence transient with O-J-I-P phases

PAR photosynthetically active radiation

PEPCase  phosphoenolpyruvate carboxylase

Plags indicator of the conservation of energy absorbed by PSII until the decrease of the Qg
PltoraL indicator of energy conservation in PSII up to the reduction of final PSI acceptors.
PPDK pyruvate O-phosphate dikinase

Qa primary quinone acceptor of PSII

Qp secondary quinone acceptor of PSII

qr photochemical quenching coefficient

RC/CS amount of active PSII reaction centers per cross-section
Rp dark respiration rate

RuBisCo  ribulose-1,5-bisphosphate carboxylase/oxygenase
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TRy/ABS maximum quantum yield of primary photochemistry at t = 0
TRy/ABS  quantum efficiency of primary PSII photochemistry
TRy/RC  trapped energy flux per reaction center at t = 0

V cmax maximum RuBisCo carboxylation rate

Vpmax maximum PEPCase carboxylation rate

¢ apparent quantum yield

$psi effective quantum yield of PSII photochemistry

References

1. Wasilewska-Debowska, W.; Zienkiewicz, M.; Drozak, A. How Light Reactions of Photosynthesis in C4 Plants Are Optimized and
Protected under High Light Conditions. Int. |. Mol. Sci. 2022, 23, 3626. [CrossRef] [PubMed]

2. Zhou, H.; Akgay, E.; Helliker, B.R. Estimating C4 photosynthesis parameters by fitting intensive A/Ci curves. Photosynth. Res.
2019, 141, 181-194. [CrossRef]| [PubMed]

3.  Alvarez, C.E,; Maurino, V.G. Adaptive diversity in structure and function of C4 photosynthetic components. Biochem. Soc. Trans.
2023, 51, 1157-1168. [CrossRef] [PubMed ]

4. Aggarwal, P.R.; Muthamilarasan, M.; Choudhary, P. Millet as a promising C4 model crop for sustainable biofuel production.
J. Biotechnol. 2024, 395, 110-121. [CrossRef]

5. Talukder, P; Sinha, B.; Biswas, S.; Ghosh, A.; Banerjee, A.; Paul, S. A study on the prospect of converting C3 plants into C4 plants.
Biocatal. Agric. Biotechnol. 2024, 58, 103191. [CrossRef]

6. Roy, D.; Ghosh, S.; Datta, D.; Sreekanth, D.; Pawar, D.; Mukherjee, PK.; Ghosh, D.; Santra, S.C.; Moulick, D. Climate Resilient
Weed Management for Crop Production. In Climate—Resilient Agriculture; Hasanuzzaman, M., Ed.; Springer Nature: Cham,
Switzerland, 2023; Volume 2, pp. 125-156. [CrossRef]

7. Perotti, V.E.; Larran, A.S.; Palmieri, V.E.; Martinatto, A K.; Permingeat, H.R. Herbicide resistant weeds: A call to integrate
conventional agricultural practices, molecular biology knowledge and new technologies. Plant Sci. 2020, 290, 10255. [CrossRef]

8. Riechers, D.E,; Soltani, N.; Chauhan, B.S.; Concepcion, ].C.T.; Geddes, C.M.; Jugulam, M.; Kaundun, S.S.; Preston, C.; Wuerrfel, RJ.;
Sikkema, P.H. Herbicide resistance is complex: A global review of cross-resistance in weeds within herbicide groups. Weed Sci.
2024, 1-22. [CrossRef]

9.  Heap, I. International Herbicide-Resistant Weed Database. Available online: https://www.weedscience.org/Home.aspx (accessed
on 10 November 2024).

10.  Gupta, PK. Toxicity of Herbicides. In Veterinary Toxicology—DBasic and Clinical Principles, 3rd ed.; Gupta, R.C., Ed.; Academic Press:
Cambridge, MA, USA, 2018; pp. 553-567. [CrossRef]

11. Brovini, EM.; de Deus, B.C.T.; Vilas-Boas, J.A.; Quadra, G.R.; Carvalho, L.; Mendonga, R.E.; Pereira, R.d.O.; Cardoso, S.J.
Three-bestseller pesticides in Brazil: Freshwater concentrations and potential environmental risks. Sci. Total Environ. 2021,
771,144754. [CrossRef]

12.  Dayan, EE.; Duke, S.O. Discovery for New Herbicide Sites of Action by Quantification of Plant Primary Metabolite and Enzyme
Pools. Engineering 2020, 6, 509-514. [CrossRef]

13.  Elmore, C.; Paul, R. Composite List of C4 Weeds. Weed Sci. 1983, 31, 686—692. [CrossRef]

14. Rao, V.S. Principles of Weed Science, 2nd ed.; CRC Press: Boca Raton, FL, USA, 2000. [CrossRef]

15. Almeida, A.M.; Abrahao, J.; Seixas, F.A.V.; Bueno, P.S.A.; Oliveira, M.A.S.d.; Tomazini, L.F.; Constantin, R.P.; dos Santos, W.D.;
Marchiosi, R.; Ferrarese-Filho, O. Unraveling Shikimate Dehydrogenase Inhibition by 6-Nitroquinazoline-2,4-diol and Its Impact
on Soybean and Maize Growth. Agronomy 2024, 14, 930. [CrossRef]

16. Martarello, D.C.I,; Grizza, L.H.E.; Foletto-Felipe, M.d.P.; Mendonga, A.P.d.S.; Constantin, R.P.; Ferro, A.P; dos Santos, W.D.;
Constantin, R.P.; Marchiosi, R.; Ferrarese-Filho, O. S-Benzyl-L-cysteine Inhibits Growth and Photosynthesis, and Triggers
Oxidative Stress in Ipomoea grandifolia. Agronomy 2024, 14, 1633. [CrossRef]

17. Doyle, J.; Burnell, ].N.; Haines, D.S.; Llewellyn, L.E.; Motti, C.A.; Tapiolas, D.M. A Rapid Screening Method to Detect Specific
Inhibitors of Pyruvate Orthophosphate Dikinase as Leads for C4 Plant-Selective Herbicides. ]. Biomol. Screen. 2005, 10, 67-75.
[CrossRef] [PubMed]

18.  Nguyen, G.T.T,; Erlenkamp, G.; Jack, O.; Kiiberl, A.; Bott, M.; Fiorani, F; Gohlke, H.; Groth, G. Chalcone-based selective inhibitors
of a C4 plant key enzyme as novel potential herbicides. Sci. Rep. 2016, 6, 27333. [CrossRef] [PubMed]

19. Haines, D.S.; Burnell, ].N.; Doyle, J.; Llewellyn, L.E.; Motti, C.A.; Tapiolas, D.M. Translation of in vitro inhibition by marine

natural products of the C4 acid cycle enzyme pyruvate P(i) dikinase to in vivo C4 plant tissue death. J. Agric. Food Chem. 2005, 53,
3856-3862. [CrossRef]

217



Plants 2025, 14, 1

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Motti, C.A.; Bourne, D.G.; Burnell, ].N.; Doyle, J.R.; Haines, D.S.; Liptrot, C.H.; Llewellyn, L.E.; Ludke, S.; Muirhead, A.;
Tapiolas, D.M. Screening marine fungi for inhibitors of the C4 plant enzyme pyruvate phosphate dikinase: Unguinol as a potential
novel herbicide candidate. Appl. Environ. Microbiol. 2007, 73, 1921-1927. [CrossRef]

Minges, A.; Groth, G. Small-molecule inhibition of pyruvate phosphate dikinase targeting the nucleotide binding site. PLoS ONE
2017, 12, €181139. [CrossRef]

Constantin, R.P,; Melo, G.S.R.; Martarello, D.C.I.; Abrahao, J.; dos Santos, W.D.; Ferrarese-Filho, O.; Marchiosi, R. Bromoacetic
acid inhibits pyruvate orthophosphate dikinase and reduces photosynthetic activity in maize. Acta Physiol. Plant. 2021, 43, 54.
[CrossRef]

Souza, M.C.; Constantin, R.P.; Abrahao, J.; Foletto-Felipe, M.P.; Grizza, L.H.E.; Constantin, R.P.; dos Santos, W.D.; Ferrarese-
Filho, O.; Marchiosi, R. Inhibitory Effect of 3-Cyanobenzoic Acid on Initial Growth of Maize Seedlings and Its Biochemical
Impacts on Antioxidant and Energy Metabolisms. ]. Plant Growth Regul. 2024, 43, 458-472. [CrossRef]

Marchiosi, R.; dos Santos, W.D.; Constantin, R.P; Lima, R.B.; Soares, A.R.; Finger-Teixeira, A.; Mota, T.R.; Oliveira, D.M.;
Foletto-Felipe, M.P.; Abrahao, ].; et al. Biosynthesis and Metabolic Actions of Simple Phenolic Acids in Plants. Phytochem. Rev.
2020, 19, 865-906. [CrossRef]

Bengis-Garber, C.; Gutman, A.L. Bacteria in organic synthesis: Selective conversion of 1,3-dicyanobenezene into 3-cyanobenzoic
acid. Tetrahedron Lett. 1988, 29, 2589-2590. [CrossRef]

Délye, C.; Jasieniuk, M.; Le Corre, V. Deciphering the evolution of herbicide resistance in weeds. Trends Genet. 2013, 29, 649-658.
[CrossRef] [PubMed]

Dong, J.; Wu, E; Zhang, G. Influence of cadmium on antioxidant capacity and four microelement concentrations in tomato
seedlings (Lycopersicon esculentum). Chemosphere 2006, 64, 1659-1666. [CrossRef]

Easlon, H.M.; Bloom, A.J. Easy Leaf Area: Automated Digital Image Analysis for Rapid and Accurate Measurement of Leaf Area.
Appl. Plant Sci. 2014, 2, 1400033. [CrossRef]

Murchie, E.H.; Lawson, T. Chlorophyll fluorescence analysis: A guide to good practice and understanding some new applications.
J. Exp. Bot. 2013, 64, 3983-3998. [CrossRef]

Loriaux, S.D.; Avenson, T.J.; Welles, ].M.; Mcdermitt, D.K.; Eckles, R.D.; Riensche, B.; Genty, B. Closing in on maximum yield
of chlorophyll fluorescence using a single multiphase flash of sub-saturating intensity. Plant Cell Environ. 2013, 36, 1755-1770.
[CrossRef]

Lobo, F.A.; De Barros, M.P.; Dalmagro, H.J.; Dalmolin, A.C.; Pereira, W.E.; De Souza, E.C.; Vourlitis, G.L.; Rodriguez Ortiz, C.E.
Fitting net photosynthetic light-response curves with Microsoft Excel—A critical look at the models. Photosynthetica 2013, 51,
445-456. [CrossRef]

Bellasio, C.; Beerling, D.J.; Griffiths, H. An Excel tool for deriving key photosynthetic parameters from combined gas exchange
and chlorophyll fluorescence: Theory and practice: Descriptive modelling of gas exchange data. Plant Cell Environ. 2016, 39,
1180-1197. [CrossRef]

Strasser, R.J.; Srivastava, A.; Tsimilli-Michael, M. The fluorescence transient as a tool to characterize and screen photosynthetic
samples. In Probing Photosynthesis Mechanisms, Regulation and Adaptation; Yunus, M., Pathre, U., Mohanty, P., Eds.; CRC Press:
Boca Raton, FL, USA, 2000; pp. 445-483.

Avarseji, Z.; Mohassel, M.H.R.; Nezami, A.; Abbaspoor, M.; Mahallati, N. Dicamba*?, 4-D affects the shape of the Kautsky curves in
wild mustard (Sinapis arvensis). Plant Knowl. ]. 2012, 1, 41-45. Available online: https:/ /profdoc.um.ac.ir/articles/a/1032111.pdf
(accessed on 25 November 2024).

Banks, ].M. Continuous excitation chlorophyll fluorescence parameters: A review for practitioners. Tree Physiol. 2017, 37,
1128-1136. [CrossRef]

Chipley, J.R. Sodium Benzoate and Benzoic Acid. In Antimicrobials in Food; Davidson, PM., Taylor, T.M., David, J.R.D., Eds.;
CRC Press: Boca Raton, FL, USA, 2020. [CrossRef]

Zhou, Y.; Yu, J. Allelochemicals and photosynthesis. In Allelopathy; Reigosa, M., Pedrol, N., Gonzalez, L., Eds.; Springer: Dordrecht,
The Netherlands, 2006; pp. 127-139. [CrossRef]

Gao, Y; Liu, W.; Wang, X,; Yang, L.; Han, S.; Chen, S; Strasser, R.].; Valverde, B.E.; Qiang, S. Comparative phytotoxicity of usnic
acid, salicylic acid, cinnamic acid and benzoic acid on photosynthetic apparatus of Chlamydomonas reinhardtii. Plant Physiol.
Biochem. 2018, 128, 1-12. [CrossRef] [PubMed]

Sumbele, S.; Fotelli, M.N.; Nikolopoulos, D.; Tooulakou, G.; Liakoura, V.; Liakopoulos, G.; Bresta, P; Dotsika, E.; Adams, M.A.;
Karabourniotis, G. Photosynthetic capacity is negatively correlated with the concentration of leaf phenolic compounds across a
range of different species. AoB Plants 2012, 2012, pls025. [CrossRef] [PubMed]

Kostidis, G.; Karabourniotis, G. The intraspecific trade-off between photosynthesis and phenolics in selected crop species: A
meta-analysis study. Discov. Plants 2024, 1,29. [CrossRef]

Yu, J.Q.; Ye, S.F; Zhang, M.F,; Hu, W.H. Effects of root exudates and aqueous root extracts of cucumber (Cucumis sativus) and
allelochemicals, on photosynthesis and antioxidant enzymes in cucumber. Biochem. Syst. Ecol. 2003, 31, 129-139. [CrossRef]

218



Plants 2025, 14, 1

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

Lu, X.F; Zhang, H.; Lyu, S.S.; Du, G.D.; Wang, X.Q.; Wu, C.H.; Lyu, D.G. Effects of exogenous phenolic acids on photosystem
functions and photosynthetic electron transport rate in strawberry leaves. Photosynthetica 2018, 56, 616-622. [CrossRef]

Li, K.; Zhang, T,; Li, H.; Zhang, L.D.; Li, F. Phenolic acids inhibit the photosynthetic productivity of poplar. Photosynthetica 2020,
58,1210-1216. [CrossRef]

Marchiosi, R.; Bido, G.S.; Bohm, P.A.E; Soares, A.R,; Silva, H.A.; Ferro, A.P; Ferrarese, M.L.L.; Ferrarese-Filho, O. Photosynthetic
response of soybean to L-DOPA and aqueous extracts of velvet bean. Plant Growth Regul. 2016, 80, 171-182. [CrossRef]

Huang, X.; Bie, Z. Cinnamic acid-inhibited ribulose-1,5-bisphosphate carboxylase activity is mediated through decreased spermine
and changes in the ratio of polyamines in cowpea. J. Plant Physiol. 2010, 167, 47-53. [CrossRef]

Evans, ].R.; von Caemmerer, S. Carbon Dioxide Diffusion inside Leaves. Plant Physiol. 1996, 110, 339-346. [CrossRef]

Long, S.P.; Bernacchi, C.J. Gas exchange measurements, what can they tell us about the underlying limitations to photosynthesis?
Procedures and sources of error. J. Exp. Bot. 2003, 54, 2393-2401. [CrossRef]

Foletto-Felipe, M.P,; Abrahao, J.; Contesoto, I.C.; Ferro, A.P.; Grizza, L.H.E.; Menezes, PV.M.C.; Wagner, A.L.S.; Seixas, FA.V.;
Oliveira, M.A.S,; Tomazini, L.E; et al. Inhibition of sulfur assimilation by S-benzyl-L-cysteine: Impacts on growth, photosynthesis,
and leaf proteome of maize plants. Plant Physiol. Biochem. 2024, 216, 109173. [CrossRef] [PubMed]

Baker, N.R. Chlorophyll Fluorescence: A Probe of Photosynthesis In Vivo. Annu. Rev. Plant Biol. 2008, 59, 89-113. [CrossRef]
[PubMed]

Chauhan, J.; Prathibha, M.; Singh, P.; Choyal, P; Mishra, U.N.; Saha, D.; Kumar, R.; Anuragi, H.; Pandey, S.; Bose, B.; et al. Plant
photosynthesis under abiotic stresses: Damages, adaptive, and signaling mechanisms. Plant Stress 2023, 10, 100296. [CrossRef]
Holappa, L.D.; Blum, U. Effects of exogenously applied ferulic acid, a potential allelopathic compound, on leaf growth, water
utilization, and endogenous abscisic acid levels of tomato, cucumber, and bean. J. Chem. Ecol. 1991, 17, 865-886. [CrossRef]
Purohit, S.; Laloraya, M.M.; Bharti, S. Effect of phenolic compounds on abscisic acid-induced stomatal movement: Structure—Activity
relationship. Physiol. Plant. 1991, 81, 79-82. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

219



plants

Article

Chemical Control of the Invasive Weed Trianthema
portulacastrum: Nethouse Studies

Yaakov Goldwasser *, Onn Rabinowitz ?, Jackline Abu-Nasser 3, Evgeny Smirnov 3, Guy Achdary 3

and Hanan Eizenberg 3

1 Valley Farmers Center Ltd., Migdal Haemek 2310201, Israel

Northern Research and Development, Kiryat Shmona 1101600, Israel; onnrab@gmail.com

Newe Ya’ar Research Center, Ramat Yishay 3009500, Israel; jackline@volcani.agri.gov.il (J.A.-N.);
evegenysm30@gmail.com (E.S.); achdarig@volcani.agri.gov.il (G.A.); eizenber@volcani.agri.gov.il (H.E.)
Correspondence: yaakov.goldwasser@mail.huji.ac.il

Abstract: Trianthema portulacastrum L. (Aizoaceae), commonly known as desert horse
purslane or black pigweed, is a C4 dicot succulent invasive annual plant that is widespread
in agricultural fields in Southeast Asia, tropical America, Africa, and Australia. In Israel,
Trianthema portulacastrum is an invasive weed of increasing importance in agricultural fields,
including mainly corn, tomato, alfalfa watermelon, and groundnut crops. The significance
of this weed in crops has been recently reported in neighboring countries of Jordan and
Egypt. In previous studies, we have examined and described the spread, biology, and
germination requirements of Trianthema portulacastrum in Israel. The present study aimed to
investigate the efficiency of single pre- and post-emergence herbicides and the combination
of pre-applied herbicides for the control of this invasive weed in pots in a nethouse. We
conducted three sequential experiments in a nethouse: (1) screening of pre-emergence
herbicides, (2) screening of post-emergence herbicides, and (3) assessment of residual
activity of combined pre-emergence herbicides in three distinct Hula Valley soil types.
Efficacy was evaluated through weekly assessments of seedling emergence and vigor, with
the final shoot fresh weight determined upon the experiment’s completion. In all experi-
ments, weekly counts and vigor estimation of T. portulacastrum seedlings were conducted,
and shoot fresh weights were determined at the end of the experiments. The results of
pre-emergence herbicide screening showed that Fomesafen, Terbutryne, Flurochloridon,
Sulfosulfuron, Cyrosulfamid + Izoxaflutole, and Dimethenamid were the most effective
herbicides, leading to complete eradication of T. portulacastrum plants. Results of the post-
emergence screening revealed that Saflufenacil, Foramsulfuron, Tembotrione + Isoxdifen-
ethyl, and Rimsulfurom Methyl completely controlled the weed. In the soil residual
study, three herbicide combinations (Fomesafen + Terbutryn, Sulfosulfuron + Fomesafen,
and Dimethenamid + Flurochloridon) provided effective control across all soil types. These
findings provide a foundation for future field trials investigating integrated pre- and post-
emergence herbicide programs for T. portulacastrum management in various crops.

Keywords: controlled environment studies; desert horse purslane; herbicides; Hula Valley
Israel; invasive plants; pre-emergence; post-emergence

1. Introduction

Trianthema portulacastrum L. (Aizoaceae), commonly known as desert horse purslane
or black pigweed, is a widespread weed in Southeast Asia, America, Africa, Australia,
and Asia, with no known center of origin [1] (Figure 1). It is a branched annual C4
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dicot plant with ovate, simple leaves, and pink, five-petal bisexual flowers that are insect-
pollinated. The flowers produce capsules that release many small, kidney-shaped, hard-
coated seeds throughout the warm spring—autumn period. Seed dispersal occurs through
multiple vectors, including soil movement, water flow, and agricultural equipment, with
seeds maintaining viability in the soil for several years [1-3]. The agricultural impact
of T. portulacastrum spans diverse cropping systems worldwide, with recent research
documenting significant infestations in groundnuts [4], rice [5-12], pearl millet [13], and
greengram [14-16]. T. portulacastrum has documented medicinal properties, including
antimicrobial, analgesic, anti-inflammatory, anti-hyperglycemic, and hepatoprotective
activities [17-20].

Trianthema portulacastrum (TRTPO)

2024-03-21

i Nati Plant
O Present @ Transient @ Native range (Plants) (] ERRE R A epRa e

Figure 1. Global distribution of T. portulacastrum, updated March 2024, according to the European
and Mediterranean Plant Protection Organization (EPPO) Global Database. https://gd.eppo.int.

There have been numerous reports of this weed as an invasive species in the Middle
East and the Indian subcontinent. In Egypt, T. portulacastrum was reported to be an invasive
weed in field crops and orchards, with high phenotypic differences resulting from variable
soil moisture, soil salinity, and temperature regimes in diverse geographical regions [21].
Controlled-environment seed germination studies have revealed impressive reproductive
capacity, with individual plants producing an average of 1931 seeds, each weighing an
average of 1.08 g in dry weight. A different study revealed that high temperatures of
3045 °C stimulate maximum seed germination [22]. Reports from India and Pakistan have
also described this plant as an invasive and noxious weed in many crops, with few effective
control measures. A study of chemical and cultural control measures indicated that efficient
weed control was achieved when these measures were applied in the early T. portulacastrum
growth stages, up to 40 days after emergence [23]. Attempts at cultural and biological
measures to control this troublesome weed have reported only limited success [24-26].

Recent reports on the invasion of this weed into Jordan and Israel led to the inclusion
of T. portulacastrum on the 2019 invasive weed alert list of the European and Mediterranean
Plant Protection Organization (EPPO) [27]. In Israel, T. portulacastrum field infestation
throughout agricultural regions has been reported in recent years. This invasive weed
thrives in warm, moist soil environments, and it is acclimated to the agricultural conditions
of irrigated crops in Israel, especially in the hot and moist conditions characteristic of the
Hula Valley region.
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In previous studies, we surveyed and mapped T. portulacastrum populations in the
Hula Valley in Israel, examined the biology of the plant, collected seeds for laboratory
and greenhouse studies, determined seedling emergence depths, and studied the effects of
temperature and light on germination, leading to the development of a temperature-based
seed germination model [3].

The aim of the present study was to screen in pots under nethouse conditions single
pre- and post-emergence herbicides and pre-emergence herbicide combinations in different
soils of the Hula Valley in Israel for sustainable control of T. portulacastrum. This research
provides a foundation for developing practical field-scale management strategies for this
increasingly important invasive weed in Israel and in other global infested regions.

2. Materials and Methods
2.1. Screening Herbicides for T. portulacastrum Control

Screening for effective herbicides for the control of T. portulacastrum was conducted
in 0.25 L pots containing Newe Ya’ar heavy soil placed in a nethouse of 50 mesh at the
Newe Ya’ar Research Center. T. portulacastrum seeds used in this study were collected in the
Hula Valley in 2019-2020, immersed at the beginning of each experiment in 97% sulfuric
acid for 30 min, and then thoroughly washed with sterile water to ensure the maximum
germination rate.

Herbicide applications were conducted with a “Resses” table sprayer delivering
200 L/ha. Following application, pots were placed in a nethouse and irrigated daily using
mini sprinklers.

2.2. Pre-Emergence Herbicide Screening

For the pre-emergence experiment, T. portulacastrum seeds were treated for 30 min
with 97% sulfuric acid and sown in pots at 2 cm soil depth in Newe Ya’ar soil. Seeding
was performed with 10 seeds per pot with five replication pots per treatment. Herbicides
were then applied to the soil in the pots, followed by the placement of pots in a nethouse
(Figure 2). In the treatment in which Dimethenamid was applied, the herbicide was sprayed
on the soil surface, followed by its incorporation throughout the soil. T. portulacastrum plant
vitality assessments were conducted weekly, with final shoot fresh weights determined
32 days after application (DAA) by harvesting plants at the soil level.

Figure 2. Pots of the pre-emergence trial at 18 DAA in the nethouse, 5 replications = 5 pots per
treatment. 0 = control, 1 = Dimethenamid 2520 g/ha, 2 = Imazapic 480 g/ha, 3 = imazamox 32 g/ha,
4 = Saflufenacil 35 g/ha, 5 = Fomesafen 625 g/ha, 6 = Terbutryne 1000 g/h, 7 = Flurochloridon
625 g/ha, 8 = Sulfosulfuron 38 g/ha, 9 = Cyprosulfamid 72 g/ha + Izoxaflutole 72 g/ha.
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2.3. Post-Emergence Herbicide Screening

For the post-emergence experiment, T. portulacastrum seeds were sown as described in
Experiment 1, but with six replicate pots per treatment. Herbicide applications were made
when plants reached the four-true-leaf stage (13 days after sowing). Weekly assessments
documented plant vigor and survival rates, with final shoot fresh weights determined
32 DAA. See Figure 3.
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Figure 3. Pots of the post-emergence trial at 8 DAA in the nethouse, 6 replications with 6 pots per
treatment. Herbicide and application rate: 0 = control, 1 = Imazapic 480, 2 = Saflufenacil 35 g/ha,
3 = Foramsulfuron 45 g/ha, 4 = Tembotrione 44 g/ha + Isoxdifen-ethyl 110 g/ha, 5 = Imazamox
32 g/ha, 6 = Bentazon 1920 g/ha, 7 = Pyraflufen 10 g/ha, 8 = Rimsulfuron Methyl 37.5 g/ha,
9 = Aclonifen 1200 g/ha.

2.4. Pre-Emergence Herbicide Residual Effects on Three Hula Valley Soils

This experiment evaluated herbicide combination treatments across three representa-
tive Hula Valley soil types Menara, Shamir, and Lehavot soils (see Table 1) in 800 cm? pots
with four replicates per treatment. Seeds were sown at 2 cm depth at three intervals (0, 25,
and 50 DAA) to assess treatment longevity and placed at the Newe-Ya’ar nethouse. Weekly
monitoring of plant vigor and survival continued until 50 days after treatment (DAT) for
each seeding date, concluding with fresh weight determination. Pre-emergence application
of herbicides at each application date was performed using the Newe Ya’Newear table
sprayer delivering 200 L/ha, followed by the return of the pots to the nethouse. The pots
were irrigated daily using a mini-sprinkler system. Assessment of T. portulacastrum plant
vigor and the number in each pot was conducted weekly, and, at the end of the experiment,
50 DAT for each seeding date, plants from each pot were cut at soil height and their fresh
weight determined.

Table 1. Soil properties of the Newe Ya’ar soil and the three Hula Valley soils used in the pre-
emergence herbicide residual effect experiment.

Soil Location Total Lime Active Lime Sand Silt Clay H ?\E:tr(le 1rc
Location Coordinates (%) (%) (%) (%) (%) P (%)
Newe Ya'ar 32 42'13.6" N - 12.5 15.2 26.3 58.6 7.5 2.0

35°11'05.7” E
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Table 1. Cont.

Soil Location Total Lime Active Lime Sand Silt Clay H ?&%:::} irc
Location Coordinates (%) (%) (%) (%) (%) P (%)
33°813.46” N
Lehavot 35°38'25.14” E 22.1 9.6 11.0 38.4 50.6 7.5 1.94
. 33°4'42.87” N
Shamir 35°37'15.24” 67.3 18.4 15.0 46.4 38.6 7.4 3.45
33°620.14” N
Menara 35°35'0.5” E 40.0 13.0 23.0 344 42.6 74 7.68
3. Results
3.1. Pre-Emergence Herbicide Screening Assay
The weekly estimations of T. portulacastrum plant vigor conducted for the pre-emergence
pot trial reveal that at the end of the experiment, 32 DAA, Fomesafen, Terbutryne, Flurochlori-
don, Sulfosulfuron, Cyprosulfamid + Izoxaflutole, and Dimethenamid controlled 95-100% of
the weed infestation throughout the experiment, Saflufenacil application resulted in partial
control, and Imazamox was the least effective (Figure 5). At the end of the experiment, 32 DAA,
all herbicide treatments excluding Imazamox drastically reduced the T. portulacastrum final
shoot fresh weight in comparison to the non-treated control, whereas Fomesafen and Cypro-
sulfamid + Izoxaflutole applications led to 100% eradication of the plants (Figure 4).
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Figure 4. T. portulacastrum final shoot fresh weight at the termination of the pre-emergence pot
experiment, 32 DAA. See Table 2 for full herbicide chemical names and application rates. Bars topped
with different letters are statistically different according to Tukey—Kramer HSD, p = 0.01.
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Figure 5. Weekly vitality estimations of T. portulacastrum plants in the pre-emergence pot experiment.

Bars at each DAA topped with different letters are statistically different according to Tukey-Kramer HSD,

p =0.01. See Table 2 for full herbicide chemical names and application rates. DAA: days after application.

Table 2. Herbicides tested in the pre- and post-emergence nethouse screening studies.

