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A B S T R A C T

Drought stress threatens global food security, highlighting the need for resilient crops. Harnessing rhizosphere 
microorganisms can improve plant performance in harsh conditions. Here, we investigated the rhizosphere 
microbiomes of drought-tolerant (BAT477, SEA5) and susceptible (IAC Milênio, IAC-Carioca 80SH) common 
bean cultivars (Phaseolus vulgaris L.) under contrasting water regimes in mesocosm experiments to assess 
microbiome functional modulation under drought. Analysis of plant growth, physiological responses, nutrient 
dynamics, and rhizosphere microbial functional diversity revealed that drought-tolerant cultivars exhibited 
greater water management, minimal growth reductions, and enrichment of beneficial microbial functions, 
including genes linked to drought tolerance. Notably, drought stress triggered differential abundance in 1864 
microbial genes, highlighting a robust functional shift. Specifically, drought-tolerant cultivars showed an 
enrichment of genes related to osmotic response, photosynthetic efficiency (82–87 % reduction in photosynthesis 
in susceptible cultivars), oxidative stress mitigation, and osmoprotectant production, whereas susceptible cul
tivars relied more on genes associated with DNA repair and antioxidant defense, indicating a reactive rather than 
proactive stress response. Additionally, the rhizosphere microbiomes of drought-tolerant cultivars were enriched 
in functions related to biofilm formation, dormancy survival, and oxidative stress resistance. These cultivars also 
maintained higher photosynthetic activity and transpiration rates with more stable stomatal conductance. Upon 
rehydration, they partially restored physiological functions (e.g., 48–57 % recovery in photosynthesis), further 
demonstrating microbiome-conferred resilience. These findings underscore the potential of plant-microbiome 
interactions in adapting to water stress, suggesting that microbiome selection could be a promising strategy 
for developing drought-resilient crops and advancing sustainable agricultural practices.

1. Introduction

Climate change is causing drastic shifts in precipitation patterns, 
sunlight duration, and soil and air humidity. These changes exacerbate 

agricultural water stress, degrade soil quality, reduce microbial biodi
versity, and lower food production, critical concerns given projected 
population growth (Martineau et al. 2017; Seleiman et al. 2021). 
Drought poses one of the major threats to global agricultural production, 
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as water stress harms key agricultural regions, damages economies, and 
disrupts societies (Lesk et al. 2016). Water scarcity impairs crop devel
opment by reducing leaf area (Hernández et al., 2004) and decreasing 
the photosynthetic rate (Chaves et al. 2009). It also disrupts the balance 
between reactive oxygen species production and the antioxidant defense 
system (Monakhova and Cherniad’ev, 2002), ultimately reducing 
biomass production.

One potential strategy to mitigate the effects of abiotic stress is to 
harness functions that promote plant tolerance in microbial commu
nities associated with plants. Drought-tolerant microorganisms also can 
enhance plant growth and development under water-deficient condi
tions (Poudel et al. 2021). These microorganisms may form more rigid 
cell walls, enter a dormant state, accumulate osmolytes, and produce 
exopolysaccharides, thereby reducing the negative impacts of water 
scarcity (Kumar and Verma, 2018). The production of osmolytes, such as 
proline and trehalose, is a strategy that helps maintain cellular integrity 
under water stress conditions by balancing the osmotic potential be
tween the cell interior and the external environment (Feng et al. 2022). 
Additionally, these microorganisms can activate genes related to water 
stress response, contributing to plant adaptation and survival in arid 
environments (Lai et al. 2018; Chai et al. 2020). In recent years, re
searchers have focused extensively on breeding crops for drought 
tolerance, while emerging studies highlight the crucial role of soil mi
croorganisms in enhancing plant resilience to water stress (Poudel et al. 
2021). While some studies have elucidated how different plant cultivars 
can select for particular microbiome assemblies to address biotic 
stressors (Mendes et al. 2018; Lazcano et al. 2021; Tie et al. 2023), 
research into the role of microbial communities in alleviating abiotic 
stress is still in its early stages (de Vries et al. 2020). To enhance crop 
tolerance, researchers must unravel the microbial contributions to 
abiotic stress resilience. Integrating plant breeding with microbiome 
research is a powerful strategy for enhancing agricultural sustainability, 
as it leverages both plant resilience and microbial interactions to 
improve crop productivity, stress tolerance, and soil health in the face of 
climate change.

Molecular exchanges from plant roots, including enzymes, alkaloids, 
glycosides, and exometabolites, influence the selection of the rhizo
sphere microbiome (Mendes et al. 2011; Philippot et al. 2013). These 
root exudates regulate microbial density and interactions and serve as an 
energy source for microbial communities (Venturi and Keel, 2016). The 
rhizosphere microbiome plays a significant role in plant development 
and enhances resistance to drought stress (Briñez et al. 2017). Plants 
adapt to water deficits through various mechanisms, including biofilm 
formation, osmolyte production, and morphological changes (Francisco 
et al. 2019). Activation of molecular defense mechanisms involves genes 
related to mechanical and osmotic adjustments (Agarwal et al. 2017). 
Gene regulation is integral to various plant development processes, 
influencing phenotypic plasticity and adaptive responses to environ
mental conditions, thereby enhancing long-term plant adaptation to 
ecological challenges (Gallucci et al. 2017).

Advances in DNA sequencing improve the study of microbiome di
versity, enabling gene abundance analysis, metabolic pathway identi
fication, and functional predictions (Mendes et al. 2017; Upadhyay et al. 
2022). In genetic breeding programs, such as those targeting common 
beans, the goal is to identify drought-tolerant genotypes. This is 
particularly important because common beans are sensitive to water 
deficits and hold substantial nutritional and socio-economic value 
(Pereira et al. 2011). Common beans (Phaseolus vulgaris L.), a staple food 
in many regions, are highly vulnerable to water stress, which can 
severely impact their growth and productivity (Assefa et al., 2019). By 
assessing the rhizosphere microbiome of drought-tolerant common 
beans, researchers can gain valuable insights into how beneficial mi
croorganisms interact with plant roots under water-limited conditions. 
These microbes may improve drought tolerance through mechanisms 
such as enhanced water uptake, increased nutrient availability, or 
strengthened stress responses. Understanding these interactions is 

crucial for developing sustainable agricultural practices and enhancing 
crop resilience. Characterizing the rhizosphere microbiome in 
drought-tolerant varieties could significantly advance crop management 
strategies and help address climate change challenges.

