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Abstract

While the alerting effects of microbe-induced plant volatiles (MIPVs) to biotic stressors have been extensively
studied, the ecological functions of MIPVs responding to abiotic stressors have received less attention. Using
an interplant communication assay setup, we employed Phytolacca americana as a study species to investigate
whether heavy metal-induced MIPVs released by the emitter plants contribute to metal tolerance in neighboring
receiver plants. We found that high levels of manganese (Mn) stress increased the total MIPV emissions of plants
cultivated in non-sterilized soil, in contrast to volatile organic compounds emitted by plants in sterilized soil.
MIPVs produced by the Mn-stressed plants notably altered the hormonal profiles of the receiver plants, leading to
increased similarity in soil microbial assembles and modification of competitive, stress-tolerant, ruderal strategies.
Consequently, the receiver plants exhibited enhanced tolerance to subsequent Mn stress, as evidenced by improved
growth performance, increased antioxidant enzyme activities and reduced membrane damage. By unraveling the
mechanism underlying MIPV-mediated tolerance priming for neighboring plants, we reveal a key signal role of soil
microorganisms involved in plant-plant communication. This study represents one of the initial efforts to elucidate
the alerting effects of MIPVs induced by heavy metal stress on neighboring plants and its ecological consequences.

Keywords: volatile organic compounds, abiotic stress, alerting effect, heavy metal tolerance, Phytolacca
americana, CSR strategies
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INTRODUCTION

Plant volatile organic compounds (VOCs) are defined
as carbon-hydrogen-based volatile substances
emitted by plant tissues into the atmosphere and
soil (excluding carbon dioxide) (Kesselmeier and
Staudt 1999; Laothawornkitkul et al. 2009). VOCs
encompass a vast array of both saturated and
unsaturated hydrocarbon derivatives (Simpraga et al.
2016; Vlot and Rosenkranz 2022), which are essential
chemical signaling employed by plants to facilitate
communication with various organisms within
their neighborhood, including plants, herbivores,
pollinators and microorganisms (Brosset and Blande
2022; Loreto and D’Auria 2022; Simpraga et al.
2016; Wenke et al. 2010). Generally, VOC emissions
of plants can be either constitutive or induced by
abiotic and biotic factors (Loreto and D’Auria 2022).
Induced plant VOCs are believed to have an "alerting
effect" and have been shown to prime defenses and
tolerance in neighboring plants (Caparrotta et al.
2018; Ninkovic et al. 2021). For example, herbivore-
induced plant volatiles (HIPVs) altered by stemborers
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stimulate higher levels of defensive proteinase
inhibitors in neighboring HIPV-exposed plants (Yao et
al. 2022). Maize seedlings primed with cold-induced
plant VOCs exhibit increased growth and reduced
damage after cold stress (Cofer et al. 2018).

As an important component of plant-induced
volatiles, microbe-induced plant volatiles (MIPVs)
also exert strong alerting effects for neighboring plants
through activating hormone-dependent defense
responses (Quintana-Rodriguez et al. 2015; Sharifi et
al. 2018). Salicylic acid (SA) is considered to be a key
enhanced hormone signal in MIPV-exposed plants
(Erb 2018; Rosenkranz et al. 2021). SA signaling can
directly stimulate defense responses or indirectly
regulate the growth and resistance phenotype by
antagonizing indole-3-acetic acid (IAA) signaling in
receiver plants (Brosset and Blande 2022; Pokotylo
et al. 2022; Vlot and Rosenkranz 2022). Moreover,
Kong et al. (2021) have found that MIPVs act as air
signaling that can upregulate the SA level in root
exudates of neighboring receiver plants, adjusting
the composition of rhizosphere bacterial community
similar to the MIPV-emitter plants.
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Although the responses of plant MIPVs to
biotic stresses have been extensively documented
(Quintana-Rodriguez et al. 2015; Sharifi et al.
2018), the effect of abiotic factors on the emission
of MIPVs and its ecological consequences still need
to be further explored (Loreto and Schnitzler 2010).
Soil contamination resulting from anthropogenic
activities, particularly heavy metal pollution, has
emerged as a significant global concern (Feng et al.
2021; Yuan et al. (2024). Heavy metals in soil exhibit
significant permeability, persistence and toxicity,
thereby presenting a global threat to biodiversity
(Podar and Maathuis 2022; Wang et al. 2023). In
a previous review, Boyd (2010) posited that soil
heavy metals could "disrupt" interspecific chemical
communication among species dependent on VOCs.
Indeed, previous studies have documented that heavy
metal stress affects the interactions between plants
and associated herbivores through disrupting leaf
VOC emissions (Lin et al. 2022; Winter et al. 2012).
However, whether such changes in plant VOCs
induced by heavy metal stress lead to disruptions
in plant-plant communication remains unclear. In
addition, microorganisms and heavy metals coexist
within the soil environment associated with plant
roots, where the toxicity of heavy metal can adversely
affect the microbial communities (Montreemuk et al.
2024). However, heavy metal stress-induced changes
in soil microbial assembles can in turn affect plant
VOC emissions (del Carman Sosa et al. 2016; Lin
et al. 2023), which may lead to changes in quality
and quantity of MIPV production. Nevertheless,
few studies have evaluated the alterations in MIPVs
emitted by plants subjected to heavy metal stress
and their role as alert signaling among neighboring
plants.

In this study, therefore, we hypothesized that
exposure to heavy metal pollution would lead
to changes in the MIPVs released by the emitter
plants, which would exert a strong alerting effect
on the neighboring receiver plants to prime them
for incoming heavy metal stress. We here selected
Phytolacca americana as our study species to answer
the following two specific questions. (i) Does
heavy metal stress induce differences in the quality
and quantity of MIPVs released by plants? (ii) Do
the changes in MIPVs lead to enhanced heavy
metal tolerance of neighboring receiver plants?
To understand the mechanism underlying such
alerting effect, we measured plant traits related to
competitive, stress-tolerant, ruderal (CSR) strategies
and tolerance as well as explored the changes

in rhizosphere microbial assembles using high-
throughput microbial community analysis based on
the Illumina MiSeq platforms. Then, the mechanism
was clarified by measuring the SA levels, hydrogen
peroxide and activities of antioxidant enzymes
in neighboring receiver plants. To the best of our
knowledge, this study is one of the first few attempts
that explore the ecological consequences of plant-
plant communication mediated by MIPVs in response
to heavy metal pollution.

MATERIALS AND METHODS

Plant materials

Phytolacca americana (Phytolaccaceae) is a perennial
invasive plant species native to North America,
which has been introduced into various countries
including China, Japan, Germany and Turkey
(Chen et al. 2019; Fahmy et al. 2024). 1t is identified
as an aggressive weed in its introduced ranges,
due to its remarkable capacity for rapid spread and
colonization (Chen et al. 2019; Zhu et al. 2024).
Phytolacca americana has been demonstrated to have
the ability to hyperaccumulate heavy metals such
as manganese (Mn) and cadmium (Cd) (Zhao et al.
2019), and it also displays a pronounced symbiotic
relationship only with soil bacteria (Meng et al.
2024). Therefore, P. americana serves as an ideal
model for investigating the impacts of heavy metal
pollution on plant-soil interactions. The seeds of
P. americana were collected from different mother
plants of the same population at a forest park,
Kunming, Yunnan Province, China (24.833°N,
102.852° E). The process of seed germination listed
in Supplementary Method S1 followed the method
described by Liu et al. (2022). Upon germination,
individual seedlings were transplanted into growing
trays (H: 8 cm x L: 5 cm x W: 5 cm) with sterilized
soil and grown for 14 days in a climate chamber (20
°C, 60% relative humidity, 16:8-h light/dark).

Experimental design
Plant cultivation

The soil utilized in this study was obtained from
a natural habitat of P. americana in a forest park in
Kunming, Yunnan Province, China (24.833°N,
102.857° E). The top layer (0-5cm) of soil was
removed, and the 5-20 cm layer was collected. The
collected soil underwent air-drying for 7 days at
room temperature followed by homogenization and
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screening with 5-mm and 2-mm mesh (Niu et al.
2017). In order to improve soil conditions and prevent
soil from becoming compacted during subsequent
planting, the air-dried soil was mixed with commercial
Sphagnum Moss Peat (Pindstrup) in a ratio of 4:1
volume and stored in darkness at 4 °C for later use (Li
et al. 2021). Soil properties of y-irradiation (10 kGy
h7', 6 h, at 60 kGy) sterilized and non-sterilized soil
are listed in Supplementary Table S1.

Soil Mn treatment of emitter plants

In the preliminary experiment, we set the
concentration gradient of 0-50 m mol L' Mn stress
and found that the seedlings of P. americana did not
show obvious damage symptoms under 10 m mol L'
Mn stress, the plant biomass decreased significantly
under 30 m mol L7 Mn stress and the growth
inhibition phenomenon was more prominent under
50 m mol L' Mn stress (Supplementary Fig. S1).
Therefore, we chose 0, 10, 30 and 50 m mol L™ as
the Mn concentration for subsequent experiments.
Healthy 14-day-old seedlings were selected from
the growing trays and individually transplanted
into plastic pots (H: 15 cm x L: 12 cm x W: 15 cm)
filled with 2 kg of sterilized or non-sterilized soil.
A series of Mn?* concentrations (0, 10, 30 and
50 m mol L) were applied to the pot cultures with
MnCl,-4H,0 dissolved in deionized water. Deionized
water was served as the control treatment (0 mM).
Every 7 days, 200 mL of Mn solutions or water was
added to each pot for the corresponding treatments
(this treatment regimen was sufficient to induce
significant stress phenotypes in the plants within
a short duration; see Supplementary Fig. S1). The
soil treatment for emitter plants comprised two soil
microbe treatments (sterilized/non-sterilized) x 4
levels of Mn treatments x 4 replicates = 32 emitter
groups (Supplementary Fig. S2). The plants were
cultivated in a greenhouse (day: 30 °C, night: 25 °C,
70% relative humidity, 16:8-h light/dark) for 45 days
before being used for stimulating the receiver plants.

Simulation of neighboring receiver plants

We used an interplant communication assay setup
modified from Kong et al. (2021) to test alerting
effect between neighboring plants. A plastic cage
(H: 50 cm x L: 92 cm x W: 50 cm) was constructed
as a simulated environment to house both the
emitter and receiver plants, effectively shielding
them from the effect of external air circulation
(Supplementary Fig. S2). Each pot was equipped

with a bottom watering tray to prevent the transfer
of soil microorganisms and leachate between pots
via seepage. A plastic divider (5 cm in height)
was installed in the center of the greenhouse to
separate the emitters and receivers. Eight pots were
arranged within the cage, with four designated for
the emission area and four for the receiving area,
and we ensured that the plants in the receiving area
were isolated from those in the emission area to
prevent any potential contact. A fan was employed
to enhance air circulation from the emission area to
the receiving area. The four emitter plants from the
same Mn treatment were situated in the emission
area. The receiver plants were cultivated in the
same non-sterilized soil for 45 days and were placed
in the receiving area. For each Mn treatment of
the emitter plants, four replicated cages were used
for stimulating the receiver plants. In total, the
experiment comprised two soil microbe treatments
(sterilized/non-sterilized) x4 Mn treatments x 4
replicates = 32 cages (Supplementary Fig. S2). In the
neighbor simulation stage, only the emitter plants
were treated with different degrees of Mn stress to
induce volatiles release, while the receiver plants
were only affected by volatiles. The simulation
processing duration was 14 days.

Exposure of receiver plants to soil Mn stress

After 14 days of simulation processing, the receiver
plants were further exposed to 50 m mol L' Mn
stress. Every 7 days, 200 mL of Mn solution was
added to each pot of receiver plants. The receiver
plants were cultivated in a greenhouse (day: 30 °C,
night: 25 °C, 70% relative humidity, 16:8-h light/
dark) for 45 days before indicating their growth status
after experiencing Mn stress. Heavy metal stress can
activate plant antioxidant enzymes, elevate reactive
oxygen species (ROS) levels and cause damage
to membrane lipids (Ghori ef al. 2019; Podar and
Maathuis 2022). Catalase (CAT), peroxidase (POD),
superoxide dismutase (SOD), hydrogen peroxide
(H,0,), malondialdehyde (MDA) and methylglyoxal
(MG) are generally selected as indicators to evaluate
the heavy metal tolerance of plants (Ghori et al. 2019;
Guo et al. 2022). So the contents of MDA, MG and
H,0,, along with the activities of CAT, POD and SOD,
in the leaves were quantified using reagent kit from
Grace Biotechnology (Suzhou, China) according to
the manufacturer’s instructions. Leaf, stem and root
of receiver plants were harvested and then dried at
60 °C for 48 h before dry weight was determined.
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Collection and analysis of VOCs released by
emitter plants

The volatiles released by emitter plants grown in
sterilized soil were defined as VOCs, while the
volatiles released by emitter plants grown in non-
sterilized soil were defined as MIPVs. After 45 days
of growth, volatiles of the four individual plants from
each Mn treatment were collected together using an
improved method based on Kalske et al. (2022) to
collect aboveground VOCs released by emitter plants
(Supplementary Fig. S3). A small plastic film bag
(polyethylene; 10 cm x 20 cm) was used to tightly
wrap the belowground parts of the plants, and avoid
collecting the volatile compounds released from the
plant’s pot and soil. The four pots were placed in a
sealed polyethylene container (H60 cm x D40 cm).
Air was introduced into the container at a flow rate
of 1 L min™ for 10 min, followed by sampling at a
rate of 0.25 L min~ for 24 h. The VOCs were collected
using adsorption columns (Tenax TA 60/80) and
subsequently analyzed by gas chromatography-mass
spectrometry (GC-MS) as detailed in Supplementary
Method S2.

Data processing was performed using the
GC-MS solution software (version 4.20; Shimadzu
Corporation), enabling the absolute quantification
of each identified volatile compound. By using
external standards (C7-C40 n-alkanes, Shimadzu)
(Supplementary Table S2) and comparing the sample
GC-MS data with the NIST14 library, VOCs were
identified and compared with previously published
VOCs from different plant species (Bibbiani et al.
2018; Kong et al. 2021). Volatile compounds detected
in at least 25% of the samples were selected for Mn
treatment levels (Lin et al. 2022).

Measurement of SA and IAA contents in receiver
plants

MIPVs can elevate SA levels in neighboring plants,
either by stimulating SA accumulation in their leaves
(Rosenkranzetal. 2021) or by altering the SA contents
in root exudates (Kong et al. 2021). However, SA
signaling typically antagonizes IAA signaling in
receiver plants, which ultimately influences overall
plant growth (Erb 2018). So SA and IAA contents
in plants in the receiving area were measured after
14 days simulation processing. Leaf tissues from the
third fully expanded leaf of each receiver plant were
collected. The contents of SA in receiver plant leaves
and root exudates were determined using an ELISA
kit (Wuhan Saipei Biotechnology, Wuhan, China),

while leaf TAA contents were determined using an
ELISA kit (MEIMIAN, Jiangsu, China). The collection
of root exudates was performed using a hydroponics-
hybrid method described by Williams et al. (2021),
and the details are described in Supplementary
Method S3.

Analysis of CSR strategies of receiver plants

Grime’s CSR strategies were employed to assess the
overall growth performance of plants (Guo efal. 2018;
Liaoetal. 2020). The C-strategy plants generally adapt
to resource-rich and low-stress environments, with
rapid growth and strong resource acquisition ability.
The S-strategy plants were adapted to high-stress
environment, with relatively slow growth but strong
stress resistance. The R-strategy plants were adapted
to high disturbance and low-stress environment
(Escobedo et al. 2021; Guo et al. 2018). We measured
the CSR strategies of the receiving plants at two stages:
during the 14-day simulation processing stage and
after 45 days of Mn stress treatment. For each stage,
we measured three leaf traits used for CSR ordination,
including leaf area (LA), leaf fresh weight (LFW) and
leaf dry weight (LDW). Building upon the three key
leaf traits (LA, LFW and LDW) that encapsulate the
fundamental functional spectrum of receiver plants,
we utilized the “StrateFy” tool developed by Pierce
et al. (2017) to quantify Grime’s CSR strategies for
each treatment. The spreadsheet tool was widely
used to assess the extent of CSR strategies adoption,
which provides one of the 19 tertiary CSR strategy
classes (C, S, R, CS, CR, SR, CSR, etc.), as well as the
percentage of competitiveness (C%), stress tolerance
(S%) and ruderality (R%) (Escobedo et al. 2021;
Zhang et al. 2024b).

Soil bacterial microbiome analysis of emitter
and receiver plants

As MIPVs could adjust the composition of rhizosphere
bacterial assembles in neighboring plants through SA
release in root exudates, we compared the similarity
of the composition and structure of the soil bacterial
communities between the MIPV-emitter and MIPV-
receiver plants after 14-day simulation processing.
The rhizosphere soil was collected from each plant,
and the soil samples from all four emitter or receiver
plants within the same cage were pooled as one
composite soil sample. In total, we analyzed four
Mn treatments x 2 plant types (emitter or receiver
plants) x 4 replicates = 32 soil samples. Microbial
DNA was extracted using the HiPure Soil DNA
Kits (Magen, Guangzhou, China) according to the
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manufacturer’s protocols, and PCR amplification
was performed using primers targeting regions
V3 and V4 of the 16S rRNA gene. The primers
341F (5’-CCTACGGGNGGCWGCAG-3") and 806R
(5-GGACTACHVGGGTATCTAAT-3") were used for
the amplification of the bacterial 16S rRNA region
(Kong et al. 2021). The details of the sequencing
amplification are described in Supplementary Method
S4. All raw amplicon reads were included in the
NCBI database (accession number: PRINA1170449).

Statistical analyses

The non-metric multidimensional scaling (NMDS)
was employed to assess the variations in the volatile
compositions among groups. Clustering heatmaps
were employed to assess the quality of VOCs/MIPVs
between the treated and control groups.

The above analysis was completed using the
online tool platform (OmicShare tools, https://www.
omicshare.com/tools). The similarity index (Pearson
correlation coefficient) was utilized to calculate the
similarity of rhizosphere microbial communities
between MIPV-emitter and MIPV-receiver plants
(Kongetal. 2021). Statistical analyses were conducted
using SPSS29 (IBM, New York, USA) for Windows,
and generalized linear models (GLMs) were used
to compare mean values of total VOC emissions,
hormone content, dry weight, hydrogen peroxide and
activities of antioxidant enzyme between treatments,
followed by Wald pairwise comparisons. Origin Pro
2021 (Origin Lab, Northampton, USA) was used for
visualization of the above analyses.

RESULTS

Effects of Mn stress on MIPV and VOC
emissions of emitter plants

When grown in sterilized soil, the emitter plants
subjected to 10 m mol L' Mn treatment released
18% less VOCs than the control plants, while plants
from the other two Mn treatments (€30 and e50mM)
released similar amounts of VOC compared to control
plants (Fig. 1a). However, the emitter plants grown
in non-sterilized soil treated with 30 and 50 m mol
L' Mn released 21% and 63% more total MIPVs
than control plants, respectively, while 10 m mol L
Mn treatment largely reduced that of MIPVs. As a
result, P. americana released 44% more total MIPVs
than VOCs under 50 m mol L' Mn treatment. In
addition, the NMDS plots (Fig. 1b, ¢) and clustering
heatmaps (Fig. 1d, e) indicated a clear difference in

the compositions of both VOCs and MIPVs released
by the emitter plants subjected to different Mn
treatments. Volcano plots further showed that more
individual compounds of MIPVs were induced than
those of VOCs released by emitter plants regardless of
the concentrations of Mn treatments (Fig. 2).

Performance of the receiver plants exposed to
MIPVs and VOCs

There were no significant differences in leaf SA and
IAA levels among the VOC-receiver plants under
different treatments (Fig. 3a—c). A significantly higher
SA level was observed only in the root exudates of
the VOC-receiver plants under R30mM treatment
compared to other treatments. Furthermore, after
14-day simulation processing, the CSR strategies of
the VOC-receiver were categorized as C-strategies
(Fig. 3d). However, the SA levels in leaves and root
exudates of the MIPV-receiver plants under R30mM
and R50mM treatments were largely induced
compared to the control receiver plants (Fig. 3a, b).
In contrast, the leaf IAA levels in the MIPV-receiver
plants under R30mM and R50mM treatments were
markedly reduced than those in the control receiver
plants (Fig. 3c). In addition, the CSR strategies of
MIPV-receiver plants exhibited significant differences
among treatments after 14-day simulation processing
(Fig. 3e). More specifically, the MIPV-receiver plants
from control and R10mM treatment were mainly
categorized as pure C-strategies, whereas MIPV-
receiver plants from R30mM and R50mM treatments
exhibited = C/CS-strategies and  CS-strategies,
respectively.

Further correlation analysis indicated that the
total MIPV emissions of the emitter plants grown on
non-sterilized soil were positively correlated with
the SA contents in the leaves and root exudates but
negatively correlated with the leaf TAA contents
of the MIPV-receiver plants (Fig. 4a—c). However,
no significant correlations were observed for the
total VOC emissions of the emitter plant grown in
sterilized soil and the three hormone levels in the
VOC-receiver plants (Supplementary Fig. S4a—c).
In addition, the total MIPV emissions of the emitter
plants and root SA contents of the MIPV-receiver
plants strongly contributed to the separation of
rhizosphere bacterial compositions of the receiver
plants that were exposed to MIPVs from emitter
plants under low and high Mn treatments (Fig. 4d).
As a result, the compositions of rhizosphere bacterial
communities between the emitter and corresponding
MIPV-receiver plants were more similar at high levels
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Figure 1: Difference in leaf volatile organic compounds (VOCs) and microbe-induced plant volatiles (MIPVs) released
by Phytolacca americana emitter plants under different concentrations of Mn treatments. (a) Total amounts of VOCs or
MIPVs released by emitter plants grown on sterilized or non-sterilized soils. Values are means + SE. Different letters
indicate significant differences among treatments at P < 0.05 according to generalized linear models (GLMs) followed by
Wald pairwise comparisons. Significance values of the GLMs are shown as follows: n.s., not significant; *0.01 < P < 0.05,
**%0.001 < P<0.01, ***P<0.001. (b, c) NMDS plot of leaf VOCs or MIPVs released by emitter plants grown on sterilized
or non-sterilized soils. (d, e) Clustering heatmap of relative abundance of VOCs or MIPVs released by emitter plants
grown on sterilized or non-sterilized soils. eOmM, e10mM, e30mM and e50mM represent MIPV-emitter plants that under

different Mn treatments.

of soil Mn treatment (30 and 50 mM) compared to
low Mn treatments (0 and 10 mM) (Fig. 4e).

Growth and tolerance of receiver plants in
response to subsequent Mn Stress

After subsequent Mn stress, VOC-receiver plants
under R50mM treatment produced on average 21%
and 8% lower leaf and total dry weight, respectively,
whereas those under R30mM treatment produced
20% higher steam dry weight, compared to the
control receiver plants (Fig. 5a-d), However, when
receiver plants were exposed to MIPVs released
by emitter plants grown in non-sterilized soil, the
biomass of leaf, stem and root of the MIPV-receiver
plants under R30mM and R50mM treatments was
much greater than the control receiver plants. As
a result, the total dry weight of the MIPV-receiver
plants from R30mM and R50mM treatments was
10% and 22% higher compared to that of the
VOC-receiver plants under the same treatment,

respectively (Fig. 5d). In addition, the VOC-receiver
plants from different treatments were all categorized
as C-strategies in response to subsequent Mn stress
(Fig. 5e), while the CSR strategies of MIPV-receiver
plants from different treatments exhibited significant
divergence (Fig. 5f). Specifically, the MIPV-receiver
plants from ROmM and R10mM treatments were
categorized as C-strategies, while the receiver
plants from R30mM and R50Mm treatments were
categorized as CS-strategies.

After subsequent Mn stress, MIPV-receiver plants
from different treatments all exhibited greater activities
of the antioxidant enzymes, including CAT, POD, SOD
and H,0, compared to the VOC-receiver plants (Fig.
6a—c). In contrast, the contents of membrane damage
indicators such as MG and MDA in the leaves of
MIPV-receiver plants decreased with increasing Mn
concentrations applied to the emitter plants. As a result,
the MG levels of MIPV-receiver plants from R50mM
treatments were reduced by 10% compared to those
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Figure 2: Volcano plots of overall emission between volatile organic compounds (VOCs) vs. microbe-induced plant volatiles
(MIPVs) released by Phytolacca americana emitter plants under different concentrations of Mn treatments: (a) OmM, 0 m
mol L™; (b) 10mM, 10 m mol L*; (c) 30mM, 30 m mol L™'; (d) 50mM, 50 m mol L. The x-axis shows the log,-fold change
(FC) in emission between VOCs and MIPVs samples. The y-axis shows the ~log (normalized P-value) of the difference
in emission. Significant differences were determined by Welch'’s t-test (P < 0.05). N = 4 replicates for each treatment. The
further from 0 on the x-axis, the greater the change in emission, and the higher on the y-axis, the greater the significance.

of the VOC-receiver plants (Fig. 6e). The MDA levels
of the MIPV-receiver plants from R10mM, R30mM
and R50mM treatments decreased respectively by 7%,
19%, and 24 % compared to those of the VOC-receiver
plants under the same treatment (Fig. 6f).

DISCUSSION

Although the roles of MIPVs involved in plant-plant
communication have been extensively studied,
the ecological consequences of MIPVs in relation
to environmental stresses are still under debate. In
this study, we demonstrated that high levels of Mn
treatment induced significant alterations in both
the total amounts and compositions of leaf MIPVs

emitted by P. americana, triggering an alerting effect
on neighboring receiver plants in response to the
subsequent Mn stress. We utilized an interplant
communication assay setup to demonstrate that the
alerting effect was mediated by leaf MIPVs released
from emitter plants grown in non-sterilized soil,
rather than being influenced by leatf VOCs released
from emitter plants grown in sterilized soil. Moreover,
the MIPVs significantly enhanced the tolerance of
neighboring receiver plants to the subsequent Mn
stress. These findings offered a theoretical framework
for advancing our comprehensive understanding
of the mechanisms and functions of plant—plant
communication facilitated by soil microorganisms
under conditions of heavy metal pollution.
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Figure 3: Differences in hormone contents and CSR strategies of receiver plants after exposed to leaf volatile organic
compounds (VOCs) or microbe-induced plant volatiles (MIPVs) released by emitter plants subjected to different Mn
treatments. (a) Contents of salicylic acid (SA) in leaves. (b) Contents of SA in root exudates. (c) Contents of indole-3-acetic
acid (IAA) in leaves. Values are means + SE. Different letters indicate significant differences among treatments at P < 0.05
according to GLMs followed by Wald pairwise comparisons. Significance values of the generalized linear models (GLMs)
are shown as follows: n.s., not significant; *0.01 < P < 0.05, **0.001 < P<0.01, ***P < 0.001. (d, e) CSR strategies. ROmM,
R10mM, R30mM and R50mM represent MIPV-receiver plants that under different Mn treatments. N = 4 replicates for each

treatment.

Previous investigations have primarily focused on
the effect of microbes on the release of MIPVs, while
relatively few studies have examined the influence of
environmental factors ontheamountand composition
of MIPVs. In this study, we found that the release of
MIPVs from P. americana showed a biphasic response
with low Mn stress inhibiting and high Mn stress
promoting. Low heavy metal stress may be regarded
as mild stress, with plants preferentially using energy
and resources for basal metabolism (e.g. growth,
nutrient uptake) rather than volatiles synthesis
(Jesus et al. 2016). However, when heavy metal
stress exceeded a certain threshold, it often triggered
obviousrhizosphere effects. Plants recruit rhizosphere
microorganisms through root exudates while
beneficial microorganisms secrete chelating agents
(such as siderophores) and antioxidant substances,

which reduce the negative effects of heavy metals on
plants (Podar and Maathuis 2022). Microorganisms
may stimulate induced systemic resistance (ISR) of
plants, activate jasmonic acid (JA)/SA pathway and
promote volatiles release (Rodriguez et al. 2019; Vlot
and Rosenkranz 2022). Similarly, some plants (e.g.
Tagetes minuta and Populus yunnanensis) promote leaf
volatile emissions under heavy metal stress in non-
sterilized soil (del Carman Sosa ef al. 2016; Lin et al.
2022). Furthermore, various environmental factors
such as drought, elevated temperature or cold stress
have also been noticed to firmly influence plant VOC
emissions (Loreto and Schnitzler 2010; Ninkovic et
al. 2021). However, we observed that higher levels
of Mn stress did not have a strong effect on the total
VOC emissions of P. americana grown in sterilized soil,
suggesting the crucial roles of soil microorganisms
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Figure 4: Correlations and redundancy analysis (RDA) for revealing the relationships
volatiles (MIPVs) from emitter plants and status of receiver plants. (a) Correlations between MIPVs and salicylic acid
(SA) contents in leaves of receivers. (b) Correlations between MIPVs and SA contents in root exudates of receivers. (c)
Correlations between MIPVs and indole-3-acetic acid (IAA) contents in leaves of receivers. (d) RDA for revealing the

Page 10 of 17

between microbe-induced plant

GZ0z Jequaydag Q| uo Jasn aoulnold IXBuelp jo ayniisu] ainynouby Aq G8L1EL8/S901eM/{/8 L /a1o1ue/adlwoo dnotolwapese)/:sdiy woly papeojumoq



J Plant Ecol, 2025, 18:rtaf065

relationships between MIPVs and the soil bacterial communities of receivers. (e) Composition similarity of soil bacterial
communities between MIPV-emitter and MIPV-receiver plants using Pearson’s correlation coefficient. The bold box in the
right down panel indicates in the raw data of Pearson’s correlation coefficient numbers for similar microbiota enrichment
between the rhizosphere of MIPV-emitter plants and that of MIPV-receiver plants. The bold box in the left top panel
indicated average of Pearson’s correlation coefficient numbers in each treatment. eOmM, el0mM, e30mM and e50mM
represent MIPV-emitter plants that under different Mn treatments; ROmM, R10mM, R30mM and R50mM represent MIPV-

receiver plants. N = 4 replicates for each treatment.

involved in heavy metal stress-mediated changes in
leaf volatile emissions.

As previous studies have documented that MIPVs
could alert neighboring receiver plants and enable
them to prepare for subsequent stress by activating
their hormone-dependent immune responses (Erb
2018; Sharifi ef al. 2018), we further examined the
differences in hormone levels of the receiver plants
after being exposed to the VOCs and MIPVs of the
emitter plants under different Mn treatments. We
observed that the total amounts of MIPVs released
by the emitter plants were positively correlated with
the SA levels in both leaves and root exudates but
negatively correlated with leaf TAA levels in the
neighboring MIPV-receiver plants. However, such
relationships disappeared in VOC-receiver plants.
This further emphasizes that soil microorganisms
played a key role in VOC-mediated communications
between neighboring plants. In general, the plant’s
responses to volatiles are often accompanied by an
overall change in hormone signaling (Erb 2018; Hu
2022). SA is the main hormone signaling affected
by MIPVs (Sharifi ef al. 2018) and acts as a negative
regulator of IAA signaling to inhibit plant growth
(Erb 2018). It may explain the negative correlation
we observed between IAA level and MIPV emissions.

We found that MIPV-receiver plants showed clear
transformation from C-strategies to CS-strategies
compared to C-strategies generally exhibited
by VOC-receiver plants. The receiver plants
exposed to MIPVs induced by 30 and 50 mM Mn
treatments exhibited CS-strategies. Plants are
unable to maximize both C- and S-strategies, and
stress tolerance is often improved at the expense
of competitiveness and fecundity. C-strategies rely
on high resource acquisition capacity, but the cost
of maintaining rapid growth is too high in stressed
environments (Escobedo et al. 2021; Guo et al. 2018).
However, environmental stress shifted plants to
S-strategies, allocating more resources to survival
rather than rapid growth (Vasseur ef al. 2018). The
increase in the relative proportion of S-strategies in
MIPVs-receiver plants might be an adaptive strategy
to cope with environmental stress in advance,

which improved the tolerance of plants through
resource allocation, morphological adjustment and
physiological optimization. SA signaling may serve
a regulatory function in the plant’s overall growth,
akin to its balancing role in the trade-off between
growth and immunity (Pokotylo et al. 2022). In
light of this, we propose that volatiles can modulate
the overarching ecological strategies of neighboring
receiver plants by influencing plant hormone levels
(Ren et al. 2023). Supportively, previous studies have
also noticed negative impacts of volatile signaling on
neighboring plant growth (Barney et al. 2009; Liu et
al. 2022; Souza-Alonso et al. 2014).

Interestingly, we found that the rhizosphere
bacterial communities of the emitter and receiver
plants showed increasing similarity as the soil
Mn levels applied to the emitter plants increased.
Meanwhile, the MIPV emissions of the emitter plants
were positively correlated with SA levels in the root
exudates of the neighboring receiver plants. The
phenomenon suggested that MIPV-induced increases
in SA may contribute to the similarity of rhizosphere
bacterial communities between the emitter and
receiver plants. This aligns with the findings of
Kong et al. (2021), which have demonstrated that
the composition of rhizosphere microbes can be
synchronized by elevating SA level in root exudates.
SA, a key immune regulator in plants, modulates
the composition of the root microbiome, rather than
by altering the abundance of a small number of
dominant strains within each differential abundance
family (Lebeis ef al. 2015). Consequently, the degree
of similarity between the rhizosphere microbiomes
of emitter and receiver plants appeared to reflect
the strength of MIPVs in acting on the neighboring
receiver plants. Furthermore, plants develop tolerance
by recruiting beneficial microbes in response to heavy
metal stress (Wang et al. 2020). The similarity between
the emitter and receiver rhizosphere microbes may
enhance the capacity of the neighboring receiver
plants to withstand Mn stress.

In general, studies regarding the alerting effect
of MIPVs involved in plant-plant communications
mainly focused on biotic stress (Sharifi et al. 2018).
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Figure 5: Differences in growth performance and CSR strategies of receiver plants after experiencing Mn stress for 45 days. (a)
Leaf dry weight; (b) stem dry weight; (c) root dry weight; (d) total dry weight. Values are means =+ SE. Different letters indicate
significant differences among treatments at P <0.05 according to generalized linear models (GLMs) followed by Wald pairwise
comparisons. Significance values of the GLMs are shown as follows: n.s., not significant; *, 0.01 < P<0.05; **, 0.001 < P<0.01;
**% P<0.001. (e, f) CSR strategies. ROmM, R10mM, R30mM and R50mM represent MIPV-receiver plants that under different
Mn treatments. VOCs = volatile organic compounds, MIPVs = microbe-induced plant volatiles. N =4 replicates for each

treatment.
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Figure 6: Differences in antioxidant enzyme activities and membrane damage indicators of receiver plants after exposed
to leaf volatile organic compounds (VOCs) or microbe-induced plant volatiles (MIPVs) released by emitter plants subjected
to different Mn treatments. Receiver plants were tested after experiencing 50 mM Mn stress for 45 days. (a) Activities
of Catalase (CAT); (b) activities of peroxidase (POD); (c) activities of superoxide dismutase (SOD); (d) contents of H O

272

(e) contents of methylglyoxal (MG); (f) contents of malondialdehyde (MDA). Values are means + SE. Different letters
indicate significant differences among treatments at P < 0.05 according to GLMs followed by Wald pairwise comparisons.
Significance values of the generalized linear models (GLMs) are shown as follows: n.s., not significant; *0.01 < P < 0.05,
**0.001 < P<0.01, ***P < 0.001. ROmM, R10mM, R30mM and R50mM represent MIPV-receiver plants that under different

Mn treatments. N = 4 replicates for each treatment.

For example, Quintana-Rodriguez et al. (2015)
showed that the susceptible varieties of Phaseolus
vulgaris were more resistant to the infection of
pathogenic fungi Colletotrichum lindemuthianum after
being exposed to MIPVs emitted from resistant
varieties of P. vilgaris. In this study, we found that the
receiver plants exposed to MIPVs of emitter plants
under high levels of Mn treatments (30 and 50 mM)
exhibited better tolerance to subsequent Mn stress,
which was indicated by higher growth performance
and antioxidant enzyme activities but lower level of
membrane damage. Therefore, this study represents
the first evidence that plant MIPVs induced by
heavy metal stress can serve as alerting signaling
to neighboring receiver plants, thereby allowing
them to acquire strong tolerance against subsequent
heavy metal stress. These findings largely extend our
understanding of MIPV-mediated communications
between plants in response to abiotic stress.

Heavy metal stress commonly leads to an explosion
of ROS in plant cells, damaging the lipid structures of
cell membranes (Ghori ef al. 2019). The main function
of CAT is related to the removal of H,0, during

metabolic processes. SOD converts ROS into O, and
H,0,, preventing ROS from causing oxidative damage
to plant cells. Meanwhile, the function of POD is
similar to CAT, further catalyzing the decomposition
of H,0, into H,0 and O, (Guo et al. 2022; Mittler et al.
2022). In Arabidopsis thaliana, high SA level leads to the
inhibition of CAT2 activity, which in turn leads to the
accumulation of H,0, (Pokotylo et al. 2022; Yuan ef al.
2017). Furthermore, SA enhances the accumulation
of ROS in plant tissues by downregulating the
expression of redox and ROS-scavenging-related
genes (Xu et al. 2017). While oxidative stress induced
by H,0, typically results in membrane damage, higher
H,0, content did not trigger an increase in membrane
oxidation markers such as MDA and MG (Fig. 6e,
f). This phenomenon may arise from the enhanced
POD and SOD activities offsetting the diminished
CAT activity, with H,0, serving solely as a signaling
molecule in response to Mn stress (Mittler et al. 2022).
Furthermore, SA can sustain the growth stability of
plants under heavy metal stress by enhancing cell wall
synthesis and facilitating nutrient absorption (Dai et
al. 2022; Zhang et al. 2024a), which may contribute
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to the increased growth of the neighboring receiver
plants observed in this study.

However, it should be pointed out that the
emission of VOCs from P americana cultivated
in sterilized soil did not elicit any alterations in
hormone levels or CSR strategies in the neighboring
receiver plants. As a result, the VOC-receiver plants
were observed to be less tolerant of subsequent
Mn stress than MIPV-receiver plants, which was
indicated by decreased growth and minor changes
in antioxidant enzyme activities. Considering that
previous studies have frequently demonstrated
the alerting effect following a substantial increase
in VOCs (Cofer et al. 2018; Gong et al. 2023), we
here propose that the lack of significant change in
the total VOCs of emitter plants under Mn stress
is a critical factor preventing the neighboring
receiver plants from exhibiting effective tolerance
response. It is worth noting that P. americana was
more tolerant to Mn stress than other plant species,
and its stronger antioxidant capacity may mask the
oxidative stress induced by Mn, resulting in a higher
VOCs release threshold. Furthermore, different
heavy metals (such as Cd, Pb and Zn) can change
the composition and release of volatiles through
different ways due to their differences in chemical
properties, biological activities and plant absorption
mechanisms (Bibbiani ef al. 2018; del Carman Sosa
et al. 2016; Lin et al. 2023). So future research
should expand the range of invasive plant species
rather than limit it to a single species. It should also
be tested for the effects of various heavy metals on
plant volatiles. Additionally, as abiotic factors such
as ozone, freezing and salinity have been shown to
trigger induced VOCs (Caparrotta et al. 2018; Huang
et al. 2023; Velikova et al. 2008), whether these
induced VOCs are sufficient to serve as alerting effect
or any other specific ecological effects in plant—plant
communication still need to be specifically studied.

CONCLUSIONS

In this study, we observed that elevated levels of Mn
stress significantly enhanced the total emissions and
altered the composition of MIPVs from plants grown
in non-sterilized soil, in contrast to the VOCs emitted
by plants cultivated in sterilized soil. Furthermore,
the Mn-induced MIPVs released by the emitter plants
had a pronounced alerting effect on neighboring
receiver plants, resulting in increased SA levels and
decreased TAA levels in the receiver plants. These
alterations in hormonal profiles facilitated a shift

in the CSR strategies of the receiver plants from
a C-strategy to a CS-strategy. Consequently, the
receiver plants demonstrated enhanced growth
performance, increased antioxidant enzyme activities
and diminished membrane damage in response to
Mn stress. Notably, the Mn stress-induced leaf VOCs
emitted by P. americana cultivated in sterilized soil did
not produce a similar alerting effect on neighboring
receiver plants, thereby underscoring the significant
role of soil microorganisms involved in plant—plant
communication. This study elucidates the ecological
interactions among neighboring plants, which depend
on MIPV signals to initiate alerting responses under the
condition of heavy metal pollution. Intercropping of
heavy metal-sensitive plants and hyperaccumulators
to transmit stress signals through MIPVs may
effectively activate the repair potential of the latter.
However, it is imperative to highlight the necessity
for further research that encompasses a broader range
of plant species and different types of heavy metal
stressors to draw more comprehensive conclusions.
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