Herbicide Abbreviation Herbicide Trade Active Application
Chemical Name Name ? Ingredient Rate g/ha
Aclonifen ACNEN Challenge 600 g/L 1200
Bentazon BNTON Bazagran 480 g/L 1920
Cﬁgg‘;’;‘gﬁgﬁ* CPSFD+IZXFL ~ Balance Smart Zzi%gg//L; 7722+
Dimethenamid DMTND Frontier Optima 720g/L 2520
Flurochloridon FIRCD Racer 250 g/L 625
Fomesafen FMSEN Flex, Relax 250 g/L 625
Foramsulfuron FRSFN Equip 225¢g/L 45
Imazamox IMZOX Pulsar 40g/L 32
Imazapic IMPIC Cadre 240 g/L 480
Metribuzin MTBZN Sencor 70% 21
S-Metolachlor MTLCR Dual S Gold 915¢g/L 119
Pyraflufen PYFEN Ecopart 20g/L 10
Rirﬁ;ﬁ;{"“ RMSFM Titus 25% 375
Saflufenacil SAFLU Heat 70% 35
Sulfosulfuron SFSFN Monitor 75% 38
Tembotrione+ TMBON+ Laudis 44 g/L+ 110+
Isoxdifen-ethyl ISXFE 22¢g/L 55
Terbutryne TBTYN Terbutrex 500 g/L 1000

2 Herbicide trade names, as registered in Israel.
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3.2. Post-Emergence Herbicide Assay

The weekly assessments of plant vigor conducted for the post-emergence pot trial
revealed that the herbicides Saflufenacil, Foramsulfuron, Tembotrione + Isoxdifen-ethyl,
Pyraflufen, and Rimsulfuron Methyl were the most effective in T. portulacastrum control
throughout the trial, while Imazamox and Aclonifen were not effective (Figure 6). At
the end of the experiment, 32 DAA, all herbicide treatments statistically reduced the
T. portulacastrum final shoot fresh weight in comparison to the non-treated control, whereas
Saflufenacil, Foramsulfuron, and Tembotrione + Isoxdifen-ethyl were the most effective,
leading to 100% eradication of the plants (Figure 7).
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Figure 6. Weekly vitality estimations of T. portulacastrum plants in the post-emergence pot experiment.
Herbicides were applied on T. portulacastrum at the 4-leaf stage on August 23rd, 13 days after seeding.
See Table 2 for full herbicide chemical names and application rates. Bars at each DAA topped with
different letters are statistically different according to Tukey—Kramer HSD, p = 0.01.
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Figure 7. T. portulacastrum shoot fresh weights at the termination of the post-emergence applied
herbicides experiment, 32 DAA. See Table 2 for full herbicide chemical names and application rates.
Bars topped with different letters are statistically different according to Tukey—Kramer HSD, p = 0.01.
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3.3. Pre-Emergence Herbicide Residual Effect on Three Hula Valley Soils

The final shoot fresh weight of T. portulacastrum shoots in the three Hula Valley soils
0 DAA of pre-emergence applied herbicides is exhibited in Figures 8-10, while the final
shoot fresh weight in the three soils 50 DAA is shown in Figures 11-13. In the Lehavot
soil, at 0 DAA, all herbicide combinations effectively and significantly provided complete
control of the weed, whereas the non-treated control yielded an average of 14.3 g EW of
T. portulacastrum per pot (Figure 8). In the Menara soil, at 0 DAA, all herbicide combinations
effectively and significantly controlled the weed, excluding the Saflufenacil + Terbutryne
treatment, which yielded 25.8 g per pot EW. of T. portulacastrum compared to 38.4 g in the
control treatment (Figure 9).

Lehavot Soil, TP sowing 0 DAT
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Figure 8. T. portulacastrum final shoot fresh weight at the termination of the pre-emergence pot
experiment in Lehavot soil seeded 0 days after herbicide application. See Table 2 for herbicide
abbreviations and rates. Bars topped with different letters are statistically different according to
Tukey-Kramer HD, p = 0.01.
Menara Soil, TP sowing 0 DAT
H
o
S~
o
+
£
.20
2
3
=
$
&
o
-
E c c C c
SAFLU+TBTYN DMTND+FIRCD SFSFN+FMSFN
Control RMSFM+MTBZN FMSFN+TBTYN (CPSFD+IZXF)+MTLCR

Figure 9. T. portulacastrum final shoot fresh weight at the termination of the pre-emergence pot
experiment in Menara soil seeded 0 days after herbicide application. See Table 2 for herbicide
abbreviations and rates. Bars topped with different letters are statistically different according to
Tukey-Kramer HD, p = 0.01.
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Shamir Soil, TP sowing 0 DAT

RMSFM+MTBZN FMSFN+TBTYN SFSFN+FMSFN

Control DMTND+FIRCD SAFLU+TBTYN (CPSFD+IZXF)+MTLCR

Figure 10. T. portulacastrum final shoot fresh weight at the termination of the pre-emergence pot
experiment in Shamir soil seeded 0 days after herbicide application. See Table 2 for herbicide
abbreviations and rates. Bars topped with different letters are statistically different according to
Tukey—Kramer HD, p = 0.01.

TP fresh weight (g/pot)

Lehavot Soil, TP sowing 50 DAT
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RMSFM+MTBZN SAFLU+TBTYN DMTND+FIRCD FMSFN+TBTYN

Figure 11. T. portulacastrum final shoot fresh weight at the termination of the pre-emergence pot
experiment in Lehavot soil seeded 50 days after herbicide application. See Table 2 for herbicide
abbreviations and rates. Bars topped with different letters are statistically different according to
Tukey-Kramer HD, p = 0.01.

In the Shamir soil, all herbicide combinations effectively and significantly controlled the
weed at 0 DAA, excluding the Rimsulfuron Methyl + Metribuzin treatment, which yielded
11.8 g per pot EW. of T. portulacastrum compared to 60.4 g per pot EW. of T. portulacastrum in
the control treatment. (Figure 10).

Overall, these results demonstrate that most pre-emergence herbicides tested resulted
in excellent control of T. portulacastrum at 0 DAA, excluding Saflufenacil + Terbutryn in the
Menara soil and rimsulfuron Methyl + Metribuzin in the Shamir soil.
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TP fresh weight (g/pot)

Menara Soil, TP sowing 50 DAT

RMSFM+MTBZN SAFLU+TBTYN DMTND+FIRCD

Control (CPSFD+IZXF)+MTLCR FMSFN+TBTYN SFSFN+FMSFN

Figure 12. T. portulacastrum final shoot fresh weight at the termination of the pre-emergence pot
experiment in Menara soil seeded 50 days after herbicide application. See Table 2 for herbicide
abbreviations and rates. Bars topped with different letters are statistically different according to
Tukey—-Kramer HSD, p = 0.01.

TP fresh wright (g/pot)

Shamir Soil, TP sowing 50 DAT
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Control SAFLU+TBTYN DMTND+FIRCD FMSFN+TBTYN

Figure 13. T. portulacastrum final shoot fresh weight at the termination of the pre-emergence pot
experiment in Shamir soil seeded 50 days after herbicide application. See Table 2 for herbicide
abbreviations and rates. Bars topped with different letters are statistically different according to
Tukey—Kramer HSD, p = 0.01.

The results of T. portulacastrum control by the herbicide combinations at 50 DAA indi-
cate a decrease in control efficacy. However, the combinations of Sulfosulfuron + Fomesafen
and Fomesafen + Terbutryne effectively and significantly controlled the weed in the Lehavot
and the Shamir soils (Figures 11 and 13), while in the Menara soil all herbicide combinations
significantly controlled the weed (Figure 12).

A table summarizing the different herbicides used in this study, including their chemi-
cal names, trade names, and registered crops in Israel, is presented in Table 3. The most
effective herbicides identified in this study are outlined in blue, while the Israeli-registered
crops for each herbicide are outlined in yellow. This table shows that effective and selective
herbicides are available for T. portulacastrum control across various crops. Specifically for
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the crops in the Hula Valley, the selective and efficient registered herbicides are for alfalfa,

tomato, maize, and groundnuts.

Table 3. Herbicide chemical and trade names and their registered crops in Israel.

Herbicide Chemical Name Herbicide Trade Name Registered Crops in Israel
Aclonifen Challenge Parsley, tomato b onion, chickpea, sweet potato, dill, coriander
Bentazon Bazagran Wheat, pea, groundnuts, onion, green bean, vetch
Cyprosulfamid+

Izoxaflutole @

Balance Smart

Maize, chickpea

Dimethenamid Frontier Optima Groundnut’s, potato, maize
Flurochloridon Racer Carrot, chickpea, sunflower, parsley, coriander, dill, cotton, sweet
potato
Fomesafen Flex, Relax Peas, chickpea, green beans,
Foramsulfuron Equip Maize
Imazamox Pulsar Alfalfa, green beans, peas, clover, vetch, groundnuts
Imazapic Cadre Groundnuts, tomato
Metribuzin Sencor Carrot, potato, tomato
S- Metolachlor Dual S Gold Maize, green beans, sunflower, groundnuts, paprika, chickpea
Pyraflufen Ecopart Wheat, vetch, onion, groundnuts, orchards
Rimsulfuron Methyl Titus Tomato, maize, potato
Saflufenacil Heat Wheat, maize, orchards, maize
Sulfosulfuron Monitor Wheat, tomato, lawn
Tembotrione + Isoxdifen-ethyl Laudis Maize
Terbutryn Terbutrex Groundnuts, chickpea, sweet pea, sunflower

2 Outlined in blue are the outstanding herbicides for T. portulacastrum control, as observed in the present nethouse
study. P Outlined in yellow are the common crops grown in the Hula Valley for which further field trials will
be conducted.

4. Discussion

Based on our research on the biology and germination traits of the rapidly spreading
invasive weed T. portulacastrum in Israel [3], the present study aimed to conduct nethouse
studies for the screening of effective pre- and post-emergence herbicides aimed at controlling
this troublesome weed in crops. The effective pre-emergence herbicides that were tested in this
study for controlling T. portulacastrum were Fomesafen, Terbutryne, Flurochloridon, Sulfosul-
furon, Cyrosulfamid + Izoxaflutole, and Dimethenamid. The most effective post-emergence
herbicides were Saflufenacil, Foramsulfuron, Tembotrione + Isoxdifen-ethyl, and Rimsulfuron
Methyl. In the final nethouse experiment using three representative Hula Valley soils, three pre-
emergence herbicide combinations demonstrated superior control of Trianthema portulacastrum
across all soil types: Fomesafen + Terbutryne, Sulfosulfuron + Fomesafen, and Dimethenamid
+ Flurochloridon. Of these, the first two combinations are approved for weed management in
processing tomatoes, while the third is authorized for use in groundnut cultivation.

Chemical control trials of T. portulacastrum have been reported in various crops by
multiple researchers, but only two of these crops are grown in the Hula Valley and Israel: maize
and groundnuts. In groundnuts, a recent comprehensive review summarizes the literature on
the overall herbicide efficacy against T. portulacastrum infestations in groundnut experiments
over the last 20 years [4]. However, the available literature demonstrates a substantial range
in herbicide efficacy due to differences in environmental conditions and fluctuations in weed
germination and infestation across years and locations. Grichar [2,28] reports experiments
in groundnuts in the US and provides the following results for pre-emergence regimes:
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Dimethenamid (51%), Pendimethalin (67%), and Flumioxazin (64-73%). For post-emergence
regimes, the efficacy is as follows: Acifluorfen (17-77%), Lactofen (68-100%), 2,4-DB (13-
84%), Imazethapyr (65%), Diclosulam (7-73%), Imazapic (7-62%), and Imazethapyr (13-27%).
While several herbicides are available for weed control in groundnut, no single herbicide can
provide season-long weed control due to limited application timing, lack of extended residual
activity, variability in the weed control spectrum, and rotational restrictions. Consequently,
effective weed management in groundnuts necessitates the use of herbicide mixtures and/or
sequential application of pre-plant-incorporated, pre-emergence, and/or post-emergence
herbicides, as well as residual herbicides. Groundnut has a long growing season (140 to 160
days) for development and maturity [29], and residual herbicides allow weeds to be more
competitive for light, particularly during the early stage of crop growth [30].

5. Conclusions

This study provides valuable insights into the chemical control of the invasive weed
Trianthema portulacastrum through a systematic evaluation of pre-emergence, post-emergence,
and residual herbicide treatments under controlled nethouse conditions. Based on global
observations across multiple crops, including our findings, effective management of
T. portulacastrum requires a combination of herbicide treatments due to its continuous ger-
mination throughout the growing season and declining herbicide efficacy over time. This
management approach necessitates both herbicide mixtures and sequential applications, in-
cluding pre-plant incorporated (PPI), preemergence, and postemergence. This challenge is
particularly pronounced in slow-growing crops with sparse canopy coverage, which create
favorable conditions for both continuous T. portulacastrum germination and rapid establish-
ment of this aggressive C4 weed. Under nethouse conditions, pot experiments demonstrated
effective T. portulacastrum control using several herbicides. Preemergence treatments, includ-
ing Fomesafen, Terbutryne, Flurochloridon, Sulfosulfuron, Cyrosulfamid + Izoxaflutole, and
Dimethenamid, provided successful control, as did postemergence applications of Saflufenacil,
Foramsulfuron, Tembotrione + Isoxdifen-ethyl, and Rimsulfuron Methyl. Furthermore, herbi-
cide combinations of Fomesafen + Terbutryne and Sulfosulfuron + Fomesafen demonstrated
high efficacy at 50 days after application (DAA) when tested across three representative soil
types from the Hula Valley. In recent years, T. portulacastrum infestations have increased signif-
icantly and are spreading to new regions. Thus, following our studies and our understanding
of the biological traits of this invasive weed, the major importance of the present research
was the investigation of control measures for pre- and post-applied selective herbicides and
herbicide combinations that could be employed safely in different crops. By combining our
understanding of this invasive weed'’s biological characteristics with extensive herbicide trials,
we identified effective selective herbicides and herbicide combinations that can be safely
implemented across diverse cropping systems. Nevertheless, the risks arising from chemi-
cal residues of plant protection products in edible plant tissues, particularly those resulting
from complex agrochemical “cocktails”, are limited by chemical regulation standards, thus
warranting comprehensive examination.

Our findings establish a foundation for developing comprehensive management
strategies, although field-scale validation remains essential. Future research priorities
include optimizing application rates and timing, conducting extensive field trials, and
integrating herbicide applications with cultural control practices. Based on the findings of
the present study, detailed elements of the T. portulacastrum control strategy will be studied
under field conditions.
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Abstract: The flea-weevil Orchestes steppensis Korotyaev (Coleoptera: Curculionidae) is an
Eastern Palaearctic Steppe species, and a serious pest of elm trees (Ulmus spp., Ulmaceae) by
feeding on the leaves (adults) or mining them heavily (larvae) in Xinjiang, China. In order
to search for chemical and ecological pest management practices, the olfactory preferences
of O. steppensis for leaves of three elm species were investigated. The results revealed that O.
steppensis has different host preferences for the three elm species: U. pumila L. first, followed
by Ulmus laevis Pall. and Ulmus densa Litw. last. Volatile organic compounds from the
leaves of the three Ulmus species were collected using dynamic headspace adsorption and
analyzed through gas chromatography-mass spectrometry (GC-MS). A total of 94 volatile
components in the healthy leaves and the infested leaves by O. steppensis of the three elm
species were identified and analyzed, and 13 active compounds were identified using
coupled gas chromatography—electroantennographic (GC-EAD) recording and GC-MS
analysis. The response of O. steppensis to different concentrations of active compounds
was determined using EAG, and the behavioral response to the highest EAG concentration
of each active compound was determined. The results demonstrated that 3-hexen-1-ol,
3,7-dimethyl-1,3,6-Octatriene, methyl salicylate, 1-hexanol, and 3-hexen-1-o0l, acetate were
attractive to O. steppensis, while nonanal and 2-hexenal were repellent.

Keywords: O. steppensis; chemical ecology; host preference; volatile compound; GC-EAD;
EAG; Ulmus

1. Introduction

Ulmus spp. (Ulmaceae) are drought resistant, cold tolerant, and adaptable, the char-
acteristics that play a very important role in windbreak plantations and sand fixations in
desert and semi-desert environments and urban landscapes in Xinjiang (Xinjiang Uyghur
Autonomous Region of China) [1,2]. Therefore, they are widely distributed and have also
been planted extensively in many urban and rural areas of this region. However, they have
been seriously damaged by Orchestes steppensis Korotyaev, 2016 (Coleoptera: Curculion-
idae) in recent years. In 2022, the occurrence area of O. steppensis in Hutubi County and
Changji City reached 2000 hm? [3]. A large number of pesticides are used to control this
pest, but there is little research on chemical ecological control [4]. It is reported that host
volatile organic compounds (VOCs) play an important role in monitoring and trapping pest
populations, which have been used as chemical and ecological pest management practices
for control of Thripidae and Scarabaeidae pests [5,6].

Plants 2025, 14, 42 https:/ /doi.org/10.3390/ plants14010042
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O. steppensis is an oligophagous insect with a body length of 2.6~3.2 mm and feeds
on the leaves of Ulmus spp. (adults) or mines them heavily (larvae), thus making the trees
incapable of vigorous growth, and even causing defoliation and death of the lower, small
branches [2]. It is widely spread across China, Kazakhstan, Mongolia, North America,
and Russia [2,7-9]. In China, this pest is distributed in Anhui, Beijing, Gansu, Hebei,
Jiangsu, Jilin, Liaoning, Nei Mongol, Ningxia, Shaanxi, Shandong, Shanghai, Tianjin,
and Xinjiang [2,10,11]. In Xinjiang, O. steppensis completes one generation per year. The
overwintering adults emerge from hibernation from late March to early April. After mating,
they lay eggs along the main veins of elm leaves. The eggs develop until mid-May when
the new generation begins to emerge as adults [12]. The degree of damage of O. steppensis
to the three elm species is different; the most severe damage occurs to Ulmus pumila L.,
followed by Ulmus densa Litw., and finally Ulmus laevis Pall. [2].

Insect antennae have tactile and olfactory functions used for searching for host plants
and avoiding natural enemies [13]. Herbivorous insects can search for their host for feeding
or egg-laying by sensing the VOCs of their host plants [14,15]. GC-EAD, EAG, and olfactory
behavioral assays are commonly used to determine the effects of chemicals on the biological
activity of insects; GC-EAD and EAG initially screen for active substances and their optimal
concentrations, and olfactometers are used to evaluate the biological effects of these active
substances and concentrations [16,17].

The aims of our study were to detect whether the host preference of O. steppensis to
the three elm species was affected by the VOCs of the elm leaves firstly and then to study
the VOCs in the healthy leaves and the herbivore-induced plant volatiles (HIPVs) infested
by O. steppensis to make clear the specific VOCs in the elm leaves attractive or repellent to
this weevil pest. Finally, the biological activity of the identified compounds was tested in
the indoor bioassay.

2. Materials and Methods
2.1. Insects and Plants

Adults of O. steppensis were collected in the field by net sweeping from April to October
2022~2023 in Urumgi City, Xinjiang, China. Live weevils were placed in an intelligent
artificial climate chamber (25 1 °C, 45% =+ 5%RH, photoperiod 13L:11D) (BD-PRX-150B;
Nanjing Beidi Experimental Instrument Co., Ltd., Nanjing, China). They were fed with
fresh U. pumila leaves, and the leaves were replaced every 7 d. Three elm (Ulmus) species,
U. pumila, U. densa, and U. laevis, planted at Xinjiang University were the test plants.

2.2. Tested Chemicals

The chemicals used in the experiments are listed in Table 1. The glass materials
used during the experiments were heated 1 h at 99.9 °C before and after being used for
experimental purposes.

Table 1. List of the chemicals used in the experiments tested.

No. Compounds CAS Number Purity Test Company
1 2-hexenal 6728-26-3 98% EAG, Y-tube experiments Macklin !
2 3,7-dimethyl-1,3,6-octatriene 13877-91-3 >98% EAG, Y-tube experiments Macklin !
3 3-hexen-1-0l, acetate 3681-71-8 98% EAG, Y-tube experiments Macklin !
4 1-hexanol 111-27-3 99% EAG, Y-tube experiments Macklin !
5 3-hexen-1-ol 928-96-1 98% EAG, Y-tube experiments Macklin !
6 nonanal 124-19-6 96% EAG, Y-tube experiments Macklin !
7 decanoic acid, propyl ester 30673-60-0 98% EAG, Y-tube experiments Adamas 2
8 methyl salicylate 119-36-8 AR, >99% EAG, Y-tube experiments Macklin !
9 benzoic acid, 2-methylpropyl ester 120-50-3 99% EAG, Y-tube experiments Macklin !
10 guaiacol 90-05-1 GC, >99% EAG, Y-tube experiments Macklin !
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Table 1. Cont.

No. Compounds CAS Number Purity Test Company
11 benzyl alcohol 100-51-6 AR, >99% EAG, Y-tube experiments Macklin !
12 phenylethyl alcohol 60-12-8 AR EAG, Y-tube experiments Macklin !
13 2,4-di-tert-butylphenol 96-76-4 97% EAG, Y-tube experiments Macklin !
14 paraffin liquid 8012-95-1 AR EAG, Y-tube experiments Zhi Yuan 3
15 ethanol absolute 64-17-5 AR, 99.7% EAG, Y-tube experiments Hu Shi
16 n-Hexane 110-54-3 HPLC Collection of plant volatiles Da Mao °
17 dichloromethane 75-09-2 HPLC Collection of plant volatiles Da Mao °
18 methyl benzoate 93-58-3 HPLC Detection of plant volatiles Xi Ya ©

1 Macklin: Shanghai, China; 2 Adamas: Shanghai, China; 3 Zhi Yuan: Tianjin, China; 4 Hu Shi: Shanghai, China;
5 Da Mao: Tianjin, China; 6 Xi Ya: Shangdong, China.

2.3. Selection Preferences of the O. steppensis to Leaves of Three Elm Species

A four-arm olfactometer (XLM4-150; Nanjing Xuelai Biotechnology Co., Ltd., Nanjing,
China) was used to test the host preference of O. steppensis for leaves of three elm
species [18-20]. Adults were starved for 24 h prior to the experiment, and each weevil
adult was tested only once. A female or male adult was chosen at random for the test, and
the sexes can be differentiated using morphological characteristics of the genitalia [8,21].
The selection preferences of O. steppensis for air (control) and leaves (experimental) of U.
pumila, U. laevis, and U. densa, respectively, were first tested. Two upper taste channels of
the four-armed olfactometer were closed, and two lower taste channels were open for the
test. The experimental channel was connected to 3.0 g fresh, healthy elm leaves as the odor
source; the control channel was filled with clean air. Fifty adults of O. steppensis per group
were tested, and for accuracy, the tests were repeated three times. Secondly, the selection
preference of O. steppensis of three elm leaves was further tested. Three channels were
connected to 3.0 g three elm leaves as the odor source, and one channel was connected to
the clean air; 70 adults were tested in each group, and similarly, the tests were conducted
in triplicate.

The diameter of the four-armed olfactometer was 150 mm, the length of each odorant
channel was 15 cm, and the angle between the two channels was 90°. The gas flow rate
of each odorant channel was adjusted to 400 mL/min before the measurement, and after
5 min of aeration, the adult insects were introduced into the insect hole at the top of the
four-armed olfactometer and timed when they started to crawl. If the insect crawled
through 2/3 of any odorant channel (10 cm from the insect hole) and stayed for more than
30 s or passed through the odorant channel directly within 10 min, it was regarded that the
individual chose the substance connected to this odorant channel, and the time when the
individual reached the bottle of the odorant source was recorded subsequently; otherwise,
it was regarded as unchosen and was not included in the statistical analysis. We found that
O. steppensis has upward convergence, light convergence, and strong aggregation; therefore,
in order to avoid the influence on the experimental results, the following measures need
to be taken: firstly, the four-armed olfactometer was placed horizontally, and the activity
room and the odorant source bottle were darkened by using a visor, in order to avoid the
influence of the light angle and the color of the plant in the bottle on the results of the
experiments; secondly, for every 5 insects tested, the four-armed olfactometer needed to be
rotated clockwise by 90° to avoid the influence of positional effects; for every 20 insects
tested, the testing area was cleaned with anhydrous ethanol and distilled water to avoid
the influence of insect source pheromones.

2.4. Elm Leaf Volatiles Collection and Analysis

The headspace dynamic technique of Wu et al. (2022) was used to collect elm leaf
volatiles with minor modifications [20,22,23]. The microwave oven bags (oven bags,
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43 cm x 55 cm, Reynolds, ND, USA) were used to enclose healthy or insect-infested elm
branches and sealed. The leaves were not removed from the plants. The original air in the
bag was evacuated with an atmospheric sampler, and fresh air was pumped into the bag
through an activated carbon tube (5 mm x 8 mm, 200 mm glass tube filled with 1.5 g of
20~40 mesh activated carbon adsorbent) until the bag was full of air. A glass adsorption
column with 50 mg of Porapak Q (80-100 mesh) between glass wool plugs at both ends was
then attached at the outlet. After 4 h of continuous collection by airflow (1 L/min) through
the activated carbon tube, volatiles adsorbed on the Porapak Q adsorbent were eluted with
1 mL of dichloromethane and then 1 mL of n-hexane, respectively. After the elution, it was
transferred into a 2 mL Agilent vial and stored in a refrigerator at —20 °C for the use of
GC-MS and GC-EAD. The methyl benzoate (100 ng/uL) was used as an internal standard.
HIPVs by O. steppensis were collected by inoculating 100 O. steppensis individuals in the
healthy volatiles experiment, allowing them to feed for 24 h, removing the insects, and
collecting them again in bags using the method described above. A blank control was set
up to prevent the gas components in the bag or in the air from influencing the experiment.
The collection of volatiles was repeated three times.

Healthy volatile organic compounds of the three elm species and the HIPVs infested by
O. steppensis were analyzed using a gas chromatography-mass spectrometer (Agilent, Santa
Clara, CA, USA, GC 7890B/MS 5977A). The volatiles were transferred in splitless mode to
the analytical column (DB-WAX: 60 m x 0.25 mm ID, 0.25 um film) placed in the GC oven.
The GC oven temperature was initially held at 40 °C for 0.5 min and raised at 10 °C/min to
150 °C and held for 8 min, then 20 °C/min to 240 °C and held for 8 min. At 70 eV, EI-mass
spectra were acquired while scanning from m/z 45 to 650 at a rate of 2.40 scans s . The
MS transfer line and ion source were set to 250 °C and 230 °C, respectively. Identification
of healthy VOCs and HIPVs of the three elm species was based on a comparison of mass
spectra with those reported in the Agilent MassHunter NIST 14.0 library. Categories of
the compounds were determined by referring to [24] and the key functional groups in
the compounds. The retention index (RI) of the compounds was calculated by I = 100n +
100 x {[logt'R(X) — logt'R(n)]\[logt'R(n + 1) — logt'R(n)]}. The retention times of normal
alkanes of C7-C40 as the standard substance were conducted using the same procedure
as the compounds for calculation of the RI of the compounds. Quantitative analysis was
performed using the internal standard method to calculate the relative content of each
compound. The relative amount of internal standard in each sample could be calculated
from the volume of the eluate and its concentration. Each compound in the sample was
finally expressed as ng/uL.

Relative content of the tested compound = Chromatographic peak area of the tested
compound X Relative content of the internal standard /Chromatographic peak area of the
internal standard.

2.5. Electrophysiological Responses of O. steppensis Antennae to Elm Leaf Volatiles by GC-EAD

GC-EAD was used to test the electrophysiological responses of O. steppensis antennae
to elm leaf volatiles [25,26]. The conditions for gas chromatography were the same as those
described above for GC-MS. EAG (SYNTECH, Christinenthal, Germany) consists of the
stimulus controller CS-55, the MP-15 micromanipulator, the 2-channel programmable signal
acquisition controller IDAC-2, the GC/EAD interface temperature controller TC-02, and EC-03
gas phase shunt material heating system. The outlet of the GC column was split at a 1:1
ratio with a universal Y-splitter (Agilent) between the FID and EAD. Healthy O. steppensis
females and males were taken after 24 h of starvation, and the antennae were removed with
a scalpel along the length of about 50 um from the base and the end of the antennae under
the stereomicroscope. The treated antennae were then connected to two saline-filled glass
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electrodes connected to silver wires at both ends of the tentacle potentiostat. The base of the
antenna is connected to the reference electrode, and the end of the antenna is connected to
the recording electrode; 2 pL of collected elute of elm leaf volatile compounds were manually
injected, and the split method was used for non-split injecting, respectively, using antennae
taken from different individual insects.

2.6. EAG Responses

The preparation of antennae in the EAG experiment was the same as in the GC-
EAD experiment described above. We used standards of compounds that can trigger
electrophysiological phenomena in antennae for the GC-EAD experiments. The compounds
2-hexenal, 3,7-dimethyl-1,3,6-octatriene, 3-hexen-1-ol-acetate, 1-hexanol, 3-hexen-1-ol, nonanal,
decanoic acid propyl ester, methyl salicylate, 2-methylpropyl ester benzoic acid, guaiacol,
benzyl alcohol, phenylethyl alcohol, and 2,4-di-tert-butylphenol were diluted in paraffin
liquid to five different concentrations (0.01, 0.1, 1, 10, and 100 mg/mL) for EAG and Y-tube
olfactometer behavioral assays. All compounds were obtained from commercial suppliers
(Table 1). We did not use all standard compounds because some were not available at the time
of our study; 10 pL of the sample were taken to be tested and were dropped evenly ona 1 cm
x 3 cm strip of filter paper, and then the solvent was allowed to evaporate for 10 s before it
was placed in a glass Pasteur tube as a source of stimulation. The EAG values of the samples
were corrected using solvent liquid paraffin as a blank control. The samples were tested in
order from low to high concentration. After the baseline had stabilized, the test was started.
Each stimulation time was 0.5 s, the stimulation interval was 60 s, and the flow rate of moist
air was 1 L/min. Four repetitions were made in the case of males and females of O. steppensis,
respectively, using antennae taken from different individual insects.

