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Introduction

Climate change is predicted to intensify droughts in tropical regions. However, the extent to which drought intensification and the subsequent changes in root exudate (RE) composition reshape soil prokaryotic communities (SPC) remains poorly understood.





Methods

We conducted a 69-day incubation to determine the effects of repeated exposure to severe drought and RE application on the SPC activity and structure in soils under old-growth forests and pastures from southwestern Amazonia. At the beginning of each cycle, microcosms received either artificial RE solution or sterile water; following drying, microcosms were either kept at 30% water holding capacity (WHC) for 18 days, representing the regional WHC in the dry season, or at 5% WHC, simulating severe drought.





Results

Drought intensity and RE availability were the primary drivers of changes in SPC composition and activity. The lowest prokaryotic diversity values were observed in the severe drought treatment with +RE addition for both land-uses. After wetting, +RE microcosms showed higher SPC activity due to the utilization of the supplemented REs. Carbon availability interacted with land-use specific characteristics and partially buffered drought effects on SPC composition in pastures. The SPCs from both land-uses were well-adapted to regional drought conditions. However, repeated severe drought caused significant community shifts towards dominance of a few drought-resistant families.





Discussion

Intensifying droughts can reduce prokaryotic diversity and reassemble tropical soil communities toward drought-tolerant taxa, with RE inputs amplifying pos-wetting activity yet exacerbating diversity losses under severe stress. Such changes may compromise ecosystem stability and soil functions under future precipitation regimes.
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1 Introduction

The Amazon Basin is increasingly threatened by deforestation, which leads to accelerated climate change, disruption of the regional water cycle, loss of its remarkable biodiversity, and decline in the value of the ecosystem services in the region (Davidson et al., 2012; Nobre et al., 2016). Cattle ranching is the main driver of deforestation in the Amazon, accounting for approximately 80% of the forest loss, mainly through slash-and-burn clearing (Foley et al., 2007). The removal of forest cover exposes the pasture soil to direct and constant wind and water erosion, which contributes to the gradual loss of the nutrient-rich topsoil that is essential for plant growth (Martínez and Zinck, 2004; Veldkamp et al., 2020). The cumulative effects of cattle grazing and trampling intensifies nutrient loss and soil compaction. The degradation of the pasture soils is evident as they become less productive over time (Davidson et al., 2012; Nobre et al., 2016). Rainforests adjacent to pastures are additionally at a higher risk of degradation due to increased exposure to anthropogenic activities (Foley et al., 2007; Nobre et al., 2016), e.g. fires or agricultural management practices. These activities disrupt the ecological balance of the forest, perpetuate the cycle of deforestation, and decrease the ecosystem resilience (Davidson et al., 2012). In fact, a reduction of 20-25% forest cover in the Amazon Basin could trigger a rapid land conversion to savanna-like landscapes, particularly in regions that are naturally close to the threshold of precipitation needed for the development of a rainforest, such as the southwestern Amazon (Lovejoy and Nobre, 2018).

Along with deforestation, additional stressors such as climate change are pushing the southwestern Amazon forest towards a savanna state, as evidenced by the increasing frequency and severity of droughts in recent decades (Lovejoy and Nobre, 2018). Severe droughts in 2005 and 2010 have been linked to rising Pacific sea surface temperatures (Lewis et al., 2011; Zeng et al., 2008), while intense drought conditions in 2015 and 2023 were associated with strong El Niño events (Espinoza et al., 2024; Jiménez-Muñoz et al., 2016), emphasizing the region’s growing exposure to climate extremes. Changes in drought patterns are projected to intensify in the future due to the acceleration of climate change and deforestation rates (Baldrian et al., 2023; Davidson et al., 2012). The most direct effects of droughts are a decrease in soil moisture levels and water availability for plants, which is often less severe in forest soils. These ecosystems have deep-rooted trees and stable microclimates that buffer temperature fluctuations (Davidson et al., 2000; Nepstad et al., 1996), while maintaining higher soil moisture and more stable conditions through the year compared to pasture soils. Nevertheless, under prolonged drought stress both land-uses will face ecological impacts. Low soil water availability directly affects the soil microbial community (Baldrian et al., 2023; Schimel, 2018), which includes prokaryotes (bacteria and archaea) and fungi. Microorganisms require water for their metabolic processes, therefore, drought conditions can cause a decline in microbial biomass and microbial activity (Baldrian et al., 2023; Naylor and Coleman-Derr, 2018), and consequently, soil respiration rates (CO2 emissions) are also reduced (Li et al., 2018; Schimel, 2018). During the drought period this reduction in CO2 emissions could be perceived as increased carbon sequestration. However, it has been demonstrated that the rewetting of dry soils results in a pulse of CO2 emissions, known as the Birch effect, which can be many times greater than the basal respiration rates of the soil (Naylor and Coleman-Derr, 2018; Schimel, 2018). Moreover, prolonged and intense droughts can also reduce soil prokaryotic diversity (Bouskill et al., 2013), thus decreasing the functional redundancy of the soil microbial community (Bérard et al., 2015). Previous studies have shown that under low soil water content the soil prokaryotic community (SPC) often starts to adapt, potentially becoming dominated by drought-resistant species, such as those with thick cell walls, which are generally found in gram-positive prokaryotes (Naylor and Coleman-Derr, 2018; Schimel et al., 2007) or species capable of producing spores (Bérard et al., 2015; Naylor and Coleman-Derr, 2018; Schimel, 2018). Compositional and structural shifts decrease the functional capabilities of the SPC, affecting its resistance to future environmental challenges (Bouskill et al., 2013; Mendes et al., 2015).

As soils dry, plants also adapt their physiological processes to cope with the stress, affecting the surrounding SPC. As a survival strategy, plants can modify the quantity and composition of their root exudates (Maurer et al., 2021; Naylor and Coleman-Derr, 2018; Vives-Peris et al., 2020). Root exudates (RE) are organic compounds permanently secreted by plant roots into the surrounding soil and include a mix of primary metabolites (saccharides, amino acids, organic acids, etc.), secondary metabolites (flavonoids, auxins, etc.) and high-molecular weight compounds as proteins (Badri and Vivanco, 2009; Vives-Peris et al., 2020). In the nutrient-poor soils of the Amazon region (Vitousek, 1984), REs are of utmost importance for sustaining plant and soil microbial communities, as some are able to change the soil pH and mobilize plant-growth limiting nutrients, such as phosphorus (Almeida et al., 2020; Aoki et al., 2012). Microorganisms can consume REs secreted by plants (Huang et al., 2014; Luo et al., 2014), while simultaneously SPCs decomposing soil organic matter and releasing additional nutrients into the environment. Nutrient availability and nutrient uptake are enhanced by this symbiotic relationship, promoting the growth and activity of plants and microorganisms (Badri and Vivanco, 2009; Bai et al., 2022; Huang et al., 2014), and improve their resistance to stresses (Bai et al., 2022; Vives-Peris et al., 2020).

Despite of their relevance for many ecosystem processes, little scientific attention has been given to studies on microbiomes in the presence or absence of RE. The intrinsic variability of biotic (vegetation composition, shifts due to anthropogenic use, etc.) and abiotic factors (temperature, rainfall, wind, etc.) presents critical challenges for understanding the impact of drought and RE secretion by plants on the SPC (Bai et al., 2022; Huang et al., 2014; Maurer et al., 2021; Vives-Peris et al., 2020). In tropical ecosystems the challenge is even greater due to the rich plant diversity and the inaccessibility for researchers to study sites. Nevertheless, studies on greenhouse gases have reported that drought-stressed plants increase the secretion of certain organic acids such as oxalic acid (Almeida et al., 2020; Gargallo-Garriga et al., 2018; Naylor and Coleman-Derr, 2018), commonly found in root exudates (Jones et al., 2003). Oxalic acid can particularly enhance phosphorus (P) solubilization (Almeida et al., 2020; Ström et al., 2002) and aluminum detoxification of plants (Graşz et al., 2009) in highly weathered, acidic soils typical of the Amazonia. Moreover, experimental studies have shown that during drought conditions, the REs contain a higher concentration of stress-related compounds, such as abscisic acid, flavonoids (Gargallo-Garriga et al., 2018), and primary metabolites associated with osmotic adjustment (Lopes et al., 2022; Schimel et al., 2007), such as saccharides (Chen et al., 2022; Gargallo-Garriga et al., 2018) and specific amino acids, e.g. aspartate and leucine (Gargallo-Garriga et al., 2018), which attract microorganisms (Huang et al., 2014; Vives-Peris et al., 2020). The analyses of complex interactions are highly limited due to multiple factors acting simultaneously, the challenges in isolating and controlling specific variables, and the difficulty in determining both their individual and cumulative effects, particularly in systems exhibiting non-linear behaviors.

In this complex context, incubation experiments in microcosms offer the additional advantage of controlled conditions, allowing researchers to isolate and focus on specific variables. Furthermore, these experiments are easily reproducible, yielding more uniform results. However, as closed systems, they do not allow interactions with the surrounding environment, limiting their ecological realism and applicability to natural settings. For this reason, the addition of artificial REs into microcosms enhances the simulation of more realistic scenarios (Baumert et al., 2018; Steinauer et al., 2016). Indeed, the SPC can be influenced not only by drought intensification and shifts in root exudate composition (Chen et al., 2022; Naylor and Coleman-Derr, 2018; Preece and Peñuelas, 2016), but also by land use (Danielson and Rodrigues, 2022; Paes da Costa et al., 2022; Rodrigues et al., 2013). These changes can have lasting effects on the SPC, even after the drought stress has ceased (Bouskill et al., 2013; Canarini et al., 2021; Moreno et al., 2019) and/or land use has changed (Moreno et al., 2019; Paula et al., 2014).

The main aim of this study was to simulate drought intensification and assess its impact on SPC activity, diversity, and composition in tropical regions. To establish a realistic baseline of pre-acclimatized microbial community, soils were collected at the end of the dry season. Within this context, our first hypothesis is that drought intensification reduces soil microbial activity and diversity, and selects for similar drought-tolerant taxa in both ecosystems, but with pasture SPCs exhibiting greater resistance to drought fluctuations compared to those in old-growth forests. To better simulate natural conditions, we included artificial root exudate treatments. We further hypothesized that the addition of artificial REs during drought stress promotes microbial activity and selects for drought-tolerant prokaryotic species capable of rapidly utilizing labile carbon substrates.

To test these hypotheses, we assessed the resistance of SPCs to reference (30% WHC) and severe (5% WHC) drought stress during an incubation experiment with three drying-rewetting cycles using soils from old-growth forests and active pastures in the southwestern Amazon Basin. Moreover, we simulated the effect of plant RE on shaping the SPC of old-growth forests and active pastures during drought. For this, we supplemented the incubation units with a simplified artificial RE solution composed of an amino acid (leucine), a disaccharide (trehalose) and an organic acid (oxalic acid). Leucine and trehalose are known to act as osmoprotectants (Gargallo-Garriga et al., 2018; Lopes et al., 2022), helping cells maintaining their turgor and reducing their water loss. Moreover, leucine and trehalose provide to the SPC exogenous nutrient sources that are easily assimilable, with leucine acting as a nitrogen and carbon source, and trehalose as a carbon source (Lopes et al., 2022). While oxalic acid is primarily recognized for its potential to mobilize P (Ström et al., 2002), it can also be utilized by certain soil microorganisms as a carbon source (Hervé et al., 2016), although it is generally less readily assimilable compared to leucine and trehalose. We measured the CO2 emissions as an indirect indicator of microbial activity during the incubation period, and used 16S rRNA gene amplicon sequencing to evaluate SPCs responses in soils under the two contrasting land use types old-growth forest and pasture.




2 Materials and methods



2.1 Study site

The soils were collected at a depth of 15 cm in the Madre de Dios region of the Peruvian Amazon at an altitude of 210–250 meters above sea level (a.s.l.). Three active pasture plots (PA) and three old-growth forest plots (FO) were selected for this study. An old-growth forest is defined in our study as a forest which has had minimal human intervention and remained almost undisturbed (Wirth et al., 2009), as completely untouched or uninfluenced forests are almost non-existent or barely accessible. All active pastures for cattle ranching were located close to old-growth forests to assure comparable abiotic environmental conditions. Pastures were established more than 30 years ago after logging and burning the previous vegetation, followed by the removal of any remaining stumps. Pastures were planted with introduced grasses, such as Panicum maximum and Brachiaria brizantha, both C4 plant species. All sampling sites were located 15–80 km away from the closest city, Puerto Maldonado. Two of the plots were located close to the Interoceanic highway that connects Puerto Maldonado with Cusco (PA1 a 30 years old pasture: 12°43’S-69°29’W, FO1: 12°53’S-69°46’W). Two sites were located in the buffer zone of the Tambopata National Reserve (PA2 a 10 years old pasture: 12°44’S-69°21’W, FO2: 12°56’S-69°31’W) and the last two sites were 800 m apart, inside the Tambopata National Reserve (FO3 and PA3 a 50 years old pasture: 12°42’S-69°09’W).

The climate in the region is humid tropical (Am) according to the Köppen Climate Classification. Rainfall is seasonal, with a dry season from June to September, an annual precipitation of 2221 mm, an average temperature of 25.4 °C, and an average relative humidity of approximately 75%. In the region, the soils are mostly Acrisols and Ferralsols (IUSS Working Group WRB, 2022) with low pH and generally low nutrient content.

Soils were collected at the end of the dry season (September 2021) to capture a microbial community pre-acclimatized to seasonal drought. Samples under pasture were taken in the center of the pasture area, around 40–300 m away from old-growth forest edges. After digging a 40 cm deep and 1 m long soil profile, 400 g of soil were taken at a depth of 15 cm along the full width of the soil profiles to obtain a composite sample. Fresh soil used for the incubation and microbial analysis was stored at 4°C in sterile tubes prior to the incubation. Soils for physicochemical analysis were sieved at 2 mm and stored air-dry until further analyses. Visible plant material was removed in the field. Moreover, a 100 cm3 undisturbed soil core was taken at a depth of 15 cm for bulk density analyses.




2.2 Experimental design

Ten grams of fresh soil (oven dry mass equivalent) were placed into 50mL autoclaved glass incubation units under sterile laboratory conditions. The experiment comprised a total of 84 incubation units (14 per plot): 42 units containing soil from the three forest plots and 42 from the three pasture plots (Supplementary Table S1). The diameter of the incubation units was 5 cm. At that point, the incubation units were sealed with a bromine-butyl-rubber stopper and crimped with an aluminum cap (Chroma Globe GbR, Kreuznau, Germany). UltraPure™, DNase/RNase-free distilled water (Invitrogen™) was added to achieve a water content equivalent to 30% water holding capacity (WHC) in all incubation units. Then, the incubation units were pre-incubated at 20 °C in the dark for 7 days.

After the pre-incubation phase (30% WHC), the soil samples were further incubated in the dark at 20 °C and exposed to 3 drying-rewetting cycles over 69 days with three cycles of 23 days each (Figure 1). Each cycle started with the wetting of the soil in the incubation units to 95% WHC using 1) UltraPure™ distilled water (+H2O treatment) as a baseline treatment or 2) a sterile artificial root exudate solution (+RE treatment) as a carbon and nitrogen source.

[image: Illustration of experimental setup with three panels. A) Land Use: shows a forest walk and cattle grazing, each with an underground view. B) Nutrient Source: depicts root exudate (+RE) and ultrapure water (+H₂O). C) Drought Scenarios: presents two line graphs comparing regular drought (+RD) and severe drought (+SD) with water holding capacity over time.]
Figure 1 | Laboratory experimental setup. (A) Land use type: the incubation included soils from 3 old-growth forests and 3 pastures (15 cm depth). (B) Nutrient source: the treatments included an artificial root exudate solution (+RE) and a baseline treatment including UltraPure™ water (+H2O), in which only endogenous nutrient sources were available. The +RE treatments consisted of 15 incubation units per drought scenario from 3 different sites (5 replicates per site). The +H2O consisted of 6 incubation units from 3 different sites (2 replicates per sites). (C) Drying rewetting scheme for the incubation experiment (69 days): after 7 days of pre-incubation at 30% WHC, the experiment started with the addition of the artificial RE solution or UltraPure™ water until 95% WHC, then the soils were slowly dried for a period of 5 days until the targeted WHC was reached (+RD: 30% or +SD: 5% WHC). The incubation units were stored in the dark at 20 °C for 18 days. The cycles were repeated 3 times, each lasting 23 days. Panel (B) root photo: Science Stock Photos, CC BY 4.0. Cropped.

The simplified artificial RE solution consisted of a mix of three primary metabolites: sugar, amino acid, and organic acid (Baumert et al., 2018). The carbon composition of the solution was 50% from trehalose, 30% from leucine, and 20% from oxalic acid. The specific content is in line with the relative proportion of sugars, amino acids and organic acids detailed in the summary on wheat (C3 plant) published by Warren (2015). The leucine content was increased by 10% compared to Warren (2015), at the expense of a 10% decrease in organic acids, to account for other organic N sources present in the natural REs (Warren, 2015). The primary metabolites were added in reagent-grade form within the range of RE carbon fluxes in tropical evergreen forests (Chari et al., 2024). Our approach was conservative, and we used the minimum value within the reported fluxes, namely 0.14 kg C m-2 y-1 (i.e., 0.008 g C incubation unit-1 cycle-1). The three compounds were dissolved in UltraPure™ distilled water, filtered through 0.2 μm PTFE filters (Sartorius Stedim Biotech) to ensure sterility, and applied to the pre-treated soils in solution at a final concentration of 0.012 mmol RE g-1 dry soil (pH= 5.35 ± 0.15) to reach 95% WHC. C and N content of the solution was measured using a LiquiTOC analyzer (Elementar Analysensysteme GmbH, Germany) after its acidification with 50 μL of 32% HCl.

After wetting the soils (+RE or +H2O treatments), the soils were dried in steps of 75% – 50% – 30% WHC or 75% – 50% – 5% WHC, respectively, over a period of 5 days using a constant flow of sterile filtered synthetic air (80% N2 and 20% O2, Linde PLC). The last step of each cycle consisted of an 18-day drought period: half of the soils were dried to 30% WHC [13.33% (w/w)], a reference drought (+RD) to simulate conditions representative of soil water content in the southwestern Amazon rainforest during the dry season (Fernandes et al., 2002) and the other half of the incubation units were dried to 5% WHC to simulate a severe drought (+SD) (Dacal et al., 2022; Shi et al., 2015). Therefore, we had 4 different treatments per land use (Supplementary Table S1). The matric potential was calculated for each WHC step for both land uses (Supplementary Tables S2, S3).

In order to maintain optimal conditions within the incubation units and to prevent the accumulation of carbon dioxide (CO2) in the headspace, the air within the incubation units was renewed twice during the dry period by flushing the air in the headspace with synthetic air (80% N2 and 20% O2, Linde PLC). At the end of the incubation period, 0.75 g of soil were harvested under sterile conditions for DNA extraction, followed by 16S rRNA gene amplicon sequencing. The fractions were immediately frozen at -20 °C. Part of the remaining soil was dried and milled to determine the final C and N content in each incubation unit using a vario Isotope cube elemental analyzer (Elementar Analysensysteme GmbH, Hanau, Germany).




2.3 Soil physicochemical analysis

To conduct soil physicochemical analysis, one third of the soil from each field location was oven dried at 45 °C until a constant weight was achieved. Soil actual pH was measured in the supernatant suspension of a 1:2.5 soil to double deionized water mixture using a pH meter. Soil texture was determined for three repetitions of each soil using the pipette method for particle size analyses (Köhn, 1928; Robinson, 1922), with 0.05 M Na4P2O7 used as a dispersing agent.

Soil samples were milled to determine the C and N content along with δ13C and δ15N stable isotope ratios, using a vario Isotope cube (Elementar Analysensysteme GmbH, Hanau, Germany) elemental analyzer coupled to a presisION (IsoPrime Ltd, Cheadle Hulme, UK) stable isotope ratio mass spectrometer (EA-IRMS) via a continuous flow inlet using helium (99.999% purity; Linde, Munich, Germany) as the carrier gas. The δ13C values were corrected using Vienna Pee Dee Belemnite (VPDB) (R=0.011182) referenced standards (caffeine – IAEA-600 and cellulose – IEAE-CH-3) and the δ15N values were corrected using N2 (R=0.0036764) referenced standards (caffeine – IAEA-600; NH4SO4 – IAEA-N-1 and NH4SO4 IAEA-N-2).

Exchangeable cations and cation exchange capacity (CEC) were determined using 0.1 M barium chloride extraction (Hendershot and Duquette, 1986). Plant available nutrients were determined using the Mehlich III method (Mehlich, 1984). Measurements in all solutions (CEC, Mehlich III) were conducted using inductively coupled plasma-optical emission spectrometry (ICP-OES, Varian-725 ES, Varian Inc., Palo Alto, USA). Standard solutions were prepared from 1000 mg L-1 single element solution (Fisher Scientific, Loughborough, UK).

Soil water content and bulk density were determined using the undisturbed samples extracted with a 100 cm3 soil core. The samples were dried in an oven at 105°C for 7 days. Soil matric potential was calculated from water retention curves based on pedotransfer functions from Tomasella and Hodnett (1998) and Van Genuchten parameters were calculated accordingly to fit the pf curves, which is an effective approach for unsaturated soils but loses reliability in extreme dryness.




2.4 Measurement of carbon dioxide emission rates

Throughout the incubation, soil respiration was measured at 15 individual time-points for each incubation unit, corresponding to key phases of the three drying-rewetting cycles. Sampling for each cycle was conducted as follows: one day before each drying step (before drying to 75%, 50%, and 30% or 5% WHC) and twice during the dry period. This resulted in five gas samplings per cycle, on the following days: Cycle 1: Days 1, 2, 4, 6, and 23; Cycle 2: Days 24, 25, 26, 28, and 46; Cycle 3: Days 47, 48, 49, 52, and 69. Before the samplings, the incubation units were flushed with synthetic air (80% N2 and 20% O2, Linde PLC) to eliminate existing CO2. Then the samples were incubated at 20 °C in the dark for either 2 h during drying steps or 24 h during the dry periods. At each measurement time-point, 15 mL of gas were sampled from the headspace of each incubation unit using a gastight sterile 20 mL syringe with a Luer-Lock tip. A three-way Luer-Lock connector (B Braun AG, Melsungen, Germany) was attached between the syringe and the 0.8 mm disposable needle (Sterican G21, 40 mm, B. Braun AG, Melsungen, Germany). The gas samples were transferred to pre-evacuated 12 mL Exetainer® vials, which were sealed with septum caps (IVAVW101, IVA Analysentechnik e.K., Meerbusch, Germany). Afterwards, the gas phase was replenished in each incubation unit to avoid low pressure using synthetic air. To account for any background variation in CO2 efflux, blanks were run alongside the soil samples, which involved measuring the signal from 4 sealed vessels containing 10 g of acid-washed sand. All gas samples were analyzed with a custom-tailored gas chromatography system, using an Agilent HP 7890B GC (Bad Camberg, Germany) as basis, as described in detail by Surey et al. (2020).

To calculate the soil respiration rate (μg CO2 g-1 dry soil day-1), the average CO2 flux from the blanks was subtracted from the CO2 flux from each incubation unit at the corresponding time-point measurement, the value was divided by the duration of the sampling interval and normalized per gram of dry soil. Cumulative CO2-C flux (μg C g−1 dry soil) at the end of the incubation experiment was estimated as the sum of the daily CO2-C emitted. The concentrations of CO2-C released on the days between the 15 measurement points were calculated using a cubic spline interpolation applied to the measured data to enable the calculation of cumulative CO2-flux (Bischoff et al., 2017).




2.5 Soil DNA Extraction, PCR amplification, sequencing and raw data analysis

For each microcosm, three 250 mg soil subsamples were processed in parallel using the DNeasy PowerSoil Pro Kit (Qiagen, Hilden, Germany). The lysates obtained after bead beating and inhibitor removal were combined and purified on a single spin column. After the DNA extraction, the DNA was clean and concentrated using the DNA Clean & Concentrator-5 (Zymo Research, Irvine, CA, USA), according to the manufacturers’ instructions. The V4 region of the 16S rRNA gene was amplified using the universal primers 515F: 5’-GTG CCA GCM GCC GCG GTA A-3’ (Parada et al., 2016) and 806R: 5’-GGA CTA CNN GGG TAT CTA AT -3’ (Apprill et al., 2015). Both forward and reverse primers contained overhang adapters (5’-TCGTCGGCAGCGTCA GATGTGTATAAGAGACAG-515F primer, 5’-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-806R primer) for compatibility with the Illumina index and sequencing adapters. Every 20 μl PCR reaction contained 2 μl diluted DNA (144 ± 51 ng DNA μL-1), 10 μl KAPA Hifi HotStart Polymerase (Roche Molecular Systems, Basel, Switzerland), 1 μl 1% BSA, 1 μl of forward and reverse primers (10 mM), and 5 μl UltraPure, DNase/RNase-free distilled water (Invitrogen™). Thermal cycling consisted of initial denaturation at 95 °C for 6 min, followed by 35 cycles of 95 °C for 20 s, 55 °C for 15 s, 72 °C for 10 s and finally 72 °C for 60 s using a thermal cycler (Bioer LifeTouch, Hangzhou, China). The PCR products were purified using the GeneRead Size Selection Kit (Qiagen, Hilden, Germany). Negative controls were included for both DNA extraction (no DNA template added) and 16S rRNA gene PCR to test for contamination, but no noticeable DNA contamination was observed. The concentration of DNA in the amplicons was measured using a micro volume spectrophotometer (NanoDrop Lite, Thermo Fisher Scientific, Waltham, MA, USA). Sequencing was conducted at the Illumina MiSeq platform using equipment from Illumina, San Diego, CA, USA. Dual indexing and MiSeq reagent kit v3 (600 cycles) were used as advised by the manufacturer.




2.6 16S rRNA gene analysis

Raw sequences were de-multiplexed and quality control was done using QIIME2 (Bolyen et al., 2019). The common method was used to remove remaining chimeric and low-quality sequences. In short, we inspected the read quality profiles, trimmed off low-quality nucleotides, filtered for error rates and dereplicated all identical sequences into unique sequences. We then merged the forward and reverse reads, created the sequence table and removed chimeras. Differences in single-nucleotide level were fixed using amplicon sequence variants (ASV) leading to a better resolution of the sequencing region (Callahan et al., 2017) compared to OTU-clustering. The taxonomic affiliation of the sequences was executed using the reference dataset of the Silva Version 138.1 (Quast et al., 2013).




2.7 Statistical and bioinformatics analyses

All statistical analyses were performed using R version 4.3.3 (R Core Team, 2022) and utilizing the packages FSA v.0.9.5 (Ogle et al., 2023), microbiomeMarker v.1.8.0 (Cao et al., 2022), pairwiseAdonis v.0.4.1 (Martinez Arbizu, 2020), phyloseq v.1.46.0 (McMurdie and Holmes, 2013), plyr v.1.8.9 (Wickham, 2011), tidyverse v.2.0.0 (Wickham et al., 2019), and vegan v.2.6-8 (Oksanen et al., 2024). A filtering step to remove low-abundant ASV was used, ASVs that occurred less than 3 times in at least 10% of the samples were removed using the package phyloseq. 16S rRNA ASVs data were normalized using total sum scaling. Alpha diversity indices and relative abundance were computed using phyloseq. All data were tested by Shapiro-Wilk test to check data normality and Levene’s test for homogeneity of variance. To assess the differences in CO2 emission, alpha diversity (Shannon index, Simpson index, species richness and Chao1 index), evenness (calculated as Shannon index x ln (species richness)-1) and relative abundance across the different treatments, data following a normal distribution was tested by analysis of variance (ANOVA), and in case of significance, followed by Tukey test. All significance levels were set at p < 0.05. For data that did not follow a normal distribution, a non-parametric Kruskal-Wallis test was performed in case of significance, followed by Dunn’s test.

Soil prokaryotic community (SPC) composition was compared across samples using Bray-Curtis dissimilarity matrices generated from square root transformed rarefied ASV tables via non-parametric (distribution-free) permutational multivariate analysis of variance (PERMANOVA; “adonis2” function of the vegan package), with land use, drought scenarios and supplemented solution as factors and including sampling site as a covariate (Oksanen, 2019). All PERMANOVA analyses were conducted using sequential sum of squares under a reduced model with 999 permutations. Significant p-values in PERMANOVA shows a significant difference in either the centroids or the dispersion of the points in the multivariate space. Multivariate homogeneity for PERMANOVA factors was evaluated using the betadisper and permutest functions of the vegan package. To detect differences in SPC composition due to land use or drought scenarios the pairwise.adonis function of the pairwiseAdonis package was used, based on Bray-Curtis dissimilarity and using Bonferroni as a correction (Martinez Arbizu, 2020).

To visualize the beta-diversity patterns, we performed a nonmetric multidimensional scaling (NMDS) ordination using the metaMDS function (vegan package) based on a Bray-Curtis dissimilarity matrix. The ordination was constructed using species abundance data alone of the initial soils. To provide an exploratory visual context for the observed initial community patterns, environmental variables were passively fitted onto the final NMDS ordination plot using the envfit function (vegan package). Given the limited initial sample size (n=6), the fitting was used for qualitative illustration only to show the conditions associated with the predefined habitat types (forest and pasture) and not for formal statistical inference. The direction of each vector indicates the gradient of increasing value for that variable.

A linear discriminant analysis (LDA) effect size (LEfSe) approach was used to identify prokaryotic taxa that were significantly differentially abundant between each treatment group using the microbiomeMarker package. Only taxa with a > 3 log 10 LDA score were considered significantly enriched at a p-value < 0.05 (Kruskal-Wallis test). The Venn diagram was calculated with eulerr v.7.0.2 (Larsson and Gustafsson, 2018), limma v.3.58.1 (Ritchie et al., 2015), and VennDiagram v.1.7.3 (Chen, 2022).

Graphical displays of NMDS, relative abundance, and boxplot diagrams were generated using the vegan package in combination with ggplot2 v.3.5.0 (Wickham, 2016) from the tidyverse collection.





3 Results



3.1 Initial composition of the prokaryotic community of old-growth forest and active pasture soils

Most of the measured parameters related to the physicochemical characteristics and nutrient status were similar in both ecosystems (Supplementary Table S4). However, the actual soil water content was significantly higher in forest soils (p=0.013) and δ13C (‰) was significantly more positive in pasture soils (p=0.040) dominated by C4 plants. The initial alpha diversity (Shannon index) and beta diversity (based on Bray-Curtis distances) did not differ between the SPC of forest and pasture soils (Supplementary Table S4; Supplementary Figure S1A). For the prokaryotic community, 55% of the 1289 ASVs identified in the initial SPC were shared between forest and pasture soils, and 225 and 353 ASVs were unique to forest and pasture soils, respectively (Figure 2). The most abundant phyla in the initial SPC of both ecosystems were Proteobacteria (FO: 26.2% relative abundance, PA: 21.9%), Acidobacteriota (FO: 23.2%, PA: 16.3%), and Chloroflexi (FO: 16.1%, PA: 17.8%) (Supplementary Figure S1B). Within the Proteobacteria phylum, most of the SPC was part of the Rhizobiales order (FO: 18.1%; PA: 16.3%). To estimate more detailed group-specific phyla, LEfSe analyses unveiled the enriched phyla with statistically significant differences (p < 0.05) in relative abundance between forest and pasture soils (Supplementary Figure S2A; Supplementary Table S5). Initial pasture soils had a differentially higher relative abundance of phyla Firmicutes (13.3%) and Actinobacteriota (15.4%) than forest soils (1.3% and 8.5%, respectively). In contrast, Crenarcheota (6.5%) and Nitrospirota (1.2%) were the phyla with the highest differential abundance in natural forest soils, compared to pasture systems (0.62% and 0.17%, respectively) (Supplementary Figures S1B, S2B; Supplementary Table S5).

[image: Venn diagram with two overlapping circles. The left circle, labeled 225 (17.5%), overlaps with the right circle, labeled 353 (27.4%). The overlap contains 711 (55.1%). The left circle is light green, the overlap is dark green, and the right circle is dark gray.]
Figure 2 | Number of prokaryotic ASVs unique to or shared between (intersections of cycles) forest (light green) and pasture soils (black) of the initial SPC.

At family level, the most abundant families in the initial SPC of both ecosystems were Xanthobacteraceae and Ktedonobacteracea followed by Acidothermaceae (Supplementary Figure S3). LEfSe analyses showed that at family level, the 4 most differentially abundant families (p < 0.05) between the SPC of pastures and forests were: Ktedonobacteraceae and Planococcaceae with a higher abundance in pasture soils, and Nitrososphaeraceae and Bathyarchaeia were more abundant in forest soils (Supplementary Figure S2; Supplementary Table S6). Other families that were differentially abundant between pasture and forest SPC were Bacillaceae, Acidothermaceae, Solirubrobacteraceae, and Streptomycetaceae, with the highest differential abundance in pasture systems, and Hyphomicrobiaceae, Solibacteraceae, and Nitrospiraceae, with a differentially higher abundance in forest soil (Supplementary Figure S2).

Analysis on beta diversity data integrating environmental parameters in an exploratory NMDS (stress < 0.01) showed separation in multivariate space between the SPC of the forest and pasture sampling sites (Figure 3). For exploratory context, environmental variables were fitted to the ordination. Visually the vectors for soil water content, clay content, plant-available phosphorus and pH appeared to be associated with the observed compositional differences in the initial SPC structure between forest and pasture sites. However, due to the limited sample size (n=6), these correlations were not statistically significant, and thus these findings are exploratory and warrant cautions interpretation.

[image: Non-metric multidimensional scaling (NMDS) plot showing relationships between land use types (forest as green triangles and pasture as black circles) and soil properties. Axes labeled NMDS1 and NMDS2. Red arrows indicate directions of SOC content, SWC, Clay, δ15N, BD, δ13C, pH, and P. Arrows point toward higher values of each variable.]
Figure 3 | Non-metric multidimensional scaling (NMDS) ordination of prokaryotic community composition based on Bray-Curtis dissimilarity of initial soils before the incubation. The ordination (stress < 0.01) visualizes the dissimilarity between samples based on community data. Land use is distinguished by symbol color and shape: forests (green triangles) and pastures (black circles). To provide interpretive context, soil parameter were post-hoc fitted as vectors onto the ordination; the direction of each red arrow indicates the gradient of increasing values for that parameter. SOC content: soil organic carbon content (%), δ15N (‰), δ13C (‰), BD: bulk density (g cm-3), P: Plant available phosphorus (mg kg-1), Clay (%), SWC: soil water content (%).




3.2 Activity of the soil prokaryotic community of pasture and old-growth forest soils during the incubation experiment

Rewetting of forest and pasture soils with artificial RE solution led to significantly higher CO2 emission rates during the wet period of each cycle along with the largest fluctuations in CO2 emissions between wet and dry periods compared to +H2O treatments (Figure 4; Supplementary Table S7). After the first drought event, CO2 evolution from forest soils increased and remained high in the following two wet periods in all the treatments, except for RD+H2O. In the pasture soils the same pattern was detected for the +RE treatments, but in the +H2O treatments after the second cycle CO2 emissions decreased again in the third wet period. During the dry period, both soils subjected to +RE showed significantly lower CO2 emissions in the SD treatment (5% WHC) than those soils that were subjected to RD of 30% WHC (Figure 4; Supplementary Table S7). At the end of the experiment the soils subjected to +RE emitted around 4.22% of the initial C (endogenous + supplemented C), while the soils subjected to +H2O emitted around 0.74% of the initial endogenous C (Supplementary Table S8), which represents a 7.2-fold increase in cumulative soil respiration in the +RE treatments compared to the +H2O treatments.

[image: Graphs comparing soil respiration rates and cumulative CO2-C in different land uses under rewetting and drought conditions. Graphs (a) and (b) depict soil respiration over time, with higher peaks following rewetting (+RE) compared to constant moisture (+H2O). Bar charts to the right represent cumulative CO2-C, with both rewetting and drought treatments showing differences among forest and pasture land uses. Error bars indicate variability.]
Figure 4 | Dynamics of emission rates of carbon dioxide (CO2). (A) Upper graphs show the emission rates of the +RE treatment (artificial root exudate addition) and (B) lower graphs show the emission rates of +H2O treatment (no root exudate addition) in forest (green triangles) and pasture (black circles) soils during the whole incubation period. RD, reference drought (filled symbol - solid line) and SD, severe drought (empty symbol - dashed line). The three blocks demark the 3 drying-rewetting-cycles with reference in the background to the wet (light blue) and the dry cycle (white). The left graphs do not display the in-between days of the dry cycles since measurements were conducted only on the first and last day of the dry period. The bar graphs on the right represent the cumulative respiration on day 69 (mean ± standard deviation): in +RE different letters mean significant differences based on ANOVA and post-hoc Tukey’s test (F=6.04), p < 0.01; (B) The +H2O treatment showed no significant difference in the final cumulative respiration.




3.3 Diversity and structure of soil prokaryotic community of pasture and old-growth forest soil under drought stress and artificial root exudate addition

A total of 1559 ASVs with a relative abundance of more than 0.003% were obtained from the undisturbed soils samples of three active pastures and three old-growth forests, as well as 81 soil samples after the incubation experiment. From this dataset, we calculated the following alpha diversity indices: Shannon, Simpson, Chao1 indices, observed ASVs and evenness index (Table 1; Supplementary Table S9). Although the initial alpha diversity did not differ between forest and pasture soils (see section 3.1), the temporal changes in alpha-diversity were significant after SD events. The SPC of the SD+RE treatment showed the lowest diversity values, except for Simpson’s index, where values were also significantly lower for the SD+H2O incubation units of forest soils (Supplementary Table S9). A comparison of Bray-Curtis showed that forest soils under the SD+RE treatment diverged more from the initial SPC than the other treatments (Supplementary Figure S4). In the pasture soils, both RD+RE and SD+RE caused significant shifts in the SPC composition compared to the initial stage (Supplementary Figure S4).


Table 1 | Mean α-diversity indices (non-parametric Shannon diversity index; Chao1 richness estimator and Evenness index) at different treatments following the incubation experiment (mean ± standard deviation).
	Treatment
	n
	Shannon index
	Chao index
	Evenness index



	Initial soils


	 Forest
	3
	5.5 ± 0.2ab
	535 ± 83abc
	0.877 ± 0.01a


	 Pasture
	3
	5.6 ± 0.1ab
	601.5 ± 81ab
	0.871 ± 0.01a


	Reference drought


	 Forest +H2O
	6
	5.1 ± 0.2a
	561 ± 35ab
	0.815 ± 0.03a


	 Pasture +H2O
	6
	5.4 ± 0.3a
	650 ± 49a
	0.835 ± 0.05a


	 Forest +RE
	15
	4.0 ± 0.4abc
	514 ± 41b
	0.645 ± 0.06ab


	 Pasture +RE
	14
	4.0 ± 0.3abc
	457 ± 87bcd
	0.664 ± 0.05ab


	Severe drought


	 Forest +H2O
	6
	3.5 ± 0.5bcd
	451 ± 79bcd
	0.579 ± 0.07b


	 Pasture +H2O
	6
	4.0 ± 0.5abcd
	496 ± 113bc
	0.656 ± 0.07ab


	 Forest +RE
	14
	3.3 ± 0.5d
	364 ± 73 d
	0.558 ± 0.08b


	 Pasture +RE
	14
	3.5 ± 0.3cd
	390 ± 110cd
	0.599 ± 0.03b


	 
	X2=61.676
	F=10.44
	X2=56.42





+H2O, only water was added. +RE, root exudate solution. Different letters in the same column mean significant difference based on ANOVA and post-hoc Tukey’s test (F) or Kruskal-Wallis and post-hoc Dunn test (X2); p-value < 0.001.



A factorial PERMANOVA of the pooled data including the temporal data (initial and final SPC) and +RE treatment as factors was not possible due to unequal sample sizes and heterogeneous dispersion between groups (permutest: p < 0.05). Two separate PERMANOVA analyses of +H2O and +RE treatments revealed for both the composition of SPCs at the end of the experiment was significantly influenced by drought intensity and land use (Figure 5; Table 2; PERMANOVA: p < 0.001). Community composition also varied significantly across the sampling sites (Table 2; PERMANOVA: p < 0.001).

[image: Two NMDS plots compare samples treated with H2O and RE. Plot A shows groupings of circles and triangles, with a stress value of 0.192. Plot B also shows circles and triangles, with a stress value of 0.197. Both plots include dashed ellipses indicating data clusters.]
Figure 5 | Non-metric multidimensional scaling (NMDS) ordination of prokaryotic community composition based on Bray-Curtis dissimilarity for the (A) +H2O treatment, without RE application and (B) +RE treatments. Land use is distinguished by symbol color and shape: forest (green triangle) and pasture (black circle). Symbol filling represents drought scenarios, RD, reference drought (filled), SD, severe drought (empty). Ellipses represent the 95% confidence intervals for group clusters. Significant group differences (p < 0.05) were confirmed by PERMANOVA (Supplementary Table S10).


Table 2 | PERMANOVA analysis of prokaryotic community composition in incubation units (with or without root exudate addition) after the experiment (999 permutations).
	PERMANOVA


	Water (+H20)


	Factors
	df
	SS
	Pseudo-F
	P
	% Variance explained



	Drought intensity
	1
	1.66
	32.61
	***
	27.37


	 Drought intensity X
Land-use type
	1
	0.10
	1.91
	0.077
	1.61


	Land-use type
	1
	0.86
	16.94
	***
	14.22


	Site (covariate)
	4
	2.63
	12.92
	***
	43.38


	Residuals
	16
	0.82
	 
	 
	13.43


	Total
	23
	6.08
	 
	 
	100


	RE addition (+RE)


	Factors
	df
	SS
	Pseudo-F
	P
	% Variance explained


	Drought intensity
	1
	1.64
	23.31
	***
	10.65


	 Drought intensity X
Land-use type
	1
	0.54
	7.72
	***
	4.71


	Land-use type
	1
	2.81
	40.01
	***
	18.28


	Site (covariate)
	4
	6.95
	24.71
	***
	45.16


	Residuals
	49
	3.45
	 
	 
	22.39


	Total
	56
	15.39
	 
	 
	100





p < 0.001 as ***. RE, root exudates.



In the +H2O treatment, the influence of drought intensity was greater (27.4% of variance explained) than that of land use (14.2% of variance explained) in shaping the prokaryotic community at the end of the experiment (Table 2; Figure 5A). Additionally, pairwise PERMANOVA indicated a significant difference in the SPC composition between drought intensity treatments, but not between land use (Supplementary Table S10). On the contrary, in the soil samples supplemented with artificial RE solution the influence of drought intensity (10.7% of variance explained) was smaller than that of land use legacy (18.3% of variance explained) in shaping the prokaryotic community. At RE addition, the interaction between drought intensity and land use significantly influenced (4.7% of variance explained) the final SPC composition (Table 2, Figure 5B). In this case, pairwise PERMANOVA indicated a significant difference in SPC composition between land-use type (Supplementary Table S10; Figure 5B). In addition, the forest soils also showed a significant difference in the SPC composition between drought intensity treatments.




3.4 Response pattern of soil prokaryotes under induced drought stress and artificial root exudate addition

Drought stress and artificial RE addition significantly affected (p < 0.01) the overall relative abundance of the following phyla in both ecosystems: Acidobacteriota, Chloroflexi, Crenarcheota, Methylomirabilota, Planctomycetota, and Verrucimicrobiota, and the two most abundant orders within the phylum Proteobacteria: Burkholderiales and Rhizobiales (Figure 6, Supplementary Table S5). Moreover, in forest soils, the relative abundance of Actinobacteriota (p < 0.05) and the combination of the less abundant orders of Proteobacteria phylum (p < 0.001) were also affected by drought and artificial RE addition. In pasture soils, the relative abundance of Firmicutes and Patescibacteria differed significantly between the treatments (p < 0.001). The soil prokaryotic communities showed no significant differences before and after the incubation for the RD+H2O treatment at phylum or family level in either of the two tropical ecosystems studied (Supplementary Table S5).
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Figure 6 | Relative abundance of 10 most abundant prokaryotic taxa (phylum) under different drought and root exudate (RE) addition treatments of forest (left) and pasture (right) soils. t0: initial community; RD+H2O (mean reference drought – no root exudate addition); RD+RE (mean reference drought + root exudate addition); SD+H2O (severe drought – no root exudate addition); SD+RE (severe drought + root exudate addition). “Other” taxon includes 13 phyla with a relative abundance below 1.5% in both ecosystems: Armatimonadota, Bacteroidota, Bdellovibrionota, Cyanobacteria, Desulfobacterota, GAL 5, Gemmatimonadota, Halobacterota, Myxococcota, NB-j, Nitrospirota, RCP2–54 and WPS-2. Asterisks indicate statistically differences in forest or pasture soils after the incubation: *p < 0.05, **p < 0.01, ***p < 0.001, n.s. (not significant).

In forest soil, the relative abundance of some prokaryotic phyla was significantly decreased after RD+RE, SD+H2O, and SD+RE treatments in comparison to the initial SPC (t0): Acidobacteriota, Crenarcheota, Planctomycetota, Verrucomicrobiota, and the order Rhizobiales (Figure 6; Supplementary Table S5). The relative abundance of Chloroflexi significantly decreased with the addition of RE, after both RD and SD. The relative abundance of Methylomirabilota was significantly decreased after SD+RE treatment. In contrast, Burkhoderiales (order within the Proteobacteria phylum) were positively affected by SD accounting for around 40-55% of the relative abundance in the SD+H2O and SD+RE treatments in forest soil. Moreover, the relative abundance of Actinobacteriota was significantly higher in the RD+RE treatment than in the initial SPC sample.

In pasture soils, the relative abundance of Burkhoderiales (order within the Proteobacteria phylum) was significantly increased by artificial RE addition accounting for around 45-55% of the relative abundance in the RD+RE and SD+RE treatments (Figure 6; Supplementary Table S5). Patescibacteria were positively affected by RD+RE, SD+H2O, and SD+RE treatments. Conversely, the relative abundance of some prokaryotic phyla was significantly decreased after RD+RE, SD+H2O, and SD+RE treatments in comparison to the initial SPC of pastures, which was the case for the phyla Chloroflexi, Methylomirabilota, Verrucomicrobiota, and the order Rhizobiales. The relative abundance of Acidobacteriota significantly decreased with the addition of REs after both reference and severe drought. The relative abundance of Crenarcheota and Planctomycetota significantly decreased in the SD+RE treatment, whereas the relative abundance of Firmicutes was significantly lower in the RD+RE treatment than in the initial SPC of the pastures.

At family level, the most abundant families changed from Xanthobacteraceae and Ktedonobacteraceae in the initial SPC (t0) to Oxalobacteraceae and Micrococcaceae at the end of the experiment (Supplementary Figure S3). In both ecosystems, the relative abundance of Burkholderiaceae significantly increased after RD+RE, and Oxalobacteraceae significantly increased after severe droughts (SD+H2O and SD+RE), compared to the initial SPC (Supplementary Figure S3; Supplementary Table S6). Xanthobacteraceae significantly decreased in pastures after RD+RE, SD+H2O, and SD+RE treatments. In forests, Xanthobacteraceae significantly decreased only after SD+RE treatment, whereas Ktedonobacteraceae significantly decreased after SD+RE treatment in both ecosystems.





4 Discussion



4.1 Differences in initial prokaryotic communities between old-growth forests and active pasture soils

The initial SPCs of old-growth forests and pastures exhibited distinct compositional profiles, shaped by decades of contrasting land-use practices. Pasture soils were enriched in phyla associated with drought resistance, such as Firmicutes (13.3% vs. 1.3% in forests) and Actinobacteriota (15.4% vs. 8.5%), which are known for their physiological adaptations to water stress, including spore formation and thick cell walls (Naylor and Coleman-Derr, 2018; Paes da Costa et al., 2022). These taxa thrive in the harsher microclimates of pastures, where the absence of canopy cover, soil compaction from cattle trampling, and lower soil moisture (11.1% vs 23.1% in forests) create selective pressure for drought-tolerant lineages (Nepstad et al., 1996; Souza et al., 2016). In contrast, forest soils harbored a higher abundance of Crenarcheaota (6.5% vs. 0.6%) and Nitrospirota (1.2% vs. 0.2%), taxa critical for nitrogen cycling, including ammonia-oxidizing archaea (Nitrososphaeraceae) and nitrite-oxidizing bacteria (Nitrospiraceae) (Daims et al., 2016; Pedrinho et al., 2019). The prevalence of these nitrifiers aligns with the more stable, organic-rich conditions of forest soils, which support complex nutrient cycling networks (Davidson et al., 2000; Vitousek, 1984).

Land-use legacies further influenced soil physicochemical properties. Pasture soils tend to have lower clay content (24.2% vs. 33.2%), likely due to erosion (Martínez and Zinck, 2004; Veldkamp et al., 2020), slightly higher pH (4.5 vs. 4.3), and higher plant-available P (7.9 vs 2.5 mg kg-1). Although soil pH can influence SPC composition by affecting nutrient availability and physiological stress (Lammel et al., 2018; Tripathi et al., 2012), its role as a distinguishing factor was likely limited in our study, as differences between land uses were small and not statistically significant (Supplementary Table S4). The efficient uptake and recycling of P by plants and microorganisms in forests may contribute to the lower levels of plant-available P in the forest soils (Vitousek and Sanford, 1986).

The relationship between environmental variables and SPC composition operated differently between land uses. In pastures, the combination of low soil moisture and coarser texture might have created strong selective pressure for drought-resistant taxa. Conversely, forest communities responded to the more stable, fine-textured, moisture-rich and carbon-rich conditions by supporting specialized nutrient-cycling assemblages. The different environmental conditions resulted in distinct ecological filtering patterns that shaped community composition in each land use type. These differences underscore how long-term deforestation alters abiotic conditions and microbial ecology, priming pasture SPCs for resilience to future droughts, a critical precursor to testing hypothesis 1.




4.2 Response of soil prokaryotic communities to drought without root exudate addition

Both forest and pasture SPCs showed resistance to reference drought (RD+H2O treatment) of southwestern Amazonia, with no significant effect on diversity and composition (Table 1; Figure 6). The evenness of SPCs remained high, indicating stability in both ecosystems. Soils were sampled at the end of the dry season when water content at 15 cm depth in both ecosystems was lower than that of the RD+H2O treatment during dry periods. Thus, SPCs of both land uses were already well-adapted to regional dry season (Zhou et al., 2016), with matric potential below -15.000 hPa.

In contrast, severe drought stress (SD+H2O treatment) modified SPC structure differently between land uses, supporting hypothesis 1. Forest soils experienced greater compositional alterations than pasture (Supplementary Table S5), with evenness in forest soils decreasing from 0.87 to 0.58 (Table 1), highlighting the pressure on certain forest species to acclimatize. Diversity experienced minimal decline in both land uses. This observation aligns with previous studies reporting minor effects of drought on microbial diversity and richness, but profound shifts in SPC composition (Barnard et al., 2013; Naylor and Coleman-Derr, 2018). The resilience observed in prokaryotic diversity was presumably due to species unable to acclimatize continuing to be present in low numbers, with only a few occurring below detection limit (Baas-Becking, 1934; Schimel et al., 2007).

Cumulative soil respiration was similar between land uses after both drought treatments (Figure 4), consistent with previous studies (Neill et al., 1996; Schwendenmann and Pendall, 2008), though slightly lower possibly due to our soil sampling from a deeper soil layer. The Birch effect, a CO2 pulse following rewetting, was evident across cycles in both systems, driven by the rapid reactivation and activity of surviving taxa (Birch, 1958; Schimel, 2018). CO2 emission rates remain stable between cycles after each dry period, indicating SPC adaptation to drought stress when no additional carbon source is provided to microorganisms in both land uses.

Regarding SPC adaptation, both land uses developed similar dominance of Oxalobacteraceae (order Burkholderiