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Introduction: While climate change alters the balance of the terrestrial
ecosystems, the impact on the soil bacterial community remains poorly
understood. A field experiment was conducted to assess the effects of
warming, drought, and their combination on the soil bacterial community at
different growth stages of winter wheat.

Methods: Four treatments were defined for this study: warming at 1.5°C
combined with full irrigation (TWS) and deficit irrigation (TWD), then ambient
temperature combined with full irrigation (TNS) and deficit irrigation (TND).
Results: TWS, unlike TND, promoted nitrogen availability for plants and root
exudation. The abundance and diversity of the bacterial community were more
responsive to different climatic stresses at the jointing stage than at other growth
stages. Chloroflexi, Firmicutes, and Bacteroidota were positively correlated with
soil inorganic nitrogen, the root total organic carbon (TOC), and negatively
correlated with available phosphorus (AP), available potassium (AK), soil organic
carbon (SOC) under TND, while an opposite trend was observed with
Actinobacteria and Proteobacteria. Furthermore, under TWS, Bacteroidota,
unlike Actinobacteria, was positively correlated with NH,*, NOz”, TOC, and
negatively correlated with AP, and SOC. The bacterial community network
feature values were higher under TWD and lower under TNS.

Conclusion: These results indicate that the sensitivity of the rhizosphere bacterial
community to the different climatic stresses varies according to the growth
stage, and that the community is particularly more responsive at the jointing
stage than at the later stages.
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warming, drought, rhizosphere bacterial community, root exudates, wheat
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1 Introduction

Soil microbes are living organisms that perform multiple
complex functions within terrestrial ecosystems. Although some
of these organisms can harm plants, they play a crucial role in plant
protection and growth. Microbes such as plant growth-promoting
rhizobacteria (PGPR) accelerate plant growth by improving
nutritional capacity and resistance to environmental stresses and
by producing growth-stimulating hormones (Lyu et al., 2019;
Verma et al., 2019; Vocciante et al., 2022), which positively affect
crop productivity (Kumar and Verma, 2019). The soil microbial
community maintains soil quality and facilitates nutrient
availability to crops by participating in nutrient mineralization
processes (Rashid et al., 2019; Schloter et al., 2018). Indeed,
several studies have shown the fundamental function of
microorganisms in transforming organic matter, nitrogen, and
phosphorus in soil (Duan et al,, 2022; Yang et al.,, 2022; Li et al,
2021). Other studies have highlighted the importance of soil
microorganisms in regulating greenhouse gas emissions such as
carbon dioxide, methane, and nitrous oxide (Arunrat et al., 2025a;
You et al.,, 2022; Kpalari et al., 2023). However, various
environmental stresses, such as extreme climatic events,
compromise the efficient functioning of the community (De Vries
et al., 2018; Mekala and Polepongu, 2019).

The impact of climate change on living organisms has been a
major concern for researchers in recent decades. This change
manifests in various anomalies, including drought and rising
atmospheric temperatures (Fawzy et al., 2020; Marengo et al,
2017). Efforts have been made in several areas to stabilize the
increase in atmospheric temperature at 1.5 °C compared with pre-
industrialization times (Hoegh-Guldberg et al., 2019; Masson-
Delmotte et al., 2018). However, research continues to report a
steady rise in temperature in different regions across the globe
(Arnell et al., 2019; Hashimoto, 2019; Lindsey and Dahlman, 2020),
and this rise could reach 4 °C by the end of this century if no action
is taken to limit excessive greenhouse gas emissions (Wang et al.,
2018). The increase in atmospheric temperature intensifies the risk
of drought or exacerbates it in regions where both cooccur
(Diffenbaugh et al., 2015; Vicente-Serrano et al., 2020). Xu et al.
(2019) reported that, globally, a 1.5 °C increase in atmospheric
temperature is likely to increase drought frequency by 36% and its
duration by 15%.

Several studies have attempted to document the influence of
warming on soil microorganisms. Previous research has suggested
that an increase in atmospheric temperature has beneficial impacts
on the diversity of soil microbial community (Fang et al., 2021;
Wang et al., 2020; Yu et al., 2021a). However, this impact depends
on several parameters, including the duration of the stress (Wu
et al,, 2022; Zheng et al., 2020) and the soil layer depth considered
(Fu et al,, 2023; Zhang et al,, 2015). Increased temperature modifies
the abundance and composition of the soil microbial community by
increasing the proportion of specific bacterial phyla, such as
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Proteobacteria and Actinobacteria, to the detriment of others
(Che et al.,, 2022; Li et al.,, 2023b). Previous studies have reported
positive impacts of this climatic phenomenon on soil microbial
biomass (Chen et al., 2021; Ma et al., 2019) and according to Chen
et al. (2021), the response of soil microbial carbon and nitrogen
biomass to this thermal stress is not uniform. However, this biomass
undergoes significant long-term decreases as the duration of
warming increases (Xu and Yuan, 2017).

Drought is becoming an increasingly common phenomenon in
different regions of the world (Dai et al.,, 2018), and its influence
does not spare living soil organisms. Studies have shown that the
unavailability or decrease in the quantity of water in the soil is likely
to induce various stresses in the soil microbial community, which
may result in the either death or biological adaptation (Bogati and
Walczak, 2022; Schimel, 2018). Unlike global warming, drought
alters the diversity (Preece et al., 2019; Siebielec et al., 2020) and
biomass of the soil microbial community (Xu et al., 2020; Sun et al.,
2020c). This stress disrupts the abundance and composition of the
bacterial community by modifying the relative proportion of the
different bacterial phyla composing it (Preece et al., 2019; Veach and
Zeglin, 2020; Ochoa-Hueso et al., 2018; Kpalari et al., 2023). Bu et al.
(2018) reported an increase in the relative proportions of
Acidobacteria and a decrease in that of Proteobacteria under
drought conditions. Other studies have also shown that water
deficit reduces soil microbial diversity (Canarini et al., 2021)
while destabilizing the community complexity (De Vries
et al., 2018).

Temperature and precipitation are among the most influential
climatic factors for the soil microbial community (Li et al., 2018).
The combined impact of extreme climatic events such as drought
and warming reduces the community’s abundance, composition,
and functional properties (Von Rein et al., 2016; Yang et al., 2021a;
Li et al., 2018). According to Sheik et al. (2011), the combination of
these two climatic anomalies is capable of inducing a 50-80%
reduction in the size of the soil microbial population. However,
most previous studies considered only the crop maturity stage, and
the impacts of climate change on the community at the different
stages of crop growth remain poorly documented.

Winter wheat is one of the most widely cultivated crops in
China, and its productivity depends on the various stresses it is
subjected to during the different stages of its growth (Feng et al.,
2020; Monteleone et al., 2023). However, this crop is highly
sensitive to extreme weather events (Chandio et al., 2023; Sun
et al., 2024; Shoukat et al.,, 2024). The main objective of this study
was to simulate the impacts of different climate scenarios on the
microbial community in the rhizosphere of winter wheat at different
growth stages. The present study aims to (i) investigate the
individual and combined effects of different climatic phenomena
on the soil bacterial community and (ii) explain the community’s
response to climatic stresses at different growth stages of winter
wheat. We hypothesize that the response of the bacterial
community to climatic stress depends on the plant growth stage.
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2 Materials and methods
2.1 Site description

The experiment was conducted from October 2022 to June 2023
at the Qiliying Experimental Station, Institute of Farmland
Irrigation of Chinese Academy of Agricultural Science (35.09'N,
113.48°E, and altitude 81 m). The trial was installed in lysimeters
under the rain shelter. There were 24 lysimeters, and each measured
3.33 mx2.0 m in size, with a 1.8 m soil depth. The soil was sandy
loam, with a field capacity (FC) of 29% (mass basis), bulk density of
1.45 g cm’, total nitrogen of 72.57 mg kg™, available phosphorous of
4525 mg kg, soil organic matter of 8.98 mg kg™, soil organic
carbon of 5.21 mg kg™ and pH (H,O) of 8.54. The trial area has a
continental monsoon climate with an average annual rainfall of 548
mm, an average yearly temperature of 14.5 °C, and a sunlight
duration of 2398.8 hours.

2.2 Experimental design

The experimental design was identical to that used by Li et al.
(2023a) (Figure 1). A randomized complete block was designed
with two temperature levels and two irrigation regimes. Four
treatments were defined for this study: warming combined with
full irrigation (TWS) and deficit irrigation (TWD), then ambient
temperature combined with full irrigation (TNS) and deficit
irrigation (TND). The control treatment was TNS, and all the
treatments were replicated three times. The two temperature
levels were set as warming at 1.5°C and non-warming, and the
two soil moisture levels as full water supply (irrigation rate of 45
mm) and deficit water supply (irrigation rate of 33 mm). The
electric infrared heater (model MRM2420, Kalglo Electronics Co.,
Inc., PA, USA) was used to warm the air. An infrared heater is made
of an iron bracket, a far-infrared heating black-body tube (length of
1.8 m and diameter of 1.8 cm) with a power of 2,000 W, and a white
stainless steel reflecting cover with dimensions of 2 mx0.2 m. Before
sowing, the bracket was fixed in the soil, and an iron support held
the far-infrared heating tube in place. To increase the temperature
to approximately 1.5 °C, the height of the heating tube was adjusted
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regularly, and a manual thermometer was used to check the
temperature above the canopy every morning at 8 a.m. During
the winter wheat growing season, a 24-hour continuous warming
mode was employed, and the effective warming area was 4 m?. A
lampshade was also provided for the non-warming treatments to
control and lower the error of test factors.

The winter wheat (Triticum aestivum L.) variety Zhoumai-22
was used in this study. Water is applied by drip irrigation when the
average soil moisture between 0-80 cm depth of soil falls to 60%-
65% of the field capacity. As regards fertilization, urea (46% N)
calcium superphosphate (16% P,0s), and potassium sulfate (52%
K,0) were applied to the crops at doses of 240 kg/ha N, 120 kg/ha P,
and 120 kg/ha K based on the fertilization formulas recommended
in our study area (Liu et al., 2024b).

2.3 Soil sample collection

Three soil samples were collected per treatment for the soil
chemical properties analysis, and three other soil samples from the
rhizosphere were collected for microbial analysis. The samples were
taken at three growth stages of winter wheat: jointing, flowering,
and grain-filling. For each plot, soil samples were taken between 0-
10 cm soil depth and used to measure the soil acidity (pH), soil
organic matter (SOM), soil organic carbon (SOC), available
phosphorus (AP), available potassium (AK), total nitrogen (TN)
and soil inorganic nitrogen (NO;™ and NH,"). Soil within 2 mm of
the root surface was considered rhizosphere soil in this study (Chen
et al,, 2019). After gently shaking the roots to remove loosely
adhering soil clumps, rhizosphere soil samples were carefully
collected by brushing the roots to remove any remaining soil and
stored at -80 °C before being sent to the Shanghai Majorbio
Laboratory for soil microbial community structure analysis.

2.4 Soil sample analysis

AP concentrations were determined calorimetrically (ammonium
vanadate/molybdate) using spectrophotometry (540 nm, Hitachi
U-2900 Double-Beam UV-Visible Spectrophotometer), while AK

3.3m 0.4m
— R d
-\
2m TWS TWD TWD TNS TND TNS Rain sh elt
0.8m | :

TND TWS TNS TND TWD TWS
FIGURE 1
Experimental design.
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concentrations were measured directly in the CAL extract via flame
spectrometry (Eppendorfer ELEX 6361) (Reimer et al., 2020). TN was
determined by extracting soil samples for an hour using 2 M KCl (1:10)
and filtering the resulting extracts using a 0.45 mm membrane. The soil
pH was determined in distilled deionized water following standard
procedures for soil pH measurement as described by Kome et al.
(2018), SOM, and SOC by wet oxidation method (Walkley and Black,
1934). Soil NO5 and NH,* content were determined with a continuous
flow auto-analyzer as described by Ning et al. (2019).

2.5 DNA extraction and sequencing

DNA extraction was performed in 0.5 g of soil using E.Z.N.A
Soil DNA Kit (Omega Bio-tek, Norcross, GA, USA), and purity was
assessed using ultraviolet-visible spectrophotometer (Thermo
Scientific, Wilmington, NC, United States). DNA quality was
checked by 1% agarose gel electrophoresis. The hypervariable
region V3-V4 of the bacterial 16S rRNA was amplified using
specific primers (338F: 5-ACTCCTACGGGAGGCAGCAG-3’;
806R: 5-GGACTACHVGGGTWTCTAAT-3") (GeneAmp 9700,
ABI, USA). The PCR amplification was performed using the
following process: 27 cycles of denaturation at 95 °C for 30 s,
annealing at 55 °C for 30 s, extension at 72 °C for 30 s, and final
extension at 72 °C for 10 min. The PCR mixtures contain 4 pl of 5 x
TransStart FastPfu buffer, 2 ul of 2.5-mM deoxynucleoside
triphosphates (ANTP), 0.8 ul of forward primer (5 uM), reverse
primer (5 pM) 0.8 pl, 0.4 pl of TransStart FastPfu DNA Polymerase,
and 10 ng of template DNA. The PCR products were extracted from
a 2% agarose gel and quantified using a Quantus Fluorometer
system (Promega, USA). Purified amplicons were pooled in
equimolar and paired-end sequenced on a MiSeq platform
(IIlumina, San Diego, CA, USA) by Majorbio Bio-Pharm
Technology Co. Ltd. (Shanghai, China).

2.6 Root exudation collection and analysis

Root exudates were collected at the jointing, flowering, and
grain-filling stages using a modified culture-based cupping system
developed specifically for collecting root exudates in the field
(Phillips et al., 2008). Plants were selected randomly from each
plot, and a hole was dug under each plant to isolate a few fine-
branched roots of similar length and branching (2 mm average
diameter with laterals) between 0-10 cm soil depth. The isolated
roots were then carefully cleaned of sand and rinsed with deionized
water (Ulrich et al.,, 2022). The roots were then placed in tubes
containing sterile 2 mm diameter glass beads to simulate soil
porosity and mechanical impedance in a carbon-free matrix. The
beads covering the roots were moistened with a dilute sterile
carbon-free nutrient mixture (0.5 mM NH4,NO;, 0.1 mM
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KH,PO,, 0.2 mM K,SO,4, 0.2 mM MgSO,, 0.3 mM CaCl,) used
as a culture medium. The assembly was covered with aluminum foil
and re-entered into the soil to minimize photolytic degradation of
the root acids (Liu et al., 2022a; Phillips et al., 2008). 48 hours after
the exudate collection device was installed, the roots were rinsed
three times, and the nutrient medium was renewed. The nutrient
medium containing root exudates was collected 24 hours after the
previous operation and filtered to remove cellular debris
(Nakayama and Tateno, 2018; Leuschner et al., 2022).

The total organic carbon (TOC) contained in the root exudates
was measured using a model TOC-V CHS/CSN total organic
carbon analyzer (Shimadzu Corporation, Kyoto, Japan) (Karst
et al.,, 2017; Staszel et al., 2022). The roots were then scanned and
weighed to adjust the TOC analysis results.

2.7 Data analysis

The Majorbio laboratory’s online platform (www.majorbio.com,
accessed on 10 August 2023), R software (version 4.3.1), and Gephi
software (version 0.10) were used to analyze the data and draw the
graphs. A one-way analysis of variance (ANOVA), followed by
Tukey’s honest post-hoc test, was used to study the effect of different
climatic stresses on the chemical parameters and alpha-diversity
indices of the soil bacterial community. Principal coordinate
analysis (PCoA), followed by the similarity test (ANOSIM) and
permutational multivariate analysis of variance (ADONIS), was
used to analyze the difference in bacterial community composition
under the different treatments. This method is faster for large
datasets and allows for a direct interpretation of distances and
explained variance compared to other methods, such as NMDS and
DCA (Ramette, 2007). All tests were performed at the 5%
significance level.

The data on the relative abundance of community ASVs were
used to construct co-occurrence networks (relative abundance > 40%,
defined after a sensitivity analysis). The data was prepared with
Spearman correlation between ASVs and random matrix theory
using the igraph package to maintain comparability with previous
studies (Khan et al,, 2025; Shen et al., 2023). The P-values were
adjusted using the Benjamini and Hochberg false discovery rates (P <
0.01), and the similarity threshold for the networks was set to 0.8. The
visualization of the networks was realized using Gephi software
(version 0.10) with the Fruchterman-Reingold algorithm.

Partial least squares (PLS) was conducted using the plspm
package to evaluate the effect of climate, soil, and different growth
stages of winter wheat on the microbial community diversity. The
Pearson correlation test assessed the relationships between the
abundance of bacterial phyla and environmental parameters.
Redundancy analysis (RDA) with the vegan package and heatmap
with the ComplexHeatmap package were used to visualize
this relationship.
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3 Results

3.1 Soil chemical properties and total
organic carbon of root exudats under
different climatic conditions

The quantities of soil nutrients and organic carbon of root
exudates under the different treatments are presented in Table 1.
The test of one-way ANOVA showed a significant influence of
the different climatic conditions on soil chemical properties
(p<0.05). Compared to TNS, TWS significantly increased the
available nitrogen content of soil at the jointing and flowering
stages but not at the grain-filling stage. In contrast, TND
decreased the quantity of available nitrogen at the jointing
stage and an increase at the flowering and grain-filling stages.
The quantities of the major nutrients under TWD were relatively
similar to those under control treatment (TNS) at all winter
wheat developmental stages.

The highest quantities of SOC and TOC were obtained under
TWS at all stages. Under TWD, the quantities of these three soil
parameters were identical to those under the control treatment at all
stages except at the flowering stage, where an increase in SOC was
observed (Table 1). The quantity of TOC under TND was also
identical to that under the control treatment at all stages except at
the grain-filling stage, where it significantly decreased.

10.3389/fpls.2025.1637476

3.2 Microbial community diversity

The ace, Chao, sobs and shannon diversity indices were used to
assess the impact of different climatic stresses on the alpha diversity
of the soil bacterial community. The ANOVA test showed that the
different climatic conditions and growth stages of winter wheat had
various and significant influences on the diversity of the community
(p<0.05) (Tables 2, 3). Overall, the diversity indices and the number
of amplicon sequence variants (ASVs) decreased as the wheat
growth stage progressed (Table 3; Figure 2). At the jointing stage,
diversity indices were higher under TWS and lower under TND,
while at the flowering stage, indices were high under both TWS and
TND (Table 2). Compared with the control treatment, TWD had no
significant influence on the indices at any stage (Table 2). No
significant difference was observed between the diversity indices
under the different treatments at the grain-filling stage.

Bray-Curtis distance analysis and ANOSIM were used to assess
the similarity between the bacterial communities under different
climatic conditions (Figure 3). ANOSIM test revealed a significant
difference (p=0.018) between the bacterial communities under the
different treatments at the jointing stage. In contrast, there was no
significant difference at the other stages. At the jointing stage, the
bacterial community under the control treatment was distant from
the communities under the other treatments, and the communities
under the treatments with warming (TWS and TWD) were closer to
each other.

TABLE 1 Soil chemical properties and total organic carbon of root exudation under different climatic conditions.

Treatments

TWS 1599 a 12578 a 2653 a 107.08 b 844 a 051b 558 a 9.56 a 11.74a

TWD 9.31b 62.82 ¢ 15.67 b 101.77 b 842 a 047 b 475b 822D 89b

] TNS 9.54 b 7658 ¢ 20.99 ab 148.25 a 829 a 058 a 497b 84b 9.01b
TND 12.07 b 102.08 b 18.89 b 103.1b 825a 051b 54a 93a 9.85b

P-value 0.001 0.001 0.005 0.001 0.058 0.004 0.001 0.003 0.01

TWS 5.14 ab 8232 a 3351a 117.58 b 828 a 0.64b 632a 109 a 7.81 a

TWD 3.87b 83.56 a 3022a 154.24 a 825a 0.57 ¢ 6.16 a 10.61 a 339b

F TNS 4270 6336 b 28.89 a 1189 b 834a 07a 551b 9.46 b 3.13b
TND 5.66 a 86.93 a 2991 a 11637 b 827 a 0.58 be 591 ab 1019 a 452D

P-value 0.013 0.001 0.14 0.004 0.394 0.001 0.009 0.002 0.015

TWS 4.74 ab 82.5b 29.35a 109.35 b 841 a 061 a 6.02 a 10.49 a 221a

TWD 495a 7141 b 26.08 b 139.98 a 8.32 ab 053 a 5.84 ab 1033 a 222a

G TNS 336 b 6136 b 2567 b 111.79 b 8.32 ab 0.65 a 5.58 ab 9.96 a 21a
TND 552a 11118 a 2477 b 102.79 b 8.17b 053 a 5.14b 921b 1.68 b

P-value 0.015 0.001 0.001 0.001 0.054 0.067 0.056 0.005 0.11

Means followed by the same letter within the same column for each growth stage are not significantly different at o, = 0.05, according to Tukey’s test. TWS warming + full irrigation; TWD
warming + deficit irrigation; TNS ambient temperature + full irrigation; TND ambient temperature and deficit irrigation; ] jointing stage; F flowering stage; G grain filling stage. NH,"
ammonium; NO5 ™ nitrate; AP available phosphorous (mg kg™); AK available potassium (mg kg'); pH soil acidity; TN total nitrogen (mg kg™'); SOC soil organic carbon (g Kg); SOM soil

organic matter (g Kg''); TOC total organic carbon of root exudation (mg C g™ root dry weight).
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TABLE 2 Alpha diversity index of the soil bacterial community under different treatments.

10.3389/fpls.2025.1637476

Treatments ace (@ F-To) sobs Shannon
TWS 2982.15 a 2919.67 a 2895.67 a 7.145 a
TWD 271812 b 2671.15 ab 2654.00 ab 7.036 ab
TNS 2697.38 b 2661.14 ab 2648.00 ab 7.116 a
TND 2468.38 b 2445.08 b 243633 b 6.850 b
p-value 0.003 0.016 0.015 0.011
TWS 2616.65 a 2578.64 a 257233 a 7.074 a
TWD 2401.19 b 2369.81 b 2360.00 b 6.963 a
F TNS 243836 b 2426.69 b 2424.00 b 7.021 a
TND 2610.33 a 2588.41 a 257833 a 7.004 a
p-value 0.003 0.001 0.001 0.47
TWS 2109.67 a 2097.20 a 209233 a 6.902 a
TWD 1995.54 a 199034 a 1989.67 a 6.861 a
G TNS 2156.44 a 2144.98 a 214333 a 6.943 a
TND 2098.40 a 2078.77 a 207133 a 6.844 a
p-value 0.33 0.35 0.35 0.63

TWS warming + full irrigation; TWD warming + deficit irrigation; TNS ambient temperature + full irrigation; TND ambient temperature and deficit irrigation; J jointing stage; F flowering stage;
G grain filling stage. Means followed by the same letter within the same column for each growth stage are not significantly different at o = 0.05, according to Tukey’s test.

3.3 Abundance of microbial community

Proteobacteria (20-32%), Actinobacteria (17-32%), Chroroflexi
(7-16%), Firmicutes (4-15%), and Acidobacteria (5-14%) were the
five most dominant phyla under the different climatic conditions
and at different stages of wheat growth. They represented about 80%
of all the microbial taxa (Figure 4). The abundance of the bacterial
community under TWS was relatively identical to that under TWD
at the jointing stage but differed at the other growth stages.
Compared with the other treatments, the abundance of
Acidobacteria under TNS was greater at the jointing stage and
lower at the other stages. A decrease in Chloroflexi and Firmicutes
and an increase in Actinobacteria were observed under TND at the
flowering and grain-filling stages compared with the jointing
stage (Figure 4).

TABLE 3 Alpha diversity index of the soil bacterial community at
different wheat growth stages.

Stage ace Chao sobs Shannon
] 2716.51 a 267426 a 265850 a 7.036 a
F 2516.63 b 2490.89 b 2483.67 b 7.015 a
G 2090.01 ¢ 2077.82 ¢ 207417 ¢ 6.887 b
p-value 0.001 0.001 0.001 0.004

TWS warming + full irrigation; TWD warming + deficit irrigation; TNS ambient temperature
+ full irrigation; TND ambient temperature and deficit irrigation; J jointing stage; F flowering
stage; G grain filling stage. Means followed by the same letter within the same column are not
significantly different at o = 0.05, according to Tukey’s test.
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3.4 Co-occurrence network of the
microbial community

The co-occurrence network of the soil bacterial community
under each treatment is presented in Figure 5. Compared with the
control treatment, the network feature values such as nodes, edges,
average degree (Avg. D) and average clustering coefficient (Avg.CC)
were higher under TWD and lower under TNS. These values under
TWS were relatively close to those under the control treatment.
These network features were almost identical at the different growth
stages of the winter wheat.

3.5 Relationship between soil properties
and the bacterial community

The soil chemical parameters and the TOC of root exudates
were used to explain the variation in the abundance of the different
bacterial phyla under different climatic conditions. Figure 6B shows
that most of these parameters interacted significantly with the
abundance of the soil bacterial community (p<0.05). According to
Figure 6A, the bacterial community under TND and TWS
interacted identically with NH,", NO;", and TOC, while that
under TNS and TWD interacted identically with SOC, pH, and
AP. Overall, the correlation between bacterial phyla and
environmental parameters was weak under TWD but strong
under TND (Figure 7).

Under TND, Chloroflexi, Firmicutes, and Bacteroidota were
positively correlated with NH,*, NO3’, and TOC and negatively
correlated with AP, AK, and SOC, while the opposite trend was
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FIGURE 2

stage; G grain filling stage.

Venn diagram showing the abundance of Amplicon Sequence Variant (ASV) under different climatic conditions. TWS warming + full irrigation; TWD
warming + deficit irrigation; TNS ambient temperature + full irrigation; TND ambient temperature + deficit irrigation; J jointing stage; F flowering

observed with Actinobacteria and Proteobacteria. Unlike
Actinobacteria, Bacteroidota was positively correlated with NH,",
NO;’, and TOC and negatively correlated with AP and SOC
under TWS.

The PLS analysis revealed the direct influences of climate, soil,
and growth stages on the diversity of the soil bacterial community
(Figure 8). According to this analysis, the growth stage exerted a
significant influence on the soil (0.88) and community diversity
(-0.89). The climate also directly influenced community diversity
(0.28) and soil (-0.05), but its effect on the growth stage was indirect.

4 Discussion

4.1 Effects of different climatic stresses on
soil nitrogen availability

Soil supports crops and is responsible for their defense and
nutrition. Studies have shown that climate change affects the

physico-chemical properties of the soil by altering the balance of
the various reactions within it (Mondal, 2021; Pareek, 2017). This has
repercussions on the availability of nutrients in the soil and the ability
of plants to absorb them (Elbasiouny et al., 2022). The amounts of
NH," and NO;™ were high at the jointing and flowering stages and
low at the grain-filling stage under warming combined with a full
irrigation treatment (Table 1). This would be due to an acceleration of
mineralization and nitrogen uptake. Previous studies have reported
similar results (Kastovska et al., 2022; Dai et al., 2020; Liu et al., 2017).
Warming accelerates the decomposition of nutrients in the soil (Dai
et al,, 2020) as well as their absorption by plants (Qiao et al., 2016)
through an increase in evapotranspiration (Sadok et al,, 2021). In
addition, these climatic conditions induce significant nitrogen losses
in the form of N,O (Medinets et al., 2021; Ma et al,, 2022). The
availability of high quantities of nitrogen at the early stage of growth
would, therefore, be due to an acceleration of mineralization
activities, and the low amounts observed at the advanced stages
would be due to an acceleration of their uptake by the plants and an
increase in the emission of NO, into the atmosphere.
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Principal coordinate analysis plot based on Bray—Curtis distance under the different climatic conditions. Each circle represents the bacterial
community under one treatment. The closer the circles are, the greater the similarity between the bacterial communities they represent. TWS
warming + full irrigation; TWD warming + deficit irrigation; TNS ambient temperature + full irrigation; TND ambient temperature + deficit irrigation;
J jointing stage; F flowering stage; G grain filling stage. R shows the degree of difference between groups, and P is the significance of the R-value at
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FIGURE 4
Relative abundance of soil bacteria communities at the phylum level under the different climatic conditions. Relative abundance was calculated by
averaging the abundances of replicate samples. TWS warming + full irrigation; TWD warming + deficit irrigation; TNS ambient temperature + full
irrigation; TND ambient temperature + deficit irrigation; J jointing stage; F flowering stage; G grain filling stage.

Contrary to the conditions of warming combined with full
irrigation, the quantities of NH," and NO; under ambient
temperature combined with deficit irrigation were low at the
jointing stage and high at the other stages (Table 1). This can be
explained by a slowdown in nitrogen mineralization in the soil and
crop uptake. Reduced soil moisture limits microbial activity and
oxygen diftusion, thereby suppressing nitrification and altering
denitrification pathways, which decreases net mineralization of
organic nitrogen. Deng et al. (2021) reported that drought
reduces soil nitrogen mineralization but increases the quantity of
mineral nitrogen in the soil. Xie and Shan (2021) demonstrated that
water stress significantly increases the amount of NO; in the soil
while inhibiting soil N losses. Other studies have reported the
reducing effects of drought (Bista et al., 2018) and drought
combined with warming (Hussain et al., 2019) on nitrogen

Frontiers in Plant Science

uptake by crops. The high amount of nitrogen in the soil at the
advanced stages of wheat growth would, therefore, be the
consequence of its accumulation due to reduced plant uptake.

4.2 Effect of different climatic stresses on
the soil organic carbon content

Root exudates mediate communication between plants and
their underground environment. The results of the present study
revealed an increase in the TOC content of root exudates, as well as
the quantity of soil SOC under warming combined with full
irrigation at all growth stages (Table 1). This suggests that
elevated temperature under favorable moisture promoted greater
allocation of assimilates belowground, leading to an increase in soil
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TWS: Nodes= 866; Edges= 12410
Avg. D= 28.66; Avg. CC=0.54

TWD: Nodes= 1389; Edges= 47123
Avg. D= 67.85; Avg. CC=0.66

TNS: Nodes= 1043; Edges= 19257
Avg. D=36.93; Avg. CC=0.57

TND: Nodes= 637; Edges= 5317
Avg. D=16.7; Avg. CC=0.47

J: Nodes= 1271; Edges= 2823
Avg. D=4.44; Avg. CC=0.33

F: Nodes= 1141; Edges= 2772
Avg. D=4.86; Avg. CC=0.35

G: Nodes= 1117; Edges= 2279
Avg. D=4.08; Avg. CC=0.33

FIGURE 5

The bacterial co-occurrence networks for different treatments. Each node corresponds to an ASV, and edges between nodes correspond to either
positive (red) or negative (blue) correlations. ASVs belonging to different microbial phyla have different color codes. TWS warming + full irrigation;
TWD warming + deficit irrigation; TNS ambient temperature + full irrigation; TND ambient temperature + deficit irrigation; J jointing stage; F

flowering stage; G grain filling stage; Avg. D average degree; Avg.CC average clustering coefficient.

organic carbon. Similar trends were reported by Wang et al. (2021)
and Zhang et al. (2016). Indeed, high-temperature conditions
combined with full irrigation favor increased nutrient uptake (Hu
et al., 2018) and biomass production by the plant (Silveira and
Thiébaut, 2017). This, in turn, increases photosynthetic intensity
(Liang et al., 2013; Moore et al,, 2021) and consequently, the
excessive release of organic compounds into the soil. The increase
in the amount of SOC under warming combined with the full
irrigation observed in the present study would result from the
excessive release of organic carbon into the soil by winter wheat.

The TOC content under deficit irrigation combined with both
ambient temperature and warming was identical to that under the
control treatment at the different stages except at the grain-filling
stage, where a significant drop in TOC was observed under ambient
temperature combined with deficit irrigation. A decrease in SOC
accompanied this decrease in TOC (Table 1). This would be due to
the reduction in photosynthetic activity caused by drought and,
therefore, a progressive decrease in TOC secretion by plants (Liu
et al,, 2018; Siddique et al., 2016). These results agree with those
reported in previous studies (Karlowsky et al, 2018; Sanaullah
et al., 2012).
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4.3 Diversity of the soil bacterial
community under different climatic stress
conditions

Different climatic conditions affect the diversity of the soil
microbial community in different ways. Previous studies have
attempted to describe the impacts of climate change on bacterial
community diversity in winter wheat fields (Preece et al., 2019;
Siebielec et al., 2020; Wang et al., 2020; Wu et al., 2022). However,
few research has considered the different growth stages of wheat.
The results of the present study revealed that the influence of
different climatic stresses on the alpha and beta diversity of the soil
bacterial community varies with the plant growth stage (Table 3;
Figures 2, 3). This result is in agreement with other previous studies
that reported the impact of different plant growth stages on the
diversity of the soil microbial community under different
environmental conditions (Collavino et al., 2020; Fu et al., 2023b,
Navarro-Noya et al., 2022). The alpha diversity and dissimilarity of
the bacterial community were highest at the jointing stage under all
treatments and decreased with the advancing wheat growth stage
(Table 3, Figure 3). Other studies have reported similar results
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SOM soil organic matter; TOC total organic carbon of root exudation.

(A) Redundancy analysis (RDA) results of soil bacterial diversity under different climatic conditions, (B) Bar plot showing the level of significance of
the correlation between the abundance of the soil bacterial community and environmental parameters. TWS warming + full irrigation; TWD warming
+ deficit irrigation; TNS ambient temperature + full irrigation; TND ambient temperature + deficit irrigation. The sign * shows the significant
difference at oo =0.05. NH4+ ammonium; NO3- nitrate; AP available phosphorous; AK available potassium; pH soil acidity; SOC soil organic carbon;

(Wang et al,, 2023b; Chen et al., 2019). Studies on millet have also
reported a decrease in the diversity of the soil bacterial community
at advanced growth stages of plants (Tian et al., 2022). This result
may be due to the variation in the composition of root secretions at
different growth stages of the plant (Table 1) (Gransee and
Wittenmayer, 2000; Zhao et al., 2021). Root exudates
considerably influence the diversity of the soil bacterial
community (Kozdroj and Van Elsas, 2000; Nannipieri et al.,
2008). Moreover, the composition of these exudates depends on
several factors, including environmental conditions (Wang et al.,
2021; Yin et al,, 2013a, 2013) and the growth stage of the plant
(Hasibeder et al., 2015). Warming combined with full irrigation
increases the alpha diversity of the soil bacterial community at all
growth stages of wheat (Table 2). Similar results have been obtained
by other researchers (Fang et al., 2021; Wang et al., 2020; Zhai et al.,
2024). However, the combined effect of warming and drought on
the community’s alpha diversity remains less well understood. The
present study shows that the latter climatic condition has no
significant impact on the diversity of the soil bacterial community
compared with the control condition (Table 2). This can be
explained by the fact that drought inhibits the positive effects of
higher temperatures on the soil microbial community (Liu et al.,
2022b). These results contradict the work of von Rein et al. (2016),
who reported adverse effects, and that of Sheik et al. (2011), who
reported positive effects of the combined impact of warming and
drought on the diversity of the soil bacterial community. The
combined effect of these two climatic anomalies on the alpha
diversity of the soil bacterial community would, therefore, depend
on the intensity of warming and drought.
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Several studies agree that drought alters the alpha diversity of
the soil microbial community (Preece et al., 2019; Siebielec et al.,
2020; Zhai et al., 2024). In the present study, the alpha diversity
increased at the flowering stage compared to the jointing and the
grain filling stage. These show that the effect of deficit irrigation on
the community’s alpha diversity varied according to wheat’s growth
stage (Table 2). These results are supported by the work of Na et al.
(2019), who showed the dependence between crop growth stage and
the influence of drought on soil bacterial community diversity.

4.4 Abundance and composition of the
bacterial community under different
climatic stress conditions

The abundance of the bacterial community under warming
combined with full irrigation was relatively similar to that under
warming combined with deficit irrigation at the jointing stage and
different at the other growth stages of winter wheat (Figure 4).
Moreover, high similarity between the bacterial communities under
these two treatments was observed at the jointing stage (Figure 3).
This shows that at the jointing stage, the bacterial community was
more reactive to rising temperatures than to water deficit. Previous
work has reported a variation in the abundance and composition of
the soil bacterial community according to the growth stage of the
plant (Houlden et al., 2008; Xiong et al., 2021). Wang et al. (2023a)
reported significant influences of warming on the abundance of
different phyla of the soil bacterial community at wheat’s tillering
and jointing stage. Our findings highlight the jointing stage as the
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FIGURE 7
Pearson'’s correlation between environmental parameters and bacterial abundance at the phylum level. TWS warming + full irrigation (A); TWD
warming + deficit irrigation (B); TNS ambient temperature + full irrigation (C); TND ambient temperature + deficit irrigation (D). NH4+ ammonium;
NO3- nitrate; AP available phosphorous; AK available potassium; pH soil acidity; SOC soil organic carbon; SOM soil organic matter; TOC total
organic carbon of root exudation.

most sensitive period to warming, both in terms of soil nitrogen
dynamics and rhizosphere microbial responses. This heightened
sensitivity can be linked to various interconnected physiological and
developmental processes because the jointing stage represents the
transition from the vegetative to the reproductive stage.

The abundance of Chloroflexi and Firmicutes decreased while that
of Actinobacteria increased under deficit irrigation at the flowering and
grain-filling stages compared with the jointing stage (Figure 4).
Previous studies have also reported a decrease in the abundance of
Firmicutes (Kpalari et al., 2023; Zhang et al., 2019) and Chloroflexi (Dai
et al,, 2019; Kang et al., 2022; Preece et al,, 2019) and an increase in
Actinobacteria (Kang et al., 2022; Su et al., 2020; Xue et al., 2018) under
drought conditions. Other studies have also demonstrated the
contribution of bacteria of the genus Bacillus, Paenibacillus, and
Effusibacillus (Firmicutes) in improving plant resistance to drought
(Santander et al., 2024; Arunrat et al., 2025b). Moreover, Actinobacteria
is one of the bacterial phyla containing the most species that promote
plant growth (Hamedi and Mohammadipanah, 2015; Palaniyandi
2013; Sathya et al., 2017). Thus, the phyla Firmicutes,
Chloroflexia, and Actinobacteria would play diverse but essential

et al.,

roles in soil under drought conditions.
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4.5 Effects of different climatic stresses on
co-occurrence network of bacterial
community

The co-occurrence patterns of bacterial communities were more
influenced by climatic conditions than the growth stages of winter
wheat (Figure 5). Warming combined with deficit irrigation
considerably increased the network feature values, including
nodes and edges, whereas this increase was more moderate under
warming combined with full irrigation. Research by Yuan et al.
(2021) revealed an improvement in the stability and complexity of
the microbial network under warming, but the water content of the
soil used for the experiment was not specified. Other studies have
also reported similar results (Yu et al., 2021b; Liu et al., 2024a). The
results of the present study show that the improvement in the
complexity of the bacterial network under warming depends on the
water content of the soil.

In contrast to warming combined with deficit irrigation, the
ambient temperature combined with deficit irrigation reduced the
network feature values. This is in accordance with the work of De
Vries et al. (2018), who reported a decrease in bacterial network
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FIGURE 8
Partial least squares (PLS) illustrating the effect of soil, climatic conditions, and winter wheat growth stages on soil microbial community diversity.
Numbers at arrows are indicative of the path coefficients. Red arrows represent positive relationships, whereas blue arrows represent negative
relationships. Significance levels for each predictor are **p < 0.01, ***p < 0.001. TN total nitrogen; TOC total organic carbon of root exudation; NH4+
ammonium; AP available phosphorous; SOM soil organic matter.

stability under drought conditions. According to Zhang et al.
(2024), drought leads to a simplification of the microbial network,
which in turn promotes a reduction in its stability and
soil functionality.

4.6 Influence of different climatic stresses
on the relationships between the bacterial
community and environmental parameters

Chloroflexi, Firmicutes, and Bacteroidota, unlike Actinobacteria
and Proteobacteria, were positively correlated with NO; , NH,",
TOC, and negatively correlated with AP, AK, SOM, and SOC
under ambient temperature combined with deficit irrigation
(Figure 7). This highlights the involvement of these different
bacterial phyla in the transformation of macronutrients and
organic matter in the soil under drought conditions. Several studies
have reported positive relationships between soil organic carbon and
bacteria belonging to the Actinobacteria and Proteobacteria phyla
(Woolet and Whitman, 2020; Yang et al., 2021b; Yu et al,, 2021a).
Other studies have also shown the contributions of these two bacterial
phyla to the mineralization of soil phosphorus (Soumare et al., 2021;
Wei et al., 2019; Zhang et al., 2021). Xiao et al. (2022) and Niu et al.
(2020) reported positive correlations between Chloroflexi and
nitrogen mineralization in the soil. Research into biofertilization
has also shown that Bacillus-based fertilizers (Firmicutes) reduce
nitrogen mineralization in the soil and their loss in the form of
nitrous oxide (Sun et al, 2020a, 2020). These previous studies
confirm the positive correlations observed between Actinobacteria,
Proteobacteria, and soil organic carbon and available phosphorus and
between Firmicutes, Actinobacteria, Chloroflexi, and available forms
of soil nitrogen. Furthermore, the results of this study show that these
different bacterial phyla are the biological agents most involved in the
transformation of soil nutrients under drought conditions.
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Bacteroidota was negatively correlated with AP and SOC, and
positively correlated with NO;", NH,", and TOC under warming
combined with a full irrigation regime and under ambient
temperature combined with deficit irrigation (Figure 7). Previous
work has shown the role of Bacteroidota in mineralizing soil organic
matter (Cui et al., 2023; Lan et al., 2022). Other research has also
reported positive correlations between Bacteroidota, Firmicutes, and
soil nitrogen mineralization (Li et al., 2023¢; Sun et al.,, 2020b).
Nevertheless, more studies are needed to better explain the behavior
of these bacterial phyla under different climatic conditions.

PLS analysis showed that different growth stages had more
influence on the alpha diversity of the bacterial community than
climatic conditions and soil parameters (Figure 8). Other previous
studies have also reported the impact of growth stage on soil
microbial community diversity (Guo et al., 2020; Wang et al,
2016). These results reveal the need to consider the crop growth
stages when studying factors affecting the microbial community in
the crop rhizosphere.

5 Conclusion

This study evaluated the response of the soil bacterial
community to different climatic stresses across different growth
stages of winter wheat. These results suggest that the sensitivity of
wheat’s rhizosphere bacterial community to the impact of different
climatic stresses is not identical at all growth stages and that this
community is more sensitive at the jointing stage than at other
stages. In addition, warming combined with full irrigation, unlike
drought, increases the abundance and diversity of the community,
while the complexity of the community is improved by warming
combined with deficit irrigation. Structural equation modeling have
also revealed the importance of considering different crop growth
stages when studying factors affecting the rhizosphere bacterial
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community. Future reseach involving other levels of warming and
drought is needed to acquire all the knowledge needed to
understand the impact of these two climatic phenomena on
soil bacteria.
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