Here, we investigated the extent to which drought-tolerant common 
bean cultivars rely on the rhizosphere microbiome to withstand water 
stress. We hypothesized that, although drought tolerance primarily in
volves the physical and physiological mechanisms of the plant, tolerant 
cultivars may also select a specific microbiome that contributes to stress 
tolerance through the beneficial functions of the associated microbes. 
This selection pattern could emerge as the plant’s rhizosphere favors 
certain beneficial microorganisms under drought conditions, potentially 
selecting specific taxa and functions that help alleviate drought stress. 
To test the hypothesis, we analyzed the rhizosphere microbiome of four 
common bean cultivars with different levels of drought tolerance and 
evaluated their functional profiles through metagenomic sequencing. 
The plants were grown under both regular watering and water stress 
conditions, allowing us to investigate how the microbiome’s functional 
profile influences the plants’ biometric, physiological, nutritional, and 
genetic parameters. This study emphasizes the importance of plant- 
microbiome interactions in adapting to water stress and suggests that 
selecting specific microbial genes could be an effective strategy for 
developing more drought-resilient cultivars

2. Material and methods

2.1. Mesocosm experiment design and bioassay

Soil samples from a depth of 0–20 cm were collected from the 
experimental area of the Luiz de Queiroz College of Agriculture, Uni
versity of Sao Paulo, in Piracicaba, Brazil. The soil, classified as a 
medium-textured Red-Yellow Latosol, was analyzed for its physical and 
chemical properties, sieved through a 4 mm mesh, and its pH was 
adjusted with lime. Basal fertilization was applied according to common 
bean cultivation recommendations, using a 04–14–08 NPK formulation 
following the directives in Boletim 200 of Campinas Agronomic Institute 
(IAC) (Aguiar et al. 2014).

During the pre-experimental installation phase, soil samples were 
collected non-destructively using a volumetric ring to determine mac
roporosity, microporosity, and total porosity (m³/m³) with a tension 
table. The samples were then analyzed in the soil physics laboratory to 
measure soil water content (θ), residual water content (θr), and satu
rated water content (θs), based on the van Genuchten model for the soil 
water retention curve. Using the soil water retention potential curve and 
a TEROS-12 soil moisture sensor (Meter Group®; precision: 0.001 m³/ 
m³), the daily water volume required per pot (in milliliters) was calcu
lated to maintain specific soil moisture levels.

Mesocosms were set up in polyethylene pots (30 cm height x 20 cm 
diameter), each filled with approximately 6 kg of dry soil, and the ex
periments were conducted in a greenhouse under controlled conditions. 
The experimental design followed a randomized complete block layout 
with five replicates per treatment. Four common bean genotypes (Pha
seolus vulgaris L.) with varying drought tolerance were used: the sus
ceptible cultivars IAC-Carioca 80SH (Blair et al. 2012) and IAC Milenio 
(Carbonell et al. 2014), sourced from the IAC, the moderately tolerant 
cultivar BAT477 (Recchia et al., 2018), and the tolerant SEA5 (Briñez 
et al. 2017), obtained from the seed bank of the Cell and Molecular 
Biology Laboratory. SEA5 and BAT477 are well-established common 
bean cultivars widely used in drought tolerance studies due to their 
ability to maintain productivity under water-deficit conditions (Asfaw 
and Blair, 2012; Polania et al., 2017; Briñez et al., 2017). In contrast, the 
IAC Milênio and IAC-Carioca 80SH cultivars are recognized for their 
higher susceptibility to drought stress, exhibiting greater reductions in 
growth and yield under limited water availability (Recchia et al., 2018).

The pots were arranged in a randomized complete block design, with 
5 replicates of each treatment. Four common bean genotypes, a control 
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treatment without plants (Bulk soil), two water regimes (well-watered 
and drought stress), and three sampling stages (before stress, after stress, 
and after rehydration), were used in factorial design of 125 samples [(4 
genotypes x 2 water regimes x 3 sampling stages x 5 replicates) + 5 bulk 
soil]. Sample collections were predominantly destructive, except for 
those from the bulk soil treatment. Three seeds of each genotype were 
transplanted into their respective pots, which were maintained at 28/19 
◦C (day/night) with a 12-hour photoperiod and regularly irrigated with 
200 mL of water to maintain 80 % WHC. After seedling emergence, 
thinning was performed, leaving one plant per pot. Irrigation was 
monitored daily using a tensiometer and precision scale, maintaining 
humidity at 80 % of water holding capacity (WHC).

2.2. Experiment sampling and measurements of plant parameters

Irrigation was maintained at a constant level of 85 % WHC until the 
plants reached the pre-flowering developmental stage (R5, approxi
mately 50 days), a critical phase when reliance on stored soil moisture 
increases, and the impact of terminal drought becomes more pro
nounced, particularly affecting subsequent flowering and pod filling 
(Rosales-Serna et al. 2004; Recchia et al. 2018). Then, irrigation was 
reduced over 96 hours to 40 % of WHC to simulate a severe drought 
event (Recchia et al. 2018). Following this period, irrigation was 
restored to 80 % WHC for another 96 hours to allow plant recovery. 
Irrigation levels were closely monitored using a tensiometer and preci
sion scale. Soil and rhizosphere samples, along with plant measure
ments, were collected at three key stages: before stress (50 days 
post-sowing, when the plant reached stage R5), after 96 hours of 
drought stress, and after 96 hours of rehydration. Parameters such as 
plant height and gas exchange were recorded. Plant height was 
measured using a millimeter tape, while gas exchange parameters, 
including photosynthetic rate (µmol CO₂ m− 2 s− 1), stomatal conduc
tance (mol H2O m− 2 s− 1), intercellular CO2 (µmol CO₂ mol air− 1), and 
transpiration (μmol H2O m− 2 s− 1), were measured using an Infra-Red 
Gas Analyzer (IRGA), model LICOR XT 6400. Third trefoil leaves were 
collected, flash-frozen, and stored at -80 ◦C for gene expression analysis.

Rhizospheric soil was collected by carefully removing the plants 
from their pots and gently shaking the roots to retain the adhering soil, 
which was then stored in microtubes at -20 ◦C. For chemical charac
terization, 400 g of soil was stored at 7 ◦C and analyzed according to the 
method described by Camargo et al. (2009). Plant roots and shoots were 
separated, weighed for fresh mass, dried at 65 ◦C for 72 hours, and then 
weighed for dry mass. For foliar nutrient analysis, common bean leaves 
were air-dried, ground, and stored in plastic bags. The concentrations of 
phosphorus (P), potassium (K), calcium (Ca), sulfur (S), magnesium 
(Mg), boron (B), cupper (Cu), iron (Fe), manganese (Mn), and zinc (Zn) 
were determined using ICP-MS, while total nitrogen was measured 
through sulfuric acid digestion followed by Kjeldahl distillation 
(Malavolta et al. 1997).

2.3. Leaf RNA extraction and gene expression profiling

Common bean trefoils were ground in liquid nitrogen using a mortar 
and pestle, aliquoted into 1.5 mL microtubes, flash-frozen, and stored at 
-80 ◦C. Total RNA was extracted using the SV Total RNA Isolation Sys
tem (Promega). RNA quality was assessed with a spectrophotometer 
NanoDrop 2000c (ThermoFisher Scientific), ensuring A260/280 ratios 
between 1.7 and 2.2, and integrity was confirmed by 1.5 % agarose gel 
electrophoresis. For cDNA synthesis, 1 μg of RNA was reverse tran
scribed using the SuperScript III First-Strand Synthesis SuperMix kit 
(Invitrogen®) with Oligo (dT)20 primers, and the resulting cDNA was 
stored at -20 ◦C. To evaluate relative gene expression, the first-strand 
cDNA product was diluted 5:45 in nuclease-free water. Primers were 
selected based on relevant literature for gene expression studies in 
common beans (Supplementary Table 1). The reference gene, Actin 
(ACT), was chosen along with target genes including Aquaporin 

(AQUA), Dehydration-Responsive Element-Binding (DREB), and Delta- 
Pyrroline-5-Carboxylate Synthetase (P5CS).

Relative gene expression was evaluated using qPCR on a StepOne
Plus™ Real-Time PCR System (Applied Biosystems). The reaction 
mixture included 2.8 μl of diluted cDNA (1:50), 5 μl of SYBR Green 
Master Mix PowerUp, 1 μl of primers, and 0.2 μl of BSA. Each plate 
contained the reference gene ACT along with the target genes. The ACT 
gene is commonly used as a reference gene because of its stable 
expression under both biotic and abiotic stress conditions (Borges et al., 
2011). The amplification conditions were as follows: initial denaturation 
at 95 ◦C for 10 min, followed by 40 cycles of 95 ◦C for 15 s, 60 ◦C for 30 s, 
and 72 ◦C for 30 s. A melting curve analysis was conducted at 95 ◦C for 
15 s, 60 ◦C for 1 min, and data collection at each 0.7 ◦C increase between 
60 ◦C and 95 ◦C. The StepOne™ Software version 2.2.2 captured the 
results, ensuring that technical replicates had Ct value differences of less 
than 0.5. The specificity of the reactions was confirmed through melting 
curve analysis.

2.4. Soil DNA extraction, metagenomic sequencing, and data processing

Total DNA from rhizosphere and bulk soil samples was extracted 
using the DNeasy PowerSoil® Kit (QIAGEN Mobio) according to the 
manufacturer’s protocol. DNA concentrations were quantified with a 
NanoDrop 2000c spectrophotometer, and quality was assessed by 1 % 
agarose gel electrophoresis stained with GelRed™. For functional 
characterization of the soil and rhizosphere microbiome, DNA samples 
underwent shotgun metagenomic sequencing at Novogene using the 
Illumina NovaSeq 150PE platform. A total of 125 metagenomic libraries 
were prepared with the NEBNext Ultra DNA Library Prep for Illumina 
system, generating fragments of approximately 300 bp and yielding 6 Gb 
per sample, equating to roughly 30 million sequences.

Following sample sequencing, the raw reads were quality-controlled 
using FastQC v0.11.9 and MultiQC v1.12 (Ewels et al. 2016). In this step, 
sequences with quality (phred) lower than 30 and length lower than 50 
pb were removed with Trimmomatic v.0.39 (Bolger et al., 2014). Se
quences of all samples were processed in the Diting pipeline (Xue et al. 
2021) for metabolism inference and functional gene annotation. During 
this phase, annotations were conducted against the KEGG Orthology 
platform, employing the Kofam koala software (Aramaki et al. 2020). 
The resultant functional gene abundance table was then subjected to 
various ecological diversity analyses. The sequences are publicly avail
able at NCBI SRA under the identification PRJNA1198935.

2.5. Data analysis

Diversity and composition of functional gene abundance were 
assessed using the Microeco package in R (Liu et al. 2021). Ecological 
indices, including functional richness and Shannon diversity, were 
calculated with the vegan package in R (Oksanen et al. 2007). 
Beta-diversity analysis was employed to identify differences in func
tional genes across samples, complemented by Principal Coordinate 
Analysis (PCoA) using the Bray-Curtis distance metric. Statistical dif
ferences were evaluated using the Permutational Analysis of Variance 
(PERMANOVA) with a significance threshold of p < 0.05. A Redundancy 
Analysis (RDA) ordination plot was generated using the Microeco and 
ggplot2 packages, with environmental variables selected through ‘envfit’ 
in the vegan package. The differential abundance of functions within 
each treatment was determined using a two-sided Welch’s test with 
Benjamini-Hochberg FDR correction in STAMP software (Parks et al. 
2014), and a heatmap visualizing distinctive features was generated 
using the pheatmap package in R.

The data from biometric analyses, soil chemistry, and plant physio
logical parameters were assessed for normality using the Shapiro-Wilk 
test. Data variation and significance were analyzed using the ExpDes. 
pt package, which conducts Analysis of Variance (ANOVA) followed by 
post-hoc analysis using the Tukey test. Regarding gene expression, raw 
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amplification data were exported for analysis with the LinRegPCR pro
gram (Ruijter et al. 2009, 2013, 2014), which enabled baseline correc
tions and the setting of the window of linearity for each gene-sample 
combination. The program then generated linear regression data to 
determine the Ct values for each sample—representing the number of 
cycles required for the fluorescent signal to surpass the detection 
threshold—and to calculate the Efficiency (E) values for each gene. Gene 
expression ratios (2-log) were assessed using the Pair Wise Fixed Real
location Randomization test for statistical analysis in the Relative 
Expression Software Tool (REST) (Pfaffl et al. 2002). Expression values 
were normalized to the reference gene Actin and compared across 
various treatments involving different common bean cultivars.

3. Results

3.1. Effect of the drought stress on soil chemistry properties

The soil chemical analysis showed that several parameters varied 
significantly across treatments (Supplementary Table 2). In the bulk soil, 
drought conditions increased levels of P, K, Ca, Mg, S, Zn, Mn, B, the sum 
of bases, cation exchange capacity (CEC), and base saturation (V %), 
while decreasing Cu levels. In the rhizosphere, the pH averaged 4.4 for 
all cultivars but increased during drought for the SEA5 cultivar. The 
BAT477, SEA5, and Milenio cultivars reduced Al levels in the rhizo
sphere, and all genotypes decreased aluminum saturation. Additionally, 
S concentration increased in the rhizosphere of the BAT477 cultivar.

3.2. Effect of the drought stress on plant parameters

The plant biometric analysis revealed slight variations among 
treatments (Supplementary Figures 1 and 2). Plant height did not differ 
significantly among cultivars under drought conditions (P > 0.05) 
(Supplementary Figure 2a). Significant trends were observed in both 
fresh and dry mass of shoots and roots under drought conditions. Shoot 
biomass varied significantly among cultivars (P < 0.05), with BAT477 
showing the greatest decrease during drought, and Milenio experiencing 
the largest decline during rehydration. Root biomass also differed, with 
SEA5 exhibiting the lowest fresh root mass during drought (52 % 
decrease), and Milenio the greatest loss during rehydration (33 % 
decrease). For dry biomass, BAT477 was most affected by drought (56 % 
decrease), while Milenio suffered the most during rehydration (41 % 
decrease). SEA5 consistently had lower biomass overall, while the 80SH 
cultivar retained a higher proportion of biomass, demonstrating resil
ience (Supplementary Figure 2b).

Leaf gas exchange analysis showed that all measured parameters 
decreased significantly during drought (Supplementary Figure 3). 
Photosynthesis rates dropped by 82 % in BAT477 and 87 % in 80SH 
during the drought. After recovery, Milenio showed a 48 % decrease, 
while BAT477 had a 57 % reduction. Stomatal conductance was least 
affected in SEA5 and most affected in BAT477 throughout both drought 
and rehydration. Drought decreased Intracellular CO2 content by 14 % 
in Milenio and 48 % in BAT477 but increased in all cultivars during 
rehydration, with 80SH showing a 13 % rise. Leaf transpiration 
decreased by 89 % in SEA5 and 93 % in BAT477 during drought, with 
post-rehydration reductions of 41 % in 80SH and 71 % in BAT477.

Significant differences across all measured elements emerged from 
the nutritional content analysis of common bean shoots (Supplementary 
Table 3). P levels varied among samples during drought, while N and Mn 
showed differences during rehydration. Tolerant cultivars increased 
their nutritional content under water deficit conditions. BAT477, for 
instance, increased its K content by 24 %, and SEA5 showed substantial 
increases in Fe, Cu, and Zn by 147 %, 223 %, and 50 %, respectively. 
Additionally, tolerant cultivars exhibited higher S and Ca content even 
before stress, with SEA5 maintaining the highest levels throughout and 
after the drought period.

The relative expression analysis of the P5CS, AQUA, and DREB genes 

revealed distinct patterns under water stress (Fig. 1). Overall, the 
resistant cultivars exhibited higher expression levels of drought- 
responsive genes, with the tolerant cultivar BAT477 showing a signifi
cant increase in the expression of P5CS and AQUA genes. The tolerant 
cultivar SEA5 displayed a tendency toward increased expression of P5CS 
and AQUA genes, although this was not statistically significant (P >
0.05). Interestingly, SEA5 showed significant downregulation of the 
DREB gene, a pattern also observed in the susceptible cultivar 80SH.

3.3. Effect of drought stress on rhizosphere microbial functional structure

Drought stress increased the richness of observed functions in Bulk 
soil and 80SH samples, while it decreased in the drought-tolerant cul
tivars BAT477 and SEA5 (P < 0.05) (Fig. 2a). Regarding functional di
versity, the drought-tolerant cultivars SEA5 and BAT477 also showed 
decreased functional diversity under water stress. During rehydration, 
however, only Bulk soil exhibited a significant reduction in functional 
diversity (Fig. 2b).

The RDA revealed distinct differences between bulk soil and rhizo
sphere samples. Bulk soil correlated with Mn, S, Ca, K, Zn, B, and P, 
while rhizosphere samples were linked to Al and Fe (Fig. 3a and Sup
plementary Table 4). Comparing rhizosphere functional profiles under 
drought stress across cultivars revealed negative correlations with 
photosynthesis and transpiration. In contrast, control conditions 
demonstrated positive correlations with stomatal conductance, intra
cellular CO2, and sulfur (Fig. 3b and Supplementary Table 4). Examining 
the three experimental stages, the Pre-Drought functional composition 
was consistent across cultivars (Fig. 3c and Supplementary Table 4). 
However, during the Drought stage, each cultivar displayed distinct 
functional structures, characterized by increased soil Fe, P, and Mn, as 
well as elevated plant Fe and Zn (Fig. 3d and Supplementary Table 4). 
During the rehydration stage, no discernible patterns linked to return 
after the drought stress or cultivar differentiation were observed (Fig. 3e 
and Supplementary Table 4).

3.4. Effect of drought stress on microbial functional gene composition

Differential abundance analysis of functional genes revealed signif
icant differences among cultivars (Fig. 4). Few genes (191) differed in 
abundance among all cultivars during the pre-drought stage, showing 
minimal differentiation in functional gene patterns. However, during 
drought stress, a total of 1864 genes exhibited differential abundance 
across all cultivars, indicating a widespread microbial functional 
response to the treatment. Interestingly, the tolerant cultivars exhibited 
clear differentiation, particularly in cluster 7 which shows an increased 
abundance of specific functional genes. Specifically, the tolerant culti
vars exhibited a higher abundance of several crucial genes that can aid 
plants in surviving drought stress (Fig. 4). These genes were associated 
with nitrate reductase and nitrite oxidoreductase (narH, nary, and nxrB), 
the trehalose and maltose transport system (thuE, thuF, lpqY, and sugA), 
the redox-sensing transcriptional repressor (rex), membrane protein 
(K07058), two-component system (prrA and dtaR), and the osmopro
tectant transport system (opuC).

The pair-wise comparison for each cultivar during the drought and 
rehydration stages showed that drought-tolerant cultivars increased 
microbial genes related to biofilm formation (tagTUV), controlling gene 
activation (rsbW), long-term survival in dormant states (tgs), and 
oxidative stress resistance (fqr) (P < 0.05) (Fig. 5a). SEA5 also showed 
an increased abundance of genes linked to lipid production (dagK), 
whereas in the BAT477, there was an increase in membrane proteins, 
transporters necessary for cell division (dedA), and enzymes essential for 
the plant photorespiratory cycle (glxK). Susceptible cultivars increased 
genes related to transporter enzymes that catalyze DNA ends, including 
replication/repair (ligD) and ribosome biogenesis (rimJ). The Milenio 
exhibited a higher abundance of genes involved in catalyzing the final 
step of fatty acid oxidation in microbial metabolisms in extreme 
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Fig. 1. Gene expression analysis of drought-related genes in common bean leaves. The figure depicts the relative expression levels of drought-responsive genes 
in common bean plants subjected to drought stress. The genes analyzed include Delta-Pyrroline-5-Carboxylate Synthetase (P5CS), Aquaporin (AQUA), and 
Dehydration-Responsive Element-Binding (DREB). Expression levels were normalized using the housekeeping gene Actin (ACT) as an internal control. Statistically 
significant differences among treatments are indicated by different lowercase letters above the bars, while differences within each treatment (comparing control with 
drought-stress conditions) are denoted by asterisks. Statistical significance was determined using analysis of variance (ANOVA) followed by Tukey’s test (p < 0.05). 
The genotypes evaluated include drought-tolerant beans (BAT477 and SEA5) and drought-susceptible beans (Milenio and 80SH).

Fig. 2. Functional diversity measurements of the common bean rhizosphere microbiome. Alpha-diversity measurements of (a) richness of observed functions, 
and (b) Shannon indexes of the four bean cultivars with distinct tolerance to drought (Tolerant: BAT477 and SEA5; Susceptible: Milenio and 80SH) at two evaluation 
time stages: Drought (Gray), and Rehydration (White). And two types of irrigation, with 80 % of WHC (W+) and with 40 % of WHC (W-). Different lowercase letters 
above the bars indicate statistically significant differences between treatments, based on analysis of variance followed by Tukey’s test (p < 0.05).
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environments (ACAT), oxidative damage prevention (G6PD), key elec
tron donors in defense against oxidants (hemL), antioxidant effects 
(TST), and DNA repair involving removal of oxidized purines from 
damaged DNA (mutM). The 80SH showed an increased abundance of 
genes to carbohydrate uptake (ABC.MS.P) and oxidative stress (katE). 
Some genes showed increased abundance due to drought stress in both 
tolerant and susceptible cultivars. For example, the gene plsC, respon
sible for an integral membrane protein, increased in SEA5 and 80SH 
plants. Additionally, the gene dagK, involved in lipid production, was 
overrepresented in SEA5 and Milenio cultivars.

During rehydration (Fig. 5b), the previously stressed plants showed 
increases in specific genes. BAT477 increased genes for DNA replication, 
recombination, and repair (ssb), integral membrane enzyme (lgt), os
motic stress adaptation (mscL), and assistance in lateral membrane 
protein transport (yidC). SEA5 showed an increase in a two-component 
system (K02483), fatty acid metabolism (paaF), and phosphorylation 
catalysis (ispE). In the susceptible plants, Milenio increased thiamine 
synthesis (apbE) and sporulation, biofilm, and cell wall biosynthesis 
(prkC). In 80SH, an increase in the catalysis of decarboxylation and 
phosphorylation (E4.1.1.32) and the translocation and biogenesis of 
membrane proteins (secD) were observed.

3.5. Correlation among differential genes and biometric and chemical 
variables

Among the differential genes, 21 showed strong correlations with 
biometric and chemical variables (Fig. 6). Genes like hpxQ, GGCT, tgs, 
tetR, fqr, litR, narA, gpgP, and IAH1, involved in stress response, 

metabolism, and microbial regulation, were negatively correlated with 
photosynthesis and stomatal conductance, suggesting their role in stress 
adaptation mechanisms. Some of these genes also showed negative 
correlations with root dry mass and intracellular CO2, while being 
positively correlated with K, Mn, Cu, and S. Genes like tauB (sulfonate 
transport), nadM (NAD biosynthesis), prnB-D (secondary metabolism 
and antifungal production), pyrE (pyrimidine synthesis), dxr (isoprenoid 
biosynthesis), dndD (DNA modification), gli (gliotoxin biosynthesis), 
abgR (transcriptional regulation), wspR (biofilm formation via cyclic-di- 
GMP signaling), and tktA-B (pentose phosphate pathway) were posi
tively correlated with photosynthesis and stomatal conductance, high
lighting their potential roles in supporting metabolic and regulatory 
processes under favorable conditions. Genes such as wspR and tktA-B 
were also positively correlated with root dry mass and intracellular CO2, 
while prnB-D showed correlations with these variables, as well as Fe, 
shoot dry mass, and height. Among these cited functions, some variables 
exhibited negative correlations, such as K (abgR, prnB-D), Mn (dxr, 
pyrE), Cu (prnD, tauB), Ca (dndD, prnB), and S (dndD, prnB-D).

4. Discussion

Our results revealed that the levels of most soil nutrients increased 
during the dry period, likely due to the concentration effect. This effect 
could be attributed to the reduced soil moisture that leads to a higher 
concentration of dissolved nutrients in the soil solution, increasing the 
concentration but not the absolute amounts (Naylor and Derr, 2018). 
The bulk and rhizosphere soil pH remained relatively stable but 
increased significantly under drought conditions, especially in the SEA5 

Fig. 3. Functional structure of the common bean rhizosphere microbiome. Redundancy analysis (RDA) of the four bean cultivars with distinct tolerance to 
drought (Tolerant: BAT477 and SEA5; Susceptible: Milenio and 80SH). (a) The RDA comparing bulk soil and rhizosphere samples. (b) RDA comparing the rhizo
sphere samples between control (W+) and drought-stressed treatment (W-). RDA comparing the rhizosphere samples at each experimental stage at three evaluation 
time stages between the susceptible (SC) and tolerant (TL) plants. (c) Pre drought (before water stress), (d) Drought (at the end of the 96-hour water stress period), 
and (e) Rehydration (96 hours after water rehydration).
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cultivar. This increase in pH benefits the microbial community, as 
rhizosphere acidification can hinder root growth, reduce microbial di
versity, and limit nutrient availability (Silva et al. 2006). The elevated 
pH in SEA5 during drought likely promotes a more favorable environ
ment for beneficial microbes, supporting nutrient cycling and 
plant-microbe interactions (Guo et al. 2022).

No significant differences in plant growth were observed under water 
stress; however, all cultivars exhibited a tendency for reduced plant 
height. Different studies have reported reductions in plant height and 
dry matter production of common beans cultivated under water stress 
(Gonçalves et al., 2015; Kaur et al., 2021). The drought-tolerant cultivar 
SEA5 demonstrated resilience by maintaining a consistent architecture, 
with minimal reduction in height under stress. Water deficit can 
significantly influence plant development, leading to reduced biomass 

production due to decreased photosynthesis, which diminishes leaf 
development and expansion (Pantin et al. 2011). SEA5 maintained a 
consistently lower biomass across all conditions, aligning with a study 
that found this genotype performed well under water stress, despite an 
observed biomass increase in their findings (Polania et al. 2016). This 
suggests that the SEA5 cultivar maintains a competitive water balance, 
allowing for more efficient water use in terms of plant physiological 
responses to water deficit stress (Ribeiro et al. 2019). This phenomenon 
can be seen as a survival strategy, as the reduction in shoot growth rate 
implies a decrease in structures with high transpiration capacity, 
consequently reducing the plant’s water demand (Chaves et al. 2009). 
The drought-tolerant cultivar BAT477 exhibited the highest expression 
of P5CS, consistent with previous studies indicating that 
drought-tolerant cultivars generally express higher levels of P5CS 

Fig. 4. Functional profile of the common bean rhizosphere microbiome. Heatmap of the relative functional abundance and prevalence of the microbiome 
according to different treatments, control (W+) and drought-stressed treatment (W-) based on metagenomic gene sequencing. The color key relates the heatmap 
colors to the standard score (z-score), representing the deviation from the row mean in units of standard deviation above or below the mean. In each heatmap 
hierarchical groupment represents differential functions among treatments (clusters). Tolerant beans: BAT477 (BAT) and SEA5 (SEA); Susceptible beans: Milenio (M) 
and 80SH (SH).
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Fig. 5. Functional composition of the common bean rhizosphere microbiome. Differential abundance between treatments using the two-sided Welch’s t-test 
with STAMP (P < 0.05). (a) Drought differential functional among cultivar illustrating the impact of drought conditions on the system. (b) Rehydration differential 
abundance of genes showing differences among cultivars. Statistical differential abundance were assessed using Welch’s t-test followed by Benjamini-Hochberg FDR 
correction, with significance determined at p < 0.05. Tolerant beans: BAT477 (BAT) and SEA5 (SEA); Susceptible beans: Milenio (M) and 80SH (SH).
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compared to drought-sensitive ones (Lanna et al. 2016). The lesser 
reduction in aboveground growth for BAT477 under water deficit 
compared to the sensitive genotype may also be attributed to the 
remobilization of photoassimilates for deep root growth, potentially 
exploring regions with higher moisture content. Similar findings indi
cate that genotypes more tolerant to water deficiency tend to expand 
their roots into deeper layers of the soil profile (Polania et al. 2017).

Water stress significantly impacted all measured plant physiological 
processes, leading to reduction across all treatments, with the effect 
being particularly pronounced in the susceptible cultivars. The BAT477 
genotype exhibited a significant reduction in photosynthetic and tran
spiration rates, with a 50 % decrease in carbon dioxide (CO2) compared 
to the 48 % reduction for transpiration rate (Lanna et al. 2016). In the 
current study, BAT477 has effective control over stomatal opening and 
closure. After the rehydration, stressed plants began to recover gas ex
change physiological processes, compared to stressed plants during the 
drought stage, particularly in intracellular CO2 processes, which showed 
increased rates in all cultivars. Similar results were found in other 
common beans studies, where photosynthetic rate and CO2 assimilation 
recovered two days after recovery; though severe water deficit pre
vented full recovery (Oliveira et al. 2002; Miyashita et al. 2005).

Plant growth relies on a steady nutrient supply for key metabolic 
functions, and water stress often disrupts nutrient uptake, leading to 
deficiencies (Arjenaki et al. 2012). However, our results showed that the 
drought-tolerant cultivar SEA5 maintained a higher transpiration rate 
and increased calcium levels. Recent studies suggest that nutrient 
accumulation, such as calcium and potassium during drought in plants 
like Cunninghamia lanceolata, may aid in stress adaptation by supporting 
osmotic adjustment and CO2 fixation (Li et al. 2023). In the present 

study, potassium, calcium, and magnesium levels also elevated 
post-drought, likely enhancing stress tolerance. Thus, the higher tran
spiration rates in SEA5 helped maintain calcium absorption and, 
consequently, enabled the plant to thrive during drought (Mauad et al. 
2015).

The drought-tolerant BAT477 cultivar exhibited significantly higher 
expression of P5CS and AQUA genes under drought conditions. The 
upregulation of P5CS aligns with previous studies demonstrating 
elevated expression of this gene in drought-tolerant cultivars compared 
to drought-sensitive ones (Maghsoudi et al., 2018). This increased 
expression likely contributes to proline accumulation, which plays a 
critical role in regulating osmotic potential and protecting cellular 
structures during stress (Yang et al., 2021; Feng et al., 2022). Similar 
patterns of P5CS overexpression have been reported in other plant 
species, such as Hordeum vulgare L. and Triticum aestivum L. (Bandurska 
et al., 2017), underscoring its conserved role in drought tolerance across 
diverse taxa. Aquaporin genes, such as AQUA, regulate the movement of 
water and solutes across cell membranes and are thought to play a 
pivotal role in plant responses to water stress. Their activity may in
fluence stomatal closure and water conservation during drought 
(Putpeerawit et al., 2017). The upregulation of AQUA in BAT477 sug
gests that this cultivar may enhance drought tolerance by optimizing 
water use efficiency through the timely regulation of specific aquaporin 
genes (Zupin et al., 2017). This is supported by its ability to maintain 
relatively stable physiological processes, including controlled stomatal 
regulation, efficient water use, and the capacity to recover gas exchange 
processes following rehydration, as observed in the experiment. In 
contrast to P5CS and AQUA, the expression of DREB genes in BAT477 
showed only a slight, non-significant increase under drought conditions. 

Fig. 6. Correlation between plant parameters and functional microbiome. Spearman correlation analysis between differential genes obtained from meta
genomic sequencing and plant biometric, physiological parameters, and soil chemical properties. The intensity and shade of the colors represent the strength and 
direction (positive or negative) of the correlations: blue tones indicate negative correlations, while red tones represent positive correlations. More intense colors 
correspond to stronger correlations, whereas colors closer to white indicate no significant correlation. (K) Potassium, (Mn) Manganese, (Cu) Copper, (Ca) Calcium, 
(S) Sulfur, (Fe) Iron, (Zn) Zinc, (N) Nitrogen and (B) Boron.
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DREB genes are known to be crucial mediators of stress responses in 
plants, participating in signal transduction pathways that protect against 
dehydration and regulate processes such as growth, anthocyanin 
biosynthesis, and hormonal balance (Lai et al., 2018; Chai et al., 2020). 
Interestingly, the DREB gene was downregulated in the drought-tolerant 
SEA5 cultivar, suggesting that this cultivar may rely on alternative 
mechanisms for drought adaptation or exhibit a less effective stress 
response compared to BAT477. The SEA5 cultivar showed minimal 
reduction in plant height and maintained higher transpiration rates, 
suggesting that it may rely less on DREB-mediated pathways. Instead, 
SEA5 appears to prioritize nutrient uptake, particularly calcium, to 
support osmotic adjustment and CO2 fixation, which may explain its 
resilience despite lower biomass production. The differential expression 
of drought-related genes between BAT477 and SEA5 highlights the 
complexity of drought adaptation mechanisms in common bean culti
vars. While BAT477 employs a robust genetic response involving proline 
synthesis and aquaporin regulation, SEA5 may utilize alternative stra
tegies, such as nutrient accumulation and reduced shoot growth, to 
mitigate water stress. The differential expression of drought-related 
genes between the two cultivars underscores the complexity of 
drought adaptation mechanisms and highlights the importance of 
cultivar-specific approaches in breeding for drought tolerance.

Prior to drought exposure, the microbial functional diversity, as 
assessed by the richness and Shannon diversity index, showed no dif
ference among cultivars. However, differences were observed under 
drought conditions. No significant changes were observed within the 
same genotype under drought versus control conditions, but drought- 
tolerant cultivars BAT477 and SEA5 showed a marked decline in mi
crobial richness and diversity compared to more susceptible cultivars. 
This suggests that during drought stress, the rhizosphere microbiome 
undergoes changes in the community structure with an impact on 
functional gene composition (Gao et al. 2024). Furthermore, it can be 
inferred that tolerant plants selectively recruit specific microbiota, 
potentially harboring beneficial traits that enhance drought resilience. 
The dynamics of bacterial communities in the rhizosphere are influ
enced by both the host plant and environmental stressors, suggesting 
that plants can selectively enrich beneficial microbial populations that 
confer drought resilience (Andreo-Jimenez et al. 2019). Previous 
research has shown that drought stress can alter the diversity and 
function of root-associated microbiomes, reducing bacterial diversity 
and increasing the abundance of drought-resistant bacteria in plant 
rhizospheres (Kavamura et al. 2018; Fuentes et al. 2020; Liu et al. 2021).

During drought, the tolerant cultivars BAT477 and SEA5 increased 
the abundance of specific genes, such as narH, narY, and nxrB, which 
regulate nitrate reductase and nitrite oxidoreductase activity. These 
genes help plants regulate nitrogen levels, a critical nutrient for devel
opment (Ye et al. 2022). Nitrogen addition improves water use effi
ciency, increases plant dry mass, mitigates drought’s negative effects on 
photosynthesis, and prevents carbon deprivation (Gessler et al. 2017). It 
also aids osmotic adjustment, enhances antioxidant enzyme activity, 
and promotes drought tolerance by boosting root number, photosyn
thetic characteristics, and stomatal conductance (Yang et al. 2014). 
There was an increase in rex genes associated with redox-sensing tran
scriptional regulation, which plays a key role in plant defense signaling 
(Chae et al. 2023). Water stress induces higher production of ROS in 
chloroplasts, peroxisomes, and mitochondria. This increase is controlled 
by an antioxidant system that modulates ROS levels and maintains the 
cell’s redox status. Elevated ROS act as alarm signals, triggering accli
mation and defense responses via pathways involving ABA, calcium 
fluxes, and sugar sensing (Cruz, 2008).

An increased abundance of genes associated with trehalose and 
maltose transport systems, including thuE, thuF, lpqY, and sugA, was 
observed in the drought-tolerant cultivars. Trehalose, a non-reducing 
sugar present in plants and microorganisms and used as a storage car
bohydrate in fungal spores, plays a crucial role in enhancing drought 
tolerance (Schwarz and Van Dikck, 2016). It helps maintain cell 

membranes, regulate stomata, support photosynthesis, enhance nutrient 
uptake, and osmolyte accumulation, activate stress proteins, and 
detoxify ROS, thereby supporting the antioxidant system (Moller et al. 
2007). Foliar applications of maltose and trehalose have been shown to 
induce drought tolerance in plants, enhancing growth and mitigating 
drought-induced damage (Ibrahim and Abdellatif, 2016). The genotypes 
BAT477 and SEA5 also showed an increase in the opuC gene, associated 
with the osmoprotectant transport system, which aids in the uptake and 
synthesis of various osmoprotectants (Du et al. 2011). These include 
amino acids (proline and glutamate), carbohydrates (trehalose), sugar 
alcohols (inositol and mannitol), quaternary ammonium compounds 
(glycine betaine), and tertiary sulfonium compounds (dimethylsulfo
niopropionate) (Ejaz et al. 2020). These osmoprotectant compounds 
enable plants and microorganisms to adjust their osmotic potential, 
regulate water flow, and prevent dehydration or cell rupture under 
stress conditions (Hoffmann and Bremer, 2017).

The tolerant cultivars exhibited a higher abundance of genes asso
ciated with biofilm production, stress response, and energy storage. 
Genes such as wspR and tagTUV, which are involved in biofilm pro
duction, help microorganisms protect against adverse conditions and 
retain water and nutrients around the roots (Carvalho et al. 2019; Brito, 
2020). The rsbW gene regulates stress response activation through 
signaling cascades involving protein interactions, phosphorylation, and 
dephosphorylation, thereby facilitating stress adaptation (Cheng and 
Case, 2023). The GGCT gene is involved in glutathione metabolism, 
which is essential for maintaining redox balance and protecting cells 
from oxidative stress. By regulating growth and signaling under stress 
conditions, it enhances plant resilience and overall health (Dorion et al. 
2021; Zhang et al. 2024). The rhizosphere microbiome of the 
drought-tolerant cultivar SEA5 exhibited a higher abundance of the 
dagK gene, which is involved in lipid biosynthesis essential for carbon 
storage and energy production (Taiz and Zeiger, 2004). Similarly, the 
rhizosphere microbiome of the BAT477 cultivar exhibited a higher 
abundance of the dedA gene. This gene is linked to cell membrane 
maintenance, essential for preventing dehydration, sustaining energy 
production, enabling nutrient uptake, and supporting signaling (Padhi 
and Chatterjee, 2023).

Conversely, susceptible cultivars showed an increased abundance of 
genes related to genome integrity (ligD), DNA repair, and antioxidant 
effects (TST), suggesting that these plants prioritize maintaining genetic 
stability and mitigating oxidative damage. Under water stress, oxidative 
stress in plants leads to the production of free radicals, damaging cellular 
integrity and reducing productivity (Sankar et al., 2007). In response, 
plants produce antioxidant enzymes (APX, GPX, CAT, and SOD) to 
detoxify ROS and protect vital processes (Caverzan et al. 2016). 
Drought-tolerant plants significantly increase these enzyme activities to 
maintain redox balance, with ROS also serving as signals for regulating 
various stress responses, such as stomatal opening and closing, root 
gravitropism, cell wall strengthening, and cell cycle control (Oliveira, 
2015). The Milenio cultivar showed an increased abundance of the 
ACAT gene, which is crucial for the final step of fatty acid oxidation in 
extreme microbial environments. This gene supports molecular adap
tations that influence the organism’s physiology, metabolism, and cell 
signaling (Martínez-Espinosa, 2020). Interestingly, the 80SH cultivar 
showed a higher abundance of the ABC.MS.P gene, associated with 
carbohydrate absorption, suggesting a mechanism for energy storage. 
During drought, plants accumulate sugars to maintain water balance 
and cell turgor (Maia et al. 2007). Elevated carbohydrates, resulting 
from reduced growth and starch breakdown, are linked to abscisic acid, 
which enhances survival by increasing root-to-shoot ratio and inducing 
stomatal closure (Lisar et al. 2012).

During the rehydration phase, the tolerant cultivar BAT477 showed a 
higher abundance of the mscL and ssb genes. The mscL gene helps adapt 
to osmotic stress by managing cell volume and solute concentration 
(Larcher, 2000), while the ssb gene encodes proteins that control DNA 
accessibility (Zhou et al. 2011). The SEA5 cultivar had higher levels of 
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the K02483 gene, linked to a bacterial two-component system helping 
sense environmental changes (Guerra and Lourenço, 2018), as well as 
the ispE gene, which plays a key role in phosphorylation during photo
synthesis. Additionally, the katE gene offers protection against oxidative 
stress by scavenging harmful hydrogen peroxide, minimizing damage, 
and signaling stress conditions (Tondo et al. 2020). Susceptible cultivars 
like Milenio showed a higher abundance of the prkC gene, crucial for cell 
wall biosynthesis, providing resistance and protection against stress. 
This gene is also linked to sporulation, allowing microorganisms to form 
resilient spores under stress (Amabis and Martho, 2004). Additionally, 
there was an increase in the apbE gene, associated with thiamine, which 
enhances stress tolerance in various plant species such as beans, wheat, 
and Arabidopsis. Thiamine improves germination, growth, and stress 
responses, and is linked to antioxidant action, pathogen defense, and 
better water absorption by seeds (Vendruscolo et al. 2020; Ezzat, 2021; 
Paraizo et al. 2021).

Metagenomic analysis of the rhizosphere microbiome in drought- 
tolerant and susceptible common bean cultivars revealed microbial 
mechanisms that may support plant adaptation to drought. While 
drought-tolerant cultivars showed an enrichment of genes related to 
osmotic response, photosynthetic efficiency, oxidative stress mitigation, 
and osmoprotectant production, susceptible cultivars relied more on 
genes associated with DNA repair and antioxidant defense, indicating a 
reactive rather than proactive stress response. These findings suggest 
that drought-tolerant cultivars selectively recruit and enrich microbial 
populations with beneficial traits, such as enhanced nitrogen cycling, 
osmoprotectant synthesis, and biofilm formation, which collectively 
contribute to drought resilience. Harnessing these microbial mecha
nisms through microbiome engineering or bioinoculant development 
could offer promising strategies to enhance drought tolerance in com
mon bean and other crops, particularly in water-scarce regions. Future 
research should focus on validating the functional roles of these mi
crobial genes and their applications in sustainable agriculture.

While our study provides valuable insights into the physiological, 
molecular, and microbial mechanisms associated with drought tolerance 
in common bean cultivars, several limitations must be acknowledged. 
First, the experiment was conducted under controlled drought condi
tions, which may not fully capture the complexity and variability of field 
environments, including fluctuating soil moisture, temperature ex
tremes, and biotic interactions. Future field-based studies are needed to 
validate whether the responses observed here, particularly in SEA5 and 
BAT477, translate into agronomic advantages under real-world condi
tions. Second, although we identified key genes and microbial functions 
associated with drought tolerance, our approach was limited to func
tional inference based on gene abundance. Metatranscriptomic or met
aproteomic analyses would provide a more dynamic view of gene 
expression and microbial activity under stress conditions, helping to 
distinguish between the presence and the actual functionality of mi
crobial genes. Additionally, the study focused on a relatively short-term 
drought-recovery cycle. Long-term monitoring of plant performance and 
rhizosphere dynamics across multiple drought events could help deter
mine whether the observed physiological and microbiome responses are 
stable or transient adaptations. This is particularly important for un
derstanding plant memory and resilience to recurring stress events. Our 
analysis also revealed contrasting drought-adaptive strategies between 
SEA5 and BAT477, ranging from transcriptional regulation of stress- 
related genes to nutrient accumulation and shifts in microbial func
tional potential. However, the underlying regulatory networks that co
ordinate these plant-microbe interactions remain largely unexplored. 
Future work should aim to integrate multi-omics data (e.g., genomics, 
transcriptomics, metabolomics, and microbiomics) with plant pheno
typing to unravel the complex signaling cascades governing drought 
responses at the host-microbe interface. Lastly, although we observed 
changes in microbial diversity and function in the rhizosphere, the 
causal relationships between microbiome composition and plant per
formance under drought remain to be experimentally validated. 

Synthetic community experiments or microbiome transplant assays 
could provide causal evidence for microbiome-mediated drought 
resilience.

5. Conclusion

This study highlights the resilience of drought-tolerant common 
bean cultivars, specifically SEA5 and BAT477, under water stress con
ditions, both in terms of physiological responses and microbial dy
namics. While drought led to reduced plant growth and physiological 
processes in all cultivars, the tolerant varieties demonstrated more 
efficient water use, better root development, and enhanced osmotic 
regulation, contributing to their resilience. Notably, these cultivars 
exhibited unique microbial profiles, with increased abundances of genes 
related to stress adaptation, nutrient cycling, and osmoprotection. The 
observed microbial shifts suggest that drought-tolerant plants recruit 
specific beneficial microorganisms to optimize stress responses, thereby 
enhancing their overall drought resilience. The presence of specific 
genes, such as narH, narY, nxrB, rex, trehalose transport system genes, 
and tagTUV, highlights the complex interactions between plant and 
microbial communities in mitigating drought stress. In contrast, sus
ceptible cultivars like Milenio and 80SH exhibited distinct gene profiles, 
emphasizing the importance of microbial functional diversity in plant 
stress responses. This underscores the importance of understanding 
plant-microbe interactions in the context of drought stress, as they play a 
crucial role in improving plant performance under water-deficit condi
tions. Future studies should identify key microbial taxa and genes 
enhancing drought resilience in crops, guiding breeding programs to 
improve water-use efficiency and stress tolerance for climate-resilient 
agriculture.
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summited to water déficit. Rev. Ciênc. Agroveterin. 19 (1), 48–53. https://doi.org/ 
10.5965/223811711912020048.

Venturi, V., Keel, C., 2016. Signaling in the rhizosphere. Trends. Plant Sci. 21, 187–198. 
https://doi.org/10.1016/j.tplants.2016.01.005.

Xue, C.X., Lin, H., Zhu, X.Y., Liu, J., Zhang, Y., Rowley, G., Todd, J.D., Li, M., Zhang, X. 
H., 2021. DiTing: a pipeline to infer and compare biogeochemical pathways from 
metagenomic and metatranscriptomic data. Front. Microbiol. 12, 698286. https:// 
doi.org/10.3389/fmicb.2021.698286.

Yang, H., Sun, Y., Wang, H., 2021. Genome-wide identification and functional analysis of 
the ERF2 gene family in response to disease resistance against stemphylium lycopersici 
in tomato. BMC. Plant Biol. 21, 72. https://doi.org/10.1186/s12870-021-02848-3.

Yang, Y., Tang, M., Sulpice, R., 2014. Arbuscular mycorrhizal fungi alter fractal 
dimension characteristics of Robinia pseudoacacia L. seedlings through regulating 
plant growth, leaf water status, photosynthesis, and nutrient concentration under 
drought stress. J. Plant Growth Regul. 33, 612–625. https://doi.org/10.1007/ 
s00344-013-9410-0.

Ye, J.Y., Tian, W.H., Jin, C.W., 2022. Nitrogen in plants: from nutrition to the modulation 
of abiotic stress adaptation. Stress. Biol. 2 (4). https://doi.org/10.1007/s44154-021- 
00030-1.

Zhang, L., Sun, W., Gao, W., 2024. Genome-wide identification and analysis of the GGCT 
gene family in wheat. BMC. Genomics. 25, 32. https://doi.org/10.1186/s12864- 
023-09934-w.

Zhou, R., Kozlov, A.G., Roy, R., Zhang, J., Korolev, S., Lohman, T.M., Ha, T., 2011. SSB 
functions as a sliding platform that migrates on DNA via reptation. Cell 146, 
222–232. https://doi.org/10.1016/j.cell.2011.06.036.
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