2.7. Y-Tube Olfactometer Behavioral Assays

The behavioral responses of O. steppensis to the composition of volatile compounds
from the host elm leaves were investigated in a Y-tube olfactometer (stem and arms: 15 cm
long, respectively, 1 cm internal diam., and 30°Y angle) [25,27]. Behavioral responses
of adult O. steppensis individuals to 13 GC-EAD experiments with biologically active
compounds and concentrations at the highest EAG response values were examined. Filter
paper strips dripped with 10 uL of volatile solution were placed at the end of one side of
the flavor source, and filter paper strips infused with the same volume of liquid paraffin
were placed at the end of the other side of the flavor source as a control. A single healthy
adult O. steppensis, starved for 24 h, was inserted into the mouth of the main arm tube and
left to crawl to start timing. Entering 2/3 of the side arm of the odor source within 5 min
and staying for more than 30 s was regarded as selecting the odor source of that side arm,
and entering 2/3 of the control side arm and staying for more than 30 s was regarded as
selecting the control; if the test bug stayed in the main arm or did not exceed 2/3 of the
side wall within 5 min, it was recorded as not selecting for the volatile. Fifty O. steppensis
were tested for each test solution.

2.8. Statistical Analysis

All statistical analyses of data were performed using SPSS 20.0 (IBM). In the selection
preferences of the O. steppensis to leaves of the three elm species experiment, differences
in the number of choices of O. steppensis for the same elm leaf and the time to reach the
same flavor source bottle between male and female adults of O. steppensis were determined
by t-tests, whereas differences in the number of choices of male and female adults of O.
steppensis between the experimental groups of U. pumila, U. densa, and U. laevis and the
control group were determined by chi-square tests; differences in selection number and
selection time of the same sex of O. steppensis adults to three elm species and also to the
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clean air were conducted by one-way ANOVA and Duncan’s multiple comparisons. In the
experiment of EAG responses of female and male adults of O. steppensis to 13 compounds,
differences in the EAG relative values to the same compound at the same concentration
between male and female adults of this weevil were determined by t-tests, whereas dif-
ferences in the EAG relative values of male or female adults of O. steppensis to different
concentration of the same compound were conducted by one-way ANOVA and Duncan’s
multiple comparisons. The behavioral response of O. steppensis was analyzed using the
chi-square test.

3. Results
3.1. Selection Preferences of O. steppensis for Leaves of Its Three Elm Species Host

The results of the study found that the number of choices of O. steppensis for the
experimental groups of U. pumila (x*> = 42.32, p < 0.01), U. densa (x> = 23.92, p < 0.01), and U.
laevis (x? = 29.04, p < 0.01) were all extremely significantly higher than those of the control
group (Figure 1), and that the leaves of three species of elm, U. pumila, U. densa, and U.
laevis, had an attraction effect on the O. steppensis.

M pure air [ host plant

U. densa  -59

ok

U. laevis  -55

kk

L 1 1 1 1 )

-150 -100 -50 0 50 100 150

Figure 1. Olfactory responses of O. steppensis to three species host plant leaves. Note: ** indicates a
significant difference in the level of p < 0.01 between the experiment and the control determined by
the x? test.

There was no significant difference in the reaction time required by adult O. steppensis
to reach the flavor source between the experimental group and its control group in the
three experiments (p = 0.52 > 0.05; p = 0.42 > 0.05; p = 0.75 > 0.05). There was no significant
difference (p = 0.28 > 0.05; p = 0.13 > 0.05; p = 0.83 > 0.05; p = 0.83 > 0.05; p = 0.05 = 0.05;
p = 0.51 > 0.05) in the time taken by male and female adults to reach the same flavor source
bottle (Table 2).

Table 2. The average time for O. steppensis to arrive at the flavor bottles of three species host plant
leaves: mean + SEM (s).

Adult Sex U. pumila U. densa U. laevis
tost female 159.62 + 15.18 207.35 + 17.34 215.11 + 3.86
€s male 147.13 + 11.95 194.89 + 15.71 177.07 + 11.00
| female 144.04 + 10.33 187.24 + 9.54 203.51 + 7.93
contro male 184.61 + 23.79 203.33 + 25.74 182.04 + 19.33

The results of the olfactory behavioral responses of O. steppensis to three species of elm
are shown in Figure 2A, indicating that there were differences in the number of choices
made by O. steppensis to the leaves of different species. O. steppensis females showed
the highest number of selections for U. pumila, followed by U. laevis and finally, U. densa
(F=196.00, p = 0.00 < 0.01); males showed the highest number of selections for U. pumila
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followed by U. laevis and U. densa (F = 359.56, p = 0.00 < 0.01). There was no significant
difference in the number of selections made by O. steppensis males and females for the
same flavor source (p = 0.35 > 0.05). The results indicate that O. steppensis preferences for
leaves of different elm species are different, and the preferences are, in descending order, U.
pumila > U. laevis > U. densa > blank.

a
20.00 female
fon AR
g 2 \ [I male
2
g A\
25
g \
g
50 b
=
Q
=2
[3} d
“ s 267 ©
@ 1.67
I
0 ]
U. pumila U. densa U. laevis control
A Elm leaf species
400 female a
350 | 1 male 2 3305
o~ [558]
Eol L
g 300
3 be b b b
k) 190.01984 197.8178.1
o e
E
3
p
Q9
o
0
%)
L | )

control
Elm leaf species

U. laevis

U. pumila

Figure 2. Number of selections of O. steppensis adults (A) and selection time (B) towards the three
species of Ulmus and the control group. Note: Different small letters indicate that the number or
time of selection of different flavor source bottles by the weevil adults of the same sex is significantly
different at the p < 0.05 level and the difference was determined by one-way ANOVA and Duncan’s
multiple comparisons.

The selection time of O. steppensis to three Ulmus species is shown in Figure 2B. Among
them, O. steppensis had the shortest selection time for U. pumila, followed by U. laevis and
finally U. densa (F = 104.33, p = 0.00 < 0.01). The results showed that there was no significant
difference between the selection time of male and female O. steppensis for the same flavor
source (p = 0.73 > 0.05).

3.2. GC-MS of Elm Leaf Volatiles

A total of 94 compounds were detected by GC-MS in leaf volatiles of three elm species
before and after damage by the O. steppensis, as shown in Table 3. A total of 10 categories,
including 4 benzenes, 21 alcohols, 3 phenols, 4 ethers, 10 aldehydes, 12 acids, 8 terpenes,
3 ketones, 6 alkanes, and 23 ester compounds, were detected. After U. pumila was fed on by
O. steppensis, the percentage of aldehydes increased from 10.36% to 14.67%; the percentage
of acids increased from 25.5% to 40.2%; the percentage of terpenes increased from 3.57% to
3.83%; and the percentage of ketones increased from 0.34% to 0.73%. After U. densa elm
was fed on by O. steppensis, the percentage of ether content increased from 0% to 0.47%;
the percentage of acid content increased from 31.71% to 38.54%; the percentage of alkane
content increased from 4.84% to 5.93%; and the percentage of ester content increased from
13.90% to 15.73%. After U. laevis was harmed by O. steppensis, the proportion of benzene
content increased from 1.64% to 2.51%; the proportion of alcohols and hydrocarbons
increased from 12.45% to 21.15%; the proportion of ethers increased from 0.69% to 0.71%;
the proportion of aldehydes increased from 1.50% to 12.94%; the proportion of terpenoids
increased from 1.38% to 6.97%; the proportion of ketones increased from 0% to 0.36%; and
alkane content increased from 1.87% to 3.00%.
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The experimental results showed that three elm compound compositions changed
significantly in healthy VOCs and HIPVs infested by O. steppensis in the leaves of these
three elm species. A total of 53 healthy VOCs and 57 HIPVs in the leaves of U. pumila were
detected. A total of 19 and 25 compounds were detected in U. densa leaves before and after
feeding by the O. steppensis, respectively. Ten new compounds were added to the HIPVs
of O. steppensis leaves induced by O. steppensis; 38 and 54 compounds were detected in U.
laevis leaves before and after feeding by O. steppensis. Twenty-nine new compounds in U.
laevis were found after feeding by the O. steppensis.

For the healthy leaves of three elm species, there were 25 compounds specific to U.
pumila, 2 compounds specific to U. densa, and 11 compounds specific to U. laevis, as shown
in Figure 3A. There were 16 compounds common to U. pumila and U. densa, 26 compounds
common to U. pumila and U. laevis, and 15 compounds common to U. densa and U. laevis.
The three species of elm shared 14 compounds. In the state of feeding by O. steppensis on
elm, as shown in Figure 3B, there were 18 compounds specific to U. pumila, 5 compounds
specific to U. densa, and 15 compounds specific to U. laevis. There were 20 compounds
common to U. pumila and U. densa, 39 compounds common to U. pumila and U. laevis,
and 20 compounds common to U. densa and U. laevis. The three species of elm shared
20 compounds.

25 2 . 18 0 5
14 20
1 4 1 19 0
11 15
U. pumila. U. densa: U laevis U. pumila. U densa: U laevis
A healthy B insect-infested

Figure 3. Venn set of VOCs from two leaf states of three elm species. The digits in the figure indicate
unique (nonoverlapping color parts) and shared (overlapping color parts) VOC numbers among
three elm species.

3.3. GC-EAD Analysis

GC-EAD analyses with two leaf states of three elm species volatile samples identified
volatile compounds that elicited antennal response in O. steppensis (Figure 4). The results of
the GC-EAD experiments screened a total of 13 effective compounds and their distribution
in two leaf states of three elms (Table 4).

The results of the GC-EAD experiment screened a total of 13 effective compounds
and their distribution in the two leaf states of the three elms, as shown in Table 4. U.
pumila healthy and damaged leaves were screened for 13 and 13 effective compounds,
respectively; U. densa healthy and damaged leaves were screened for 7 and 8 effective
compounds, respectively; and U. laevis healthy and damaged leaves were screened for 8
and 10 effective compounds, respectively.
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Figure 4. GC-EAD of volatiles from elm leaves by O. steppensis. (A): Healthy U. pumila; (B): Infested
U. pumila; (C): Healthy U. densa; (D): Infested U. densa; (E): Healthy U. laevis; (F): Infested U. laevis.

Table 4. Distribution of 13 active compounds in the volatiles of two leaf states of three elms by
GC-EAD experiments.

. . U. pumila U. densa U. laevis

No. Retenh(?n Time Compound Insect- Insect- Insect-

(min) Healthy Infested Healthy Infested Healthy Infested
1 11.003 2-hexenal + + + + + +
2 11.261 3,7-dimethyl-1,3,6-octatriene + + - - - -
3 12.153 3-hexen-1-ol,acetate + + - - - -
4 12.673 1-hexanol + + - - - -
5 13.217 3-hexen-1-o0l + + + + + +
6 13.413 nonanal + + + + + +
7 21.16 decanoic acid, propyl ester + + - + + +
8 22.404 methyl salicylate + + + + + +
9 22.542 benzoic acid, 2-methylpropyl ester + + + + + +
10 23.402 guaiacol + + - - - +
11 23.687 benzyl alcohol + + + + + +
12 24.056 phenylethyl alcohol + + - - - +
13 28.65 2,4-di-tert-butylphenol + + + + + +

Note: “+” in the table means that an antennae response was detected, and “-” means that no antennae response
was detected.

3.4. EAG Responses of Female and Male Adults of O. steppensis to 13 Single Compounds

The normalized EAG responses of female and male adults of O. steppensis to 2-hexenal,
3,7-dimethyl-1,3,6-octatriene, 3-hexen-1-0l, acetate, 1-hexanol, 3-hexen-1-0l, nonanal, de-
canoic acid, propyl ester, methyl salicylate, Benzoic acid, 2-methylpropyl ester, Guaiacol,
Benzyl alcohol, Phenylethyl Alcohol, and 2,4-Di-tert-butylphenol at five concentrations
(0.01, 0.1, 1, 10, and 100 mg/mL diluted in paraffin liquid) were measured, as shown in
Figure 5.
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Figure 5. Normalized EAG responses of male and female adults of O. steppensis to 13 volatile com-
pounds. (A): 2-hexenal; (B): 3,7-dimethyl-1,3,6-octatriene; (C): 3-hexen-1-ol,acetate; (D): 1-hexanol;
(E): 3-hexen-1-ol; (F): nonanal; (G): decanoic acid, propyl ester; (H): methyl salicylate; (I): benzoic
acid, 2-methylpropyl ester; (J): guaiacol; (K): benzyl alcohol; (L): phenylethyl alcohol; (M): 2,4-di-tert-
butylphenol. Notes. Different small letters indicate that EAG responses of female and male adults of
O. steppensis to different concentrations of the same compound are significantly different at the p < 0.05
level, which was determined by one-way ANOVA and Duncan’s multiple comparisons; difference in
EAG responses of O. steppensis to the same concentrations of the same compound between male and
female adults of this weevil pest was determined by ¢-test (NS: p > 0.05; *: 0.01 < p < 0.05).

O. steppensis showed EAG responses to all 13 compounds. O. steppensis showed the
highest EAG relative response values to 1 mg/mL 2-hexenal, 1 mg/mL 1,3,7-dimethyl-3,6-
Octatriene, 1 mg/mL 3-hexen-1-o0l, acetate, 1 mg/mL 1-hexanol, 100 mg/mL 3-hexen-1-ol,
0.1 mg/mL nonanal, 1 mg/mL decanoic acid, propyl ester, 1 mg/mL methyl salicylate,
1 mg/mL Benzoic acid, 2-methylpropyl ester, 1 mg/mL guaiacol, 1 mg/mL benzyl alcohol,
0.1 mg/mL Phenylethyl Alcohol, and 1 mg/mL 2,4-di-tert-butylphenol had the largest
relative EAG response values.

3.5. Y-Tube Tests of O. steppensis Choice to Compounds

Different volatile compounds showed significantly different effects on the selection
behavior of O. steppensis. Behavioral experiments using the optimal concentrations of
effective compounds demonstrated that O. steppensis prefer to choose 100 mg/mL of 3-
hexen-1-ol, 1 mg/mL of 1,3,7-dimethyl-3,6-Octatriene, and 1 mg/mL of methyl salicylate
more than in the control group and their selection difference are extremely significant, as
shown in Figure 6.

M control  [J treatment

96%

099% L4 1mg/ml 2-Hexenal
99% [ *k Img/ml 3,7-dimethyl-1,3,6-Octatriene
° [ * 1Img/ml 3-Hexen-1-ol, acetate
98% [ * Img/ml 1-hexanol
92% [ *% 100mg/ml 3-Hexen-1-ol
98% * 0.1mg/ml nonanal
94% Ns  lmg/ml decanoic acid,propyl ester
92% [ #%  1lmg/ml methyl salicylate
80% Ns  lmg/ml benzoic acid, 2-methylpropyl ester
92% Ns  lmg/ml guaiacol
86% Ns  lmg/ml benzyl alcohol
86% Ns  0.lmg/ml phenylethyl alcohol
) Ns , lmg/ml 2,4-Di-tert-butylphenol
40 20 0 20 40

Figure 6. Normalized EAG responses of O. steppensis adults to volatile compounds. Note: Y-tube
behavior choices of O. steppensis towards different compounds at different concentrations determined
by the x? test. (NS: p > 0.05; *: 0.01 < p < 0.05; **: p < 0.01).
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4. Discussion

The results of the volatile bioassay showed that when O. steppensis searches for host
plants, olfactory detection plays a leading role, and the selection rate varies for different
host plants. Both male and female O. steppensis showed selective preference for U. pumila,
U. densa, and U. laevis. The results revealed that O. steppensis has different host preferences
for the three elm species: U. pumila first, followed by Ulmus laevis and Ulmus densa last.
The results were inconsistent with the reports of Zhang (2000) [12] and Li (2018) [2], and
they reported that the damage severity in descending order of O. steppensis on these three
elm species was U. pumila, U. densa, and U. laevis. In this study, we drew a conclusion that
the reason why the indoor olfactory selection behavior is not completely consistent with
the field damage may be because the current study is only based on the healthy volatiles
results of three elm species’ attraction to O. steppensis, while the effect of leaf damage on
the attraction of O. steppensis remains unknown at present. Further investigation is needed
to determine whether the behaviors of phytophagous insects—such as feeding, mating, and
laying eggs on elm leaves—are influenced by the physical properties (such as size and shape)
and chemical composition (such as nutrients) of the leaves [28].

Different tree species have different chemical compositions and relative contents
before and after infestation, which constitute different chemical fingerprints of the host
plant [29]. In our study, the highest compounds in healthy and post-injury leaves of U.
pumila were 3-hexen-1-ol and phenylacetaldehyde, and for U. densa, HIPVs were benzyl
alcohol and 3-hexen-1-ol, respectively, and benzoic acid and phenylacetic acid propyl ester
for U. laevis. Plant volatiles are mostly mixtures with few individual compounds, and
various compounds in certain proportions make up the chemical fingerprints of different
plant species. Different plant—insect systems release different volatiles, and the composition
of compounds released from the damaged parts of plants is related to their species and
phytophagous insect species [30]. At present, there have been some studies on elm volatiles
both domestically and internationally, and the results of volatile composition tests differ
among different elm species and different parts of the plant. The results of this experiment
showed that there were significant differences in the volatiles of the leaves of three elm
species. U. pumila leaves had the most and richest variety of volatiles before and after
damage. Changes in volatiles have an effect on the behavior of phytophagous insects after
a plant is damaged [31].

EAG bioassay of volatile compounds showed that adult males and females differed
significantly only at partial concentrations of 3-hexen-1-ol, acetate, 3-hexen-1-ol, nonanal,
decanoic acid, propyl ester, and phenylethyl alcohol. Different concentrations of the same
compound display different physiological activity for herbivorous insects, indicating that
the specific concentrations of plant volatiles are important factors that influence insect
responses [32]. The antennae potential response of insects only responds to the insect’s
sensitivity to volatiles; behavioral experiments are required to determine the specific role
of volatiles [33]. In the EAG experiments, the EAG values of females were generally higher
than those of males, except for phenylethanol, and the results indicated that O. steppensis
females were more sensitive to host plant volatiles than males in their antennae potential
responses. It has been reported that female insects localize, feed, and lay eggs through host
plant volatiles and, therefore, have a greater EAG response to host plant volatiles [34,35].
It is hypothesized that O. steppensis females need to search for hosts for oviposition and,
therefore, need to be more sensitive to plant volatiles in the environment [36].

Electrophysiological and behavioral results indicated that 100 mg/mL of 3-hexen-1-ol,
1 mg/mL of 3,7-dimethyl-1,3,6-octatriene, methyl salicylate, 1-hexanol, and 3-hexen-1-ol,
acetate had an attractive effect on O. steppensis; 0.1 mg/mL of nonanal and 1 mg/mL
of 2-hexenal had a repellent effect on O. steppensis. In previous studies, the results of
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antennae potentials and behavioral responses were inconsistent, and it was believed that
the behavioral selection of insects to volatiles was also influenced by environmental factors,
their own physiological conditions, and other aspects [37-39]. The electrophysiological
and behavioral results of this experiment were also inconsistent, and it was believed that
the olfactory localization of O. steppensis did not only rely on the antennae sensors but was
also affected by other olfactory sensors on the body surface. Although the antennae had
an electrophysiological response, there was no associated behavior. Healthy leaf volatiles
of U. pumila, U. densa, and U. laevis contained five, two, and three eliciting components,
respectively, and the relative content of the two repellent components (2-hexenal and
nonenal) in the healthy leaves of U. pumila was lower than in that of U. densa. There was
only one repellent component, nonenal, in the healthy leaves of U. laevis compared to
the former two elm species. Consequently, U. pumila was the most attractive host for O.
steppensis elm, followed by U. laevis and finally U. densa. This result is consistent with the
results of laboratory experiments on behavioral responses of O. steppensis to the leaves of
three elm species. It was reported that phytophagous insects rely on a series of compounds
in specific ratios for host plant selection [40]. In the current study, the experiment was only
conducted on a single component, and the behavioral experiments were not conducted on
a mixture of the components. In addition, the test insects were collected in the field, and
their age was not clear, which may have interfered with the experimental results to some
extent. Whether the optimal concentration of the screened compounds specifically has the
effect of trapping O. steppensis in the forest needs to be followed up with wind tunnel tests
and forest experiments.
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