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Abstract

Aims The increasing frequency of future drought
events will negatively impact agroecosystem func-
tions, such as inhibiting crop growth and reduc-
ing soil functions. Previous studies have shown that
plant-derived ethylene plays an important role in
responses to drought, but its effects on crop growth
and soil functions in agroecosystems have not been
validated.

Methods We reduced the concentration of ethylene
released from crops under drought stress by adding an
ethylene inhibitor, aminoethoxyvinylglycine (AVG),
and investigated the effects of AVG on the growth
and soil functions of Brassica oleracea var. capitata
Linnaeus, a common crop in subtropical agriculture,
for one growing season. We measured soil respira-
tion, soil extractable carbon, nitrogen content, and
soil microbial activity to characterize soil functions,
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and also observed changes in soil microbial commu-
nity structure.

Results Drought caused significant negative effects
on crop growth and soil functions, whereas reduc-
ing the concentration of plant-derived ethylene sig-
nificantly mitigated the adverse effects of drought
on agroecosystem functions, thereby promoting crop
growth and soil functions. The underlying microbial
mechanisms include the application of AVG under
drought conditions, which remodels the soil microbial
community structure. This lead to an increase in the
relative abundance of Gram-negative bacteria, such
as Aspergillus, which has a significant correlation
with crop growth and soil function.

Conclusions This study demonstrates that reducing
plant-derived ethylene under drought can alleviate its
detrimental effects on crop growth and soil functions
in agroecosystems. This provides a scientific founda-
tion for sustainable management of agriculture in the
face of climate change in the future.

Keywords Drought - Ethylene inhibitor - Soil
function - Agriculture productivity

Introduction

Agro-ecosystems cover about one-third of the Earth’s
land area, which provides ecosystem functions such

as crop growth and soil function which are of great
significance for maintaining global agricultural
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productivity and soil fertility (Sato et al. 2024). In
recent years, drought has become the primary envi-
ronmental factor to reduce the function of agroeco-
systems (Haile et al. 2019) with consequences for
food security and sustainable agricultural develop-
ment under future climate change scenarios (Piao
et al. 2019). Model predictions suggest that the fre-
quency and intensity of drought events will persist in
increasing, further exacerbating the serious threats to
agroecosystem function (Zhao and Running 2010).
Despite this, our understanding of the specific mecha-
nisms through which drought impacts agroecosystem
function remains limited.

Drought can inhibit crop growth, leading to a
decline in both crop yield and quality (Hu et al. 2021;
Xiong et al. 2022). Studies indicate that plant growth
and development under drought stress are usually reg-
ulated by ethylene (Zhang et al. 2016; Dubois et al.
2018). When drought occurs, plants rapidly produce
large amounts of ethylene to ensure survival, but this
response can suppress growth to some extent, result-
ing in reduced biomass (Trejo et al. 1995; Bray 1997,
Dodd and Ryan 2016). Consequently, numerous stud-
ies have focused on promoting plant growth under
drought stress by reducing the concentration of eth-
ylene from plant sources. Moreover, researchers are
increasingly recognize that ethylene from plant may
be another important way through which drought
impacts agro-ecosystems (Zhou et al. 2013; Liu et al.
2019). However, the current understanding of the reg-
ulatory role of plant-derived ethylene under drought
stress mainly centers on molecular-scale processes
within individual plants (Chavoushi et al. 2019; Rossi
and Huang 2023). Far less is known about how ethyl-
ene regulates plant-soil-microbe interactions on larger
scales.

Soil function is vital for maintaining soil fertil-
ity and ensuring crop growth (Miltner et al. 2012;
Bouma 2014). Under drought conditions, changes
in soil functions, such as soil soluble organic car-
bon, nitrogen content, and soil microbial activity, are
highly sensitive and can effectively reflect soil health
within agroecosystems, serving as key indicators
of soil functions (Zvomuya et al. 2008; Kaisermann
et al. 2013; Bardgett and van der Putten 2014). Soil
microbial community is a major driver of soil func-
tion and a critical indicator of changes in soil micro-
environment (Falkowski et al. 2008). Drought directly
affects soil microbial communities through changes
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in soil moisture, while alterations in substrate avail-
ability indirectly affect their composition and diver-
sity, thereby impacting soil nutrient cycling, and ulti-
mately crop growth (Hartmann and Six 2023). Some
studies conducted in other natural ecosystems have
shown that plant-derived ethylene significantly affects
key functions such as soil respiration in temperate
semi-arid grassland ecosystems, due to its influence
on plant growth (Gu et al. 2022). Given the increasing
negative impacts of drought on agroecosystem func-
tioning, there has been limited research confirming
the importance of ethylene in these systems through
the application of ethylene inhibitors. This gap hin-
ders our understanding of how plant-soil-microbe
systems respond to drought conditions.

In order to fill the above knowledge gap, we con-
ducted an experiment in subtropical arid ecosystem
where an ethylene inhibitor, aminoethoxyvinylgly-
cine (AVG), was used to reduce the concentration of
plant-derived ethylene in a growing season of Bras-
sica oleracea var. capitata Linnaeus, a common crop
in this region. We measured yield, net photosynthetic
rate, and chlorophyll content as indicators of crop
growth, and soil respiration, soil microbial activity,
dissolved organic carbon, and nitrogen content as
parameters to reflect soil functionality. We also used
metagenomic techniques to assess changes in soil
microbial community structure. With this informa-
tion, the objectives of this study were to: (1) investi-
gate the effects of drought and AVG addition on crop
growth and soil functions in agroecosystems and (2)
uncover the microbial mechanism underlying these
processes. We hypothesized that ethylene inhibitors
would relieve the negative effects of drought on agro-
ecosystem function.

Materials and methods
Sample site information and experimental setup

The experimental sample plot was located in a crop-
growing area in Fengxian District, Shanghai, an
eastern city in China (30°52 N, 121°34 E). The area
has a typical subtropical monsoon climate with hot
and humid summers and cold and dry winters. The
average annual temperature is 15.8 °C and the aver-
age annual precipitation is 1149 mm (Cui and Shi
2012). According to the International Common Soil
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Classification (ICSC), the soil type of the region
is loam. The specific particle composition is 53.4
+0.9% sand, 22.01 +0.9% chalk and 24.58 +1.6%
clay.

To investigate the effect of plant-derived ethylene
under drought conditions, a spray solution of eth-
ylene biosynthesis inhibitor aminoethoxyvinylgly-
cine (AVG) (50 pM) (Sigma, Shanghai, China) was
used (Gu et al. 2022; Ozturk et al. 2012). We deter-
mined the appropriate concentration of AVG for this
study by referencing related studies and verified the
effectiveness of AVG in reducing ethylene by indoor
experiments (Fig. S1). In the field experiment we
selected beef heart kale, Chunfeng VI, and planted
it at a density of 6 plants/m2. The full factorial com-
bination of drought and AVG addition was achieved
using a randomized block design, yielding four treat-
ments, namely (1) environmental control, (2) AVG,
(3) drought and (4) drought and AVG, with four
replicates per treatment. Finally, we established 16
sample plots, each measuring 2 m X 1 m and spaced
2 m apart. The environmental control treatment was
watered a total of four times during the period to
maintain the water content at 60 +5% of the field
holding capacity, while the simulated drought treat-
ment was irrigated twice during the crop growth
period to maintain the field holding capacity of the
plot at 40 +5% (Li and Zhou 2014; Gu et al. 2022).
For the AVG treatment, AVG solution was mainly
sprayed on the crop leaves applied four times at one-
week intervals during the crop growth period, while
the plots without AVG treatment were sprayed with
the same volume of distilled water. Fertilizer and
management practices were kept consistent in each
sample plot during the experiment, and the specific
fertilizer application regimen included the application
of 59 kg/m? of compound fertilizer annually, with a
composition of 15% nitrogen, phosphorus and potas-
sium. Additionally, 450 kg/m* of organic fertilizer
was also applied.

Measurement of crop growth indicators

We used chlorophyll content, net photosynthetic rate,
and yield at maturity as indicators of cabbage growth
(Yang et al. 2014). Chlorophyll content was deter-
mined at maturity by randomly selecting three leaves
from each sample area and using a portable chloro-
phyll meter (Model: SPAD- 502 PLUS) to determine

the relative chlorophyll content, repeating the read-
ings 10 times for each leaf and taking the average
value as the SPAD value of the leaves of the plant.
The net photosynthetic rate (Pn) was measured using
a fully automated photosynthesis measurement sys-
tem (model: LI- 6800) on three randomly selected
leaves in each sampling plot on a sunny and cloudless
morning (9:00-11:00 a.m.), and the mean value was
taken as the net photosynthetic rate of the sampling
plots (Saathoff and Welles 2021). Yield was deter-
mined by weighing the above-ground portion of the
crop at maturity and dividing it by the sample area.
The frequency of the above measurements was once
in a growing season.

Measurement of soil in-situ ethylene concentrations

The static box method was used to measure in situ
ethylene concentrations during the crop growing
season (Zhou et al. 2021). The static box body has a
plastic hose connected to a three-way valve at the top
of the box to extract gas from the box. After the static
box was randomly installed in the sample plots, an
open slot in the base of the box was filled with water
to guarantee the airtightness of the gas inside. Gas
samples were taken in the middle of the experiment.
Before sampling, the gas was mixed by pulling and
pushing the plunger of a 30 ml sterile syringe, and
the extracted gas samples were transferred into pre-
vacuumed 10 ml glass tubes and brought back to the
laboratory for analysis. The gas samples were placed
in a gas chromatograph equipped with a flame ioni-
zation detector for measurement using a GDX- 502
column and injection mode (Varian GC 9800, Shang-
hai, China) (Bu et al. 2019). The specific parameters
were: the column temperature was 80 °C, the injection
cell temperature was 100 °C, and the detector temper-
ature was 120 °C; the flow rate of carrier gas (N,) was
40 mL min~!.

Measurement of soil function indicators

In this study, soil respiration, microbial activity, and
soil extractable carbon (EOC) and nitrogen content
(EON) were assessed as indicators of soil function in
agricultural ecosystems.

Soil respiration was measured using a procedure
similar to that for in situ ethylene concentrations,
with gas samples collected biweekly for a total of
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five measurements, ultimately characterizing the
changes in soil CO, levels. Microbial activity was
evaluated using an incubation method. A fresh
10 g soil sample was placed in a 1 L glass bottle
equipped with a three-way valve for gas collection
and a moist absorbent paper at the bottom, ensur-
ing a good airtight seal. Pre-incubation occurred for
one week at a constant temperature of 22 °C in a
light-protected environment to activate microorgan-
isms in the samples. Gas samples were collected
at the end of the incubation period, and a second
gas sample was taken during the next incubation
cycle, following the same procedure, with the tim-
ing recorded. Microbial activity was expressed by
analyzing the change in gas concentration between
the two time points. The calculation formula is pro-
vided below:

f;‘ncubation = ZS_Z = /])Wv_if (1)

The soil microbial respiration during incubation
is measured in mg kg2 dry soil h™!. In this equa-
tion, Am/At denotes the rate of change in the mass
of CO, in the jar over time, Ac/At characterizes the
rate of change of CO, concentration over time, v
refers to the volume of the incubation jar, and M is
the mass of the soil sample (Gu et al. 2020). p rep-
resents the density of CO, at the temperature of the

glass jar, with the calculation formula as follows:

213 44 5
273+ T " 224 @

p:

In this formula, 7 is the experimental tempera-
ture (in degrees Celsius).

EOC and EON were determined using the hot
water extraction method (Zhou et al. 2012; Bu et al.
2018). A mixture of 3.6 g of soil sample and 30 ml of
sterile water was placed in a centrifuge tube and incu-
bated at 70 °C for 16 h. The supernatant was obtained
by mixing at 200 rpm, followed by centrifugation
at 4500 rpm for 30 min. The contents of EOC and
EON were accurately measured using a total organic
carbon/total nitrogen analyzer (Analytik Jena, Ger-
many). Soil total carbon and nitrogen contents were
measured using an elemental analyzer (Vario MICRO
cube, Germany). Soil moisture content was deter-
mined by drying samples at 105 °C overnight, while
soil pH was assessed at a dry soil/water ratio of 1:2.5.
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Metagenomic sequencing and bioinformatics analysis
of soil microbes

DNA from soil microorganisms was extracted using a
DNA kit (Magen, Guangzhou, China) and subjected
to metagenomic sequencing. The raw data obtained
from the Illumina platform were filtered via FASTP
(v0.20.0) to eliminate low-quality and host-contami-
nated fragments, resulting in high-quality reads. Con-
tigs were generated by assembly using MEGAHIT
with default parameters. Gene prediction was con-
ducted for contigs exceeding 500 bp using MetaGen-
eMark. Non-redundant gene sets were constructed
by clustering predicted genes across all samples with
95% identity and 90% read coverage using CD-HIT
(version 4.6.1). The resulting high-quality reads were
aligned to these non-redundant gene sets using Soa-
paligner version 2.21 to calculate the raw abundance
information for each sample. Species classification
and gene function annotations were obtained by com-
paring the non-redundant gene set sequences against
the NR and KEGG databases. Ultimately, the specific
microbial community composition within each sam-
ple was quantified at seven taxonomic levels: king-
dom, phylum, order, family, genus, and species.

The top nine bacterial phyla in terms of relative
abundance and the top fifteen bacterial genera were
designated as dominant microbial taxa, according to
a standardized abundance table. The richness index
and the ACE index were used to measure changes in
microbial richness among the various samples. Mean-
while, the Shannon—Wiener index and Simpson index
were employed to calculate the a-diversity of micro-
organisms within the soil samples.

Data analysis

The effects of drought and AVG addition, as well as
their interactions, on crop growth, soil function, and
microbial community diversity were investigated
using two-way ANOVA with R software. Differ-
ences among the four treatment groups were ana-
lyzed using the LSD test at a significance level of
P < 0.05. Correlation analyses of soil microbial com-
munity structure and diversity were performed using
the “vegan” package in R. The relationship between
soil microbial communities and environmental fac-
tors was examined using redundancy analysis (RDA),
based on the maximum gradient length of detrended
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correspondence analysis (DCA), with model testing
conducted via Monte Carlo permutation (999 itera-
tions) (Xue et al. 2020). The Mantel Test was used to
assess correlations between plant factors, soil proper-
ties, and dominant microbial taxa. All graphical rep-
resentations were created using Origin 2021.

Results
Effects of drought and AVG addition on crop growth

Our findings indicate that the ethylene concentration
in situ significantly increased to 46.1% under drought

conditions compared to the control plot. Conversely,
the application of AVG resulted in significant reduc-
tions in soil ethylene concentration, decreasing it to
68.9% and 68% under drought and non-drought con-
ditions, respectively, indicating the effectiveness of
AVG treatment (Fig. S2).

Drought stress significantly impacted the physi-
ological and growth parameters of cabbage, leading
to reductions in yield, chlorophyll content, and net
photosynthesis rate by 16.8%, 12.9%, and 23.8%,
respectively (Fig. la-b; Fig. S3). In contrast, AVG
treatment significantly enhanced cabbage growth,
increasing yield by 7.4% and 8.9% under drought-free
and drought conditions, respectively (Fig. la). The

Fig. 1 Effects of drought 20
and AVG addition treat- (a) Drought (D): P < 0.001
ments on crop yield (a), net AVG (A):_ P <0.01
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net photosynthetic rate also increased by 19% and
18.8% in drought-free and drought conditions, respec-
tively (Fig. 1b), while chlorophyll content increased
by 11.1% and 10.7% (Fig. S3). Notably, the effects of
drought and AVG addition on the physiological and
growth parameters of cabbage appeared to be inde-
pendent of each other, with no significant interaction
observed.

Effects of drought and AVG addition on soil
functions

The average soil respiration rate under drought condi-
tions was significantly reduced by 24.7% compared to
the control (Fig. 2a). However, the addition of AVG
significantly increased soil respiration rates by 20%
and 37.7% under drought-free and drought condi-
tions, respectively. Additionally, the soil respiration

rate exhibited significant dynamic changes over the
experimental period, gradually decreasing over time
(P<0.001).

Regarding soil microbial activity, drought con-
ditions resulted in a significant decrease of 65.4%.
However, AVG addition significantly increased
microbial activity by 58.92% under drought-free
conditions and 165.9% under drought conditions
(Fig. 2b). Soil extractable carbon content (EOC) was
also significantly reduced by 15.6% under drought
conditions compared to the control, while AVG addi-
tion significantly increased EOC by 8.1% and 13%
under both drought-free and drought conditions
(Fig. 2¢). In terms of soil extractable nitrogen content,
drought significantly decreased its concentrations by
44.6%, whereas AVG addition significantly increased
nitrogen contents by 32.2% and 67.2% under drought-
free and drought conditions, respectively (Fig. 2d).
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Fig. 2 Soil functional changes in subtropical agroecosystems
under drought and AVG addition treatments, including soil res-
piration (a), microbial activity (b), soil extractable carbon (c),
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and soil extractable nitrogen content (d). Data are presented as
mean values with standard errors
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Importantly, neither drought nor AVG addition
showed significant interactive effects on the afore-
mentioned soil function indicators. Additionally,
neither treatment significantly impacted soil pH,
temperature, total carbon, total nitrogen, ammonium
nitrogen, or nitrate nitrogen (Table S1).

Relationships between soil-dominant taxa and
agroecosystem functions

Metagenomic sequencing revealed that the soil micro-
bial community composition was largely similar but
significantly different across the four treatment plots.
By ranking the relative abundance, we identified nine
dominant bacterial phyla and fifteen dominant bac-
terial genera, followed by ANOVA for these taxa.
The results indicated that the relative abundances of
Proteobacteria, Acidobacteria, Planctomycetes, and
Nitrospirae were significantly lower under drought
treatment than under non-drought treatment. Mean-
while, AVG addition increased the relative abundance
of Proteobacteria and Actinobacteria compared to
samples without AVG, though these changes did not
reach statistical significance (Fig. S4a; Table S2).
Changes at the genus level mirrored those observed
at the phylum level, with relative abundances of
Nitrospira and Hyphomicrobium significantly lower

under drought treatment compared to non-drought
conditions. The addition of AVG slightly increased
the abundance of dominant genera, such as Nocardi-
oides, when compared to samples without AVG (Fig.
S4b; Table S3). Alpha diversity analysis, employing
Chaol, ACE richness, Shannon, and Simpson indi-
ces, showed no significant effects of drought or AVG
on soil microbial diversity (Table S4).

Results from redundancy analysis (RDA) indi-
cated that crop growth and soil function indicators
significantly impacted the soil microbial commu-
nity, explaining 86.3% and 78.5% of the variability
in microbial community composition, respectively.
The net photosynthetic rate and crop yield emerged
as primary crop growth parameters affecting bacterial
community structure (Fig. 3a; Table S5), while soil
moisture, microbial activity, and soil extractable car-
bon content were the main soil functional parameters
contributing to bacterial community changes (Fig. 3b;
Table S6).

To further explore relationships between dominant
taxa and agroecosystem functions, we found signifi-
cant positive correlations between Hyphomicrobium
and both yield and net photosynthetic rate, as well as
with soil moisture, soil respiration, microbial activity,
and soil extractable carbon content. Additionally, the
relative abundance of Nitrospira exhibited significant
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Fig. 3 Redundancy analysis illustrating the effects of crop
growth (a) and soil function indicators (b) on soil microbial
communities. Different colored points represent soil micro-
bial communities from various samples. Blue arrows indicate
crop growth indicators or soil physicochemical indicators, with
arrow length reflecting the influence of environmental factors
on changes in microbial communities. The axes illustrate the

RDA1 (65.36 %)

proportion of variance explained by these factors in relation to
community changes. Abbreviations: KY — cabbage production;
Chl — chlorophyll content; NAR — net photosynthesis rate; SM
— soil water content; SR — soil respiration; ST — soil tempera-
ture; SMA — soil microbial activity; TC — total carbon; TN —
total nitrogen; EOC — soil extractable carbon content; EON —
soil extractable nitrogen content
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positive correlations with all crop growth parameters,
as well as with soil moisture and soil extractable car-
bon content (Fig. 4).

Discussion

Effects of plant-derived ethylene on agroecosystem
functions under drought

Drought is increasingly threatening agroecosystems
in the context of climate change (Christian et al.
2021). However, previous studies have often over-
looked the significant impact of ethylene produced
by plant roots on agricultural ecosystem function
under drought conditions, potentially leading to an
underestimation of drought stress effects on ecosys-
tems. In this study, the use of AVG demonstrated
contrasting effects on crop growth and soil function
within a subtropical agroecosystem, highlighting the

N4

critical role of drought-induced plant ethylene at the
field scale. Research indicates that the biosynthesis of
plant-derived ethylene is closely associated with its
precursor, 1l-aminocyclopropane- 1-carboxylic acid
(ACC) (Van De Poel and Van Der Straeten 2014; Sun
et al. 2017). Our findings reveal that AVG increases
the activity of ACC deaminase, promoting the break-
down of ACC, which reduces plant-derived ethylene
synthesis (Gu et al. 2022). This reduction alleviates
the negative effects of high ethylene concentrations
on agroecosystem functionality.

Chlorophyll content and the net photosynthetic rate
are indicators of leaf efficiency in assimilating sub-
stances, directly influencing dry matter accumulation
and yield formation (Orsék et al. 2023). In this study,
drought and AVG treatment significantly altered the
chlorophyll content and net photosynthetic rate, cor-
relating with the regulatory role of ethylene in plants’
responses to stress (Habben et al. 2014). Excessive
ethylene accumulation has been shown to accelerate
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Fig. 4 Correlation analysis of dominant soil bacterial genera
and indicators of crop growth and soil function under drought
and AVG addition treatments. Gray lines represent Mantel-test
correlations with p> 0.05, while colored lines indicate Mantel-
test correlations with p< 0.05. Abbreviations: KY — cabbage
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production; Chl — chlorophyll content; NAR — net photosyn-
thesis rate; SM — soil water content; SR — soil respiration; ST
— soil temperature; SMA — soil microbial activity; TC — total
carbon; TN — total nitrogen; EOC — soil extractable carbon
content; EON - soil extractable nitrogen content



Plant Soil

chlorophyll degradation and decrease photochemical
efficiency, leading to leaf senescence and abscission.
Our results support this notion (Danish and Zafar-ul-
Hye 2019). However, AVG application reduced ethyl-
ene concentration, mitigating the plant’s sensitivity to
drought and positively enhancing drought resistance
(Dong et al. 2011).

Soil function plays a vital role in maintaining soil
fertility and supplying nutrients for crop growth (Piao
et al. 2019). We further explored the effects of plant-
derived ethylene on soil function under drought con-
ditions, and our results confirmed our hypothesis that
ethylene not only regulates in individual plant growth
in response to drought, but also alters soil function by
influencing plant organic matter input. Our study pro-
vides the first large-scale field evidence that reducing
plant-derived ethylene enhances soil function under
drought stress. Additionally, it demonstrates that eth-
ylene is a significant factor in how drought impacts
agroecosystem functioning. Ethylene is known to
suppress root development, which can diminish soil
autotrophic respiration (Fiorani et al. 2002; Wei et al.
2020). Furthermore, changes in root secretions under
drought conditions may also affect the nutrient sub-
strates available to microorganisms, thereby limiting
microbial activity (Pierik et al. 2007). The increase
in soil extractable carbon and nitrogen content asso-
ciated with reduced ethylene concentrations via AVG
may stem from enhanced crop productivity, result-
ing in greater organic matter input and more soluble
organic content (Naikwade 2021).

However, this study focused on only one crop
when investigating the role of plant-derived ethylene
on crop growth and soil function. Future research
could involve observing different crops over extended
periods to confirm the generalizability of our find-
ings. Given the widespread vulnerability of agroeco-
systems and the anticipated increase in the frequency
and intensity of drought events (Haile et al. 2019),
our findings emphasize that drought affects agroeco-
system functionality by inducing ethylene production
in plants. This insight is critical for improving resil-
ience under drought stress.

Effects of plant-derived ethylene on soil microbial
communities under drought

Soil microbial communities are pivotal for soil func-
tion and influence interactions between soil and

plants (Carvalhais et al. 2014; Hartmann and Six
2023; Zhou et al. 2023). Changes in microbial com-
munity structure can modify soil nutrient cycling and,
consequently, affect crop growth (Xun et al. 2019).
In this study, drought and AVG application exerted
markedly different effects on the microbial commu-
nity structure. Under drought conditions, the relative
abundance of Proteobacteria significantly declined,
likely due to the higher sensitivity of Gram-negative
bacteria to water stress (Yerbury et al. 2005). Previ-
ous studies have shown that the metabolic activity of
these bacteria often diminishes or even leads to dor-
mancy during such conditions (Hueso et al. 2012).
Conversely, Acidobacteria and Nitrospirae are sensi-
tive to soil available carbon and nitrogen; drought-
induced reductions in aboveground biomass subse-
quently diminish soil organic carbon and nitrogen
content (Breitkreuz et al. 2021).

Following AVG application, the relative abun-
dances of Proteobacteria and Actinobacteria
increased. This may be attributed to reduced plant-
derived ethylene, which enhances crop productivity
and root vigor, thereby improving soil nutrient avail-
ability and creating a rich energy source for these
copiotroph bacteria (Chodak et al. 2015). Addition-
ally, prior research has indicated that certain taxa,
such as Nocardioides, can produce ACC deaminase to
regulate soil ACC levels, indirectly influencing plant
drought resistance (Singh et al. 2015).

Our findings reveal that the relative abundance of
dominant microbial taxa is significantly influenced
by crop growth and soil factors. This suggests that
plant-derived ethylene indirectly affects microbial
community structure by altering plant productivity
and soil physicochemical properties (Carvalhais et al.
2014). This indirect mechanism offers new insights
into the role of plant-derived ethylene in soil ecologi-
cal processes. We found that the negative effects of
drought on crop growth were mitigated by the appli-
cation of ethylene inhibitors, which also significantly
improved soil function and increased the abundance
of eutrophic microbial taxa. This enhancement may
be attributed to the ethylene inhibitor treatment,
which boosted the aboveground biomass (Fig. 5), and
subsequently promoted the root secretions and the
associated microbial taxa.

Although drought and AVG addition significantly
altered the relative abundance of dominant taxa, they
did not significantly impact the microbial diversity
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Fig. 5 Ethylene inhibitors (AVG) are utilized to regulate
plant-derived ethylene (C,H,) concentrations under drought
conditions, influencing crop growth and soil function in sub-
tropical agricultural ecosystems. Drought stress leads to
increased ethylene production, elevating its concentration in
the soil, which can alter the soil microbial community, reduce
microbial activity, decrease soil soluble organic carbon and
nitrogen content, and lower soil respiration, ultimately inhib-
iting crop growth. The application of AVG under drought

index. This aligns with previous findings, which
noted that drought stress primarily affects soil micro-
bial components rather than diversity within farmland
ecosystems (Kundel et al. 2020). While we observed
changes in soil microbial diversity in response to
drought stress and plant-derived ethylene, it is impor-
tant that not all soil microorganisms detected were
active. Therefore, future investigations into changes
in soil microbial community structure could benefit
from combining stable isotope nucleic acid probes
with metagenomic sequencing techniques. Given the
sensitivity of soil microbial communities to environ-
mental changes, microbial community abundance
and diversity often serve as key indicators of soil
functional health (Qiu et al. 2021; Dong et al. 2024).
Our study clarifies the microbial mechanisms through
which agricultural ecosystem functions respond to
drought, highlighting that the effects of drought on
critical ecological functions, such as crop growth,
are associated with shifts in the dominant taxa of soil
microorganisms. This underscores the significance
of ethylene in regulating changes in soil microbial

@ Springer

conditions mitigates the negative effects of elevated ethylene
levels. Continuous and dashed black arrows represent ethyl-
ene concentrations following control and AVG application,
respectively. Arrow width indicates hypothetical soil respira-
tion rates. The color intensity of the solid lines reflects micro-
bial activity, soil soluble organic carbon, and nitrogen content,
respectively. Different colored spheres denote soil microbial
communities under various treatments

communities. This also provides a scientific basis
for considering the utilization of microbial resources
in future drought management strategies aimed at
enhancing crop growth and improving soil functions
under drought stress.

Conclusion

Our results indicate that ethylene production by plant
roots significantly influences agroecosystem func-
tions under drought stress. Drought leads to increased
ethylene content, which adversely affects crop growth
and soil functions. Conversely, reducing ethylene
concentration can mitigate some of the negative
impacts of drought on agricultural ecosystem func-
tionality, thereby enhancing overall ecosystem perfor-
mance. The underlying mechanism for these changes
involves AVG significantly increasing the relative
abundance of Proteobacteria and Actinobacteria.
This research marks the first field validation of the
concept that reducing ethylene derived from plants
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improves agroecosystem functionality under drought
stress. Furthermore, our findings provide a theoreti-
cal foundation for utilizing AVG to enhance drought
tolerance in agroecosystem functions. Finally, given
the differences in drought tolerance among crops and
the adaptability of microbial communities, future
research should further evaluate the specific effects of
these factors.

Acknowledgements This study was supported by the Shang-
hai Agricultural Science and Technology Innovation Project
(No. 2024 -02 -08 -00 - 12-F00018). We would like to express
our gratitude to Prof. Jay T. Lennon from Indiana University
for assistance in revision of the manuscript.

Data availability Data will be available on request. The
sequencing data supporting the findings presented here
are available in the NCBI repository with the identifiers
PRINA1195390.

Declarations

Competing interest The authors declare that there is no con-
flict of interest.

References

Bardgett RD, van der Putten WH (2014) Belowground biodi-
versity and ecosystem functioning. Nature 515:505-511.
https://doi.org/10.1038/nature 13855

Bouma J (2014) Soil science contributions towards sustainable
development goals and their implementation: linking soil
functions with ecosystem services. J Plant Nutr Soil Sci
177:111-120. https://doi.org/10.1002/jpIn.201300646

Bray EA (1997) Plant responses to water deficit. Trends Plant
Sci 2:48-54.  https://doi.org/10.1016/S1360-1385(97)
82562-9

Breitkreuz C, Herzig L, Buscot F et al (2021) Interactions
between soil properties, agricultural management and
cultivar type drive structural and functional adaptations
of the wheat rhizosphere microbiome to drought. Environ
Microbiol 23:5866-5882. https://doi.org/10.1111/1462-
2920.15607

Bu X, Gu X, Zhou X et al (2018) Extreme drought slightly
decreased soil labile organic C and N contents and altered
microbial community structure in a subtropical evergreen
forest. For Ecol Manage 429:18-27. https://doi.org/10.
1016/j.foreco.2018.06.036

Bu X, Krause SMB, Gu X et al (2019) Ethylene rather than
acetylene inhibits soil methane oxidation rates in a sub-
tropical evergreen forest. Soil Biol Biochem 135:10-12.
https://doi.org/10.1016/j.50ilbi0.2019.04.001

Carvalhais LC, Dennis PG, Schenk PM (2014) Plant defence
inducers rapidly influence the diversity of bacterial

communities in a potting mix. Appl Soil Ecol 84:1-5.
https://doi.org/10.1016/j.aps0il.2014.06.011

Chavoushi M, Najafi F, Salimi A, Angaji SA (2019) Improve-
ment in drought stress tolerance of safflower during veg-
etative growth by exogenous application of salicylic acid
and sodium nitroprusside. Ind Crops Prod 134:168-176.
https://doi.org/10.1016/j.indcrop.2019.03.071

Chodak M, Golebiewski M, Morawska-Ptoskonka J et al
(2015) Soil chemical properties affect the reaction of
forest soil bacteria to drought and rewetting stress.
Ann Microbiol 65:1627-1637. https://doi.org/10.1007/
$13213-014-1002-0

Christian JI, Basara JB, Hunt ED et al (2021) Global dis-

tribution, trends, and drivers of flash drought occur-

rence. Nat Commun 12:6330. https://doi.org/10.1038/

$41467-021-26692-z

L, Shi J (2012) Urbanization and its environmental

effects in Shanghai, China. Urban Clim 2:1-15. https://

doi.org/10.1016/j.uclim.2012.10.008

Danish S, Zafar-ul-Hye M (2019) Co-application of ACC-
deaminase producing PGPR and timber-waste biochar
improves pigments formation, growth and yield of
wheat under drought stress. Sci Rep 9:5999. https://doi.
0rg/10.1038/s41598-019-42374-9

Dodd I, Ryan A (2016) Whole-plant physiological responses
to water-deficit stress. pp 1-9. https://doi.org/10.1002/
9780470015902.20001298.pub3

Dong H, Zhen Z, Peng J et al (2011) Loss of ACS7 confers
abiotic stress tolerance by modulating ABA sensitivity
and accumulation in arabidopsis. ] Exp Bot 62:4875—
4887. https://doi.org/10.1093/jxb/err143

Dong M, Zuo H, Tian X, Zhou X (2024) Salinity decouples
the relationships between microbial functional gene
abundance and N20O emissions in subtropical agricul-
tural soils. J Soils Sediments 24:808-818. https://doi.
org/10.1007/s11368-023-03658-w

Dubois M, Van den Broeck L, Inzé D (2018) The pivotal role
of ethylene in plant growth. Trends Plant Sci 23:311-
323. https://doi.org/10.1016/j.tplants.2018.01.003

Falkowski PG, Fenchel T, Delong EF (2008) The microbial
engines that drive earth’s biogeochemical cycles. Sci-
ence 320:1034-1039. https://doi.org/10.1126/science.
1153213

Fiorani F, Bogemann GM, Visser EJW et al (2002) Ethylene
emission and responsiveness to applied ethylene vary
among poa species that inherently differ in leaf elongation
rates. Plant Physiol 129:1382-1390. https://doi.org/10.
1104/pp.001198

Gu X, Smaill SJ, Wang B et al (2022) Reducing plant-derived
ethylene concentrations increases the resistance of temper-
ate grassland to drought. Sci Total Environ 846:157408.
https://doi.org/10.1016/j.scitotenv.2022.157408

Gu X, Zhou X, Zhou J et al (2020) Soil respiration negatively
correlated with volume gains by a young pinus radiata
clone over five months. Geoderma 361:114105. https:/
doi.org/10.1016/j.geoderma.2019.114105

Habben JE, Bao X, Bate NJ et al (2014) Transgenic alteration
of ethylene biosynthesis increases grain yield in maize
under field drought-stress conditions. Plant Biotechnol J
12:685-693. https://doi.org/10.1111/pbi.12172

Cui

=

@ Springer


https://doi.org/10.1038/nature13855
https://doi.org/10.1002/jpln.201300646
https://doi.org/10.1016/S1360-1385(97)82562-9
https://doi.org/10.1016/S1360-1385(97)82562-9
https://doi.org/10.1111/1462-2920.15607
https://doi.org/10.1111/1462-2920.15607
https://doi.org/10.1016/j.foreco.2018.06.036
https://doi.org/10.1016/j.foreco.2018.06.036
https://doi.org/10.1016/j.soilbio.2019.04.001
https://doi.org/10.1016/j.apsoil.2014.06.011
https://doi.org/10.1016/j.indcrop.2019.03.071
https://doi.org/10.1007/s13213-014-1002-0
https://doi.org/10.1007/s13213-014-1002-0
https://doi.org/10.1038/s41467-021-26692-z
https://doi.org/10.1038/s41467-021-26692-z
https://doi.org/10.1016/j.uclim.2012.10.008
https://doi.org/10.1016/j.uclim.2012.10.008
https://doi.org/10.1038/s41598-019-42374-9
https://doi.org/10.1038/s41598-019-42374-9
https://doi.org/10.1002/9780470015902.a0001298.pub3
https://doi.org/10.1002/9780470015902.a0001298.pub3
https://doi.org/10.1093/jxb/err143
https://doi.org/10.1007/s11368-023-03658-w
https://doi.org/10.1007/s11368-023-03658-w
https://doi.org/10.1016/j.tplants.2018.01.003
https://doi.org/10.1126/science.1153213
https://doi.org/10.1126/science.1153213
https://doi.org/10.1104/pp.001198
https://doi.org/10.1104/pp.001198
https://doi.org/10.1016/j.scitotenv.2022.157408
https://doi.org/10.1016/j.geoderma.2019.114105
https://doi.org/10.1016/j.geoderma.2019.114105
https://doi.org/10.1111/pbi.12172

Plant Soil

Haile G, Tang Q, Li W et al (2019) Drought: progress in broad-
ening its understanding. Wiley Interdiscip Rev: Water
7:e1407. https://doi.org/10.1002/wat2.1407

Hartmann M, Six J (2023) Soil structure and microbiome func-
tions in agroecosystems. Nat Rev Earth Environ 4:4-18.
https://doi.org/10.1038/s43017-022-00366-w

Hu W, Ran J, Dong L et al (2021) Aridity-driven shift in biodi-
versity—soil multifunctionality relationships. Nat Commun
12:5350. https://doi.org/10.1038/s41467-021-25641-0

Hueso S, Garcia C, Hernandez T (2012) Severe drought condi-
tions modify the microbial community structure, size and
activity in amended and unamended soils. Soil Biol Bio-
chem 50:167-173. https://doi.org/10.1016/j.s0ilbio.2012.
03.026

Kaisermann A, Roguet A, Nunan N et al (2013) Agricultural
management affects the response of soil bacterial com-
munity structure and respiration to water-stress. Soil Biol
Biochem 66:69-77. https://doi.org/10.1016/j.s0ilbio.2013.
07.001

Kundel D, Bodenhausen N, Jgrgensen HB et al (2020) Effects
of simulated drought on biological soil quality, microbial
diversity and yields under long-term conventional and
organic agriculture. FEMS Microbiol Ecol 96:fiaa205.
https://doi.org/10.1093/femsec/fiaa205

Li B, Zhou G (2014) Advance in the study on drought index.
Shengtai Xuebao/ Acta Ecolog Sin 34:1043-1052. https://
doi.org/10.5846/stxb201210201457

Liu H, Khan MY, Carvalhais LC et al (2019) Soil amendments
with ethylene precursor alleviate negative impacts of
salinity on soil microbial properties and productivity. Sci
Rep 9:6892. https://doi.org/10.1038/s41598-019-43305-4

Miltner A, Bombach P, Schmidt-Briicken B, Kistner M (2012)
SOM genesis: microbial biomass as a significant source.
Biogeochemistry  111:41-55.  https://doi.org/10.1007/
$10533-011-9658-z

Naikwade P (2021) Changes in soil carbon sequestration during
woody plant encroachment in arid ecosystems. Plantae Sci
4:266-276. https://doi.org/10.32439/ps.v4i4-5.266-276

Orsak M, Kotikova Z, Hnili¢ka F, Lachman J (2023) Effect of
long-term drought and waterlogging stress on photosyn-
thetic pigments in potato. Plant Soil Environ 69:152-160.
https://doi.org/10.17221/415/2022-PSE

Ozturk B, Kucuker E, Karaman S, Ozkan Y (2012) The effects
of cold storage and aminoethoxyvinylglycine (AVG) on
bioactive compounds of plum fruit (prunus salicina lindell
cv. ‘black amber’). Postharvest Biol Technol 72:35-41.
https://doi.org/10.1016/j.postharvbio.2012.04.015

Piao S, Zhang X, Chen A et al (2019) The impacts of climate
extremes on the terrestrial carbon cycle: a review. Sci
China Earth Sci 62:1551-1563. https://doi.org/10.1007/
s11430-018-9363-5

Pierik R, Sasidharan R, Voesenek LACJ (2007) Growth control
by ethylene: adjusting phenotypes to the environment. J
Plant Growth Regul 26:188-200. https://doi.org/10.1007/
s00344-006-0124-4

Qiu L, Zhang Q, Zhu H et al (2021) Erosion reduces soil
microbial diversity, network complexity and multifunc-
tionality. ISME J 15:2474-2489. https://doi.org/10.1038/
s41396-021-00913-1

Rossi S, Huang B (2023) Heat-induced leaf senescence in creep-
ing bentgrass suppressed by aminoethoxyvinylglycine

@ Springer

involving regulation of chlorophyll metabolism. J Am Soc
Hortic Sci Am Soc Hortic Sci 148:126-133. https://doi.
org/10.21273/JASHS05297-23

Saathoff A, Welles J (2021) Gas exchange measurements in the
unsteady state. Plant Cell Environ 44. https://doi.org/10.
1111/pce.14178

Sato H, Mizoi J, Shinozaki K, Yamaguchi-Shinozaki K
(2024) Complex plant responses to drought and heat
stress under climate change. Plant J 117. https://doi.org/
10.1111/tpj.16612

Singh RP, Shelke GM, Kumar A, Jha PN (2015) Biochemis-
try and genetics of ACC deaminase: a weapon to “stress
ethylene” produced in plants. Front Microbiol 6. https://
doi.org/10.3389/fmicb.2015.00937

Sun X, Li Y, He W et al (2017) Pyrazinamide and derivatives
block ethylene biosynthesis by inhibiting ACC oxidase.
Nat Commun 8:15758. https://doi.org/10.1038/ncomm
s15758

Trejo C, Clephan A, Davies W (1995) How do stomata
read abscisic acid signals? Plant Physiol 109:803-811.
https://doi.org/10.1104/pp.109.3.803

Van De Poel B, Van Der Straeten D (2014) 1-aminocyclopro-
pane-1-carboxylic acid (ACC) in plants: more than just
the precursor of ethylene! Front Plant Sci 5. https://doi.
org/10.3389/fpls.2014.00640

Wei H, Liu Y, Chao Y et al (2020) Recovery of the biologi-
cal function of ethylenediaminetetraacetic acid-washed
soils: roles of environmental variations and microbes.
Sci Total Environ 715:137032. https://doi.org/10.1016/].
scitotenv.2020.137032

Xiong J, Dong L, Lu J et al (2022) Variation in plant carbon,
nitrogen and phosphorus contents across the drylands of
China. Funct Ecol 36:174-186. https://doi.org/10.1111/
1365-2435.13937

Xue M, Guo Z, Gu X et al (2020) Rare rather than abun-
dant microbial communities drive the effects of long-
term greenhouse cultivation on ecosystem functions
in subtropical agricultural soils. Sci Total Environ
706:136004.  https://doi.org/10.1016/j.scitotenv.2019.
136004

Xun W, Li W, Xiong W et al (2019) Diversity-triggered
deterministic bacterial assembly constrains community
functions. Nat Commun 10:3833. https://doi.org/10.
1038/s41467-019-11787-5

Yang W, Yin Y, Jiang W et al (2014) Severe water deficit-
induced ethylene production decreases photosynthesis
and photochemical efficiency in flag leaves of wheat.
Photosynthetica 52:341-350. https://doi.org/10.1007/
s11099-014-0037-6

Yerbury JJ, Stewart EM, Wyatt AR, Wilson MR (2005)
Quality control of protein folding in extracellular space.
EMBO Rep 6:1131-1136. https://doi.org/10.1038/sj.
embor.7400586

Zhang M, Smith JAC, Harberd N, Jiang C (2016) The regula-
tory roles of ethylene and reactive oxygen species (ROS)
in plant salt stress responses. Plant Mol Biol 91. https://
doi.org/10.1007/s11103-016-0488-1

Zhao M, Running SW (2010) Drought-Induced reduction
in global terrestrial net primary production from 2000
through 2009. Science 329:940-943. https://doi.org/10.
1126/science.1192666


https://doi.org/10.1002/wat2.1407
https://doi.org/10.1038/s43017-022-00366-w
https://doi.org/10.1038/s41467-021-25641-0
https://doi.org/10.1016/j.soilbio.2012.03.026
https://doi.org/10.1016/j.soilbio.2012.03.026
https://doi.org/10.1016/j.soilbio.2013.07.001
https://doi.org/10.1016/j.soilbio.2013.07.001
https://doi.org/10.1093/femsec/fiaa205
https://doi.org/10.5846/stxb201210201457
https://doi.org/10.5846/stxb201210201457
https://doi.org/10.1038/s41598-019-43305-4
https://doi.org/10.1007/s10533-011-9658-z
https://doi.org/10.1007/s10533-011-9658-z
https://doi.org/10.32439/ps.v4i4-5.266-276
https://doi.org/10.17221/415/2022-PSE
https://doi.org/10.1016/j.postharvbio.2012.04.015
https://doi.org/10.1007/s11430-018-9363-5
https://doi.org/10.1007/s11430-018-9363-5
https://doi.org/10.1007/s00344-006-0124-4
https://doi.org/10.1007/s00344-006-0124-4
https://doi.org/10.1038/s41396-021-00913-1
https://doi.org/10.1038/s41396-021-00913-1
https://doi.org/10.21273/JASHS05297-23
https://doi.org/10.21273/JASHS05297-23
https://doi.org/10.1111/pce.14178
https://doi.org/10.1111/pce.14178
https://doi.org/10.1111/tpj.16612
https://doi.org/10.1111/tpj.16612
https://doi.org/10.3389/fmicb.2015.00937
https://doi.org/10.3389/fmicb.2015.00937
https://doi.org/10.1038/ncomms15758
https://doi.org/10.1038/ncomms15758
https://doi.org/10.1104/pp.109.3.803
https://doi.org/10.3389/fpls.2014.00640
https://doi.org/10.3389/fpls.2014.00640
https://doi.org/10.1016/j.scitotenv.2020.137032
https://doi.org/10.1016/j.scitotenv.2020.137032
https://doi.org/10.1111/1365-2435.13937
https://doi.org/10.1111/1365-2435.13937
https://doi.org/10.1016/j.scitotenv.2019.136004
https://doi.org/10.1016/j.scitotenv.2019.136004
https://doi.org/10.1038/s41467-019-11787-5
https://doi.org/10.1038/s41467-019-11787-5
https://doi.org/10.1007/s11099-014-0037-6
https://doi.org/10.1007/s11099-014-0037-6
https://doi.org/10.1038/sj.embor.7400586
https://doi.org/10.1038/sj.embor.7400586
https://doi.org/10.1007/s11103-016-0488-1
https://doi.org/10.1007/s11103-016-0488-1
https://doi.org/10.1126/science.1192666
https://doi.org/10.1126/science.1192666

Plant Soil

Zhou X, Chen C, Wu H, Xu Z (2012) Dynamics of soil
extractable carbon and nitrogen under different cover
crop residues. J Soils Sediments 12:844-853. https://
doi.org/10.1007/s11368-012-0515-z

Zhou X, Gu X, Smaill SJ (2023) Rethinking experiments that
explore multiple global change factors. Trends Ecol Evol
38:399-401. https://doi.org/10.1016/j.tree.2023.01.009

Zhou X, Smaill SJ, Clinton PW (2013) Methane oxidation
needs less stressed plants. Trends Plant Sci 18:657-659.
https://doi.org/10.1016/j.tplants.2013.09.011

Zhou X, Zhang M, Krause SMB et al (2021) Soil aeration rather
than methanotrophic community drives methane uptake
under drought in a subtropical forest. Sci Total Environ
792:148292. https://doi.org/10.1016/j.scitotenv.2021.148292

Zvomuya F, Janzen H, Larney F, Olson B (2008) A long-term
field bioassay of soil quality indicators in a semiarid envi-
ronment. Soil Sci Soc America J- SSSAJ 72. https://doi.
org/10.2136/ss52j2007.0180

Publisher’s Note  Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner)
holds exclusive rights to this article under a publishing agreement
with the author(s) or other rightsholder(s); author self-archiving of
the accepted manuscript version of this article is solely governed
by the terms of such publishing agreement and applicable law.

@ Springer


https://doi.org/10.1007/s11368-012-0515-z
https://doi.org/10.1007/s11368-012-0515-z
https://doi.org/10.1016/j.tree.2023.01.009
https://doi.org/10.1016/j.tplants.2013.09.011
https://doi.org/10.1016/j.scitotenv.2021.148292
https://doi.org/10.2136/sssaj2007.0180
https://doi.org/10.2136/sssaj2007.0180

	Reducing plant-derived ethylene enhances crop growth and soil functions under drought stress in subtropical agroecosystems
	Abstract 
	Aims 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Sample site information and experimental setup
	Measurement of crop growth indicators
	Measurement of soil in-situ ethylene concentrations
	Measurement of soil function indicators
	Metagenomic sequencing and bioinformatics analysis of soil microbes
	Data analysis

	Results
	Effects of drought and AVG addition on crop growth
	Effects of drought and AVG addition on soil functions
	Relationships between soil-dominant taxa and agroecosystem functions

	Discussion
	Effects of plant-derived ethylene on agroecosystem functions under drought
	Effects of plant-derived ethylene on soil microbial communities under drought

	Conclusion
	Acknowledgements 
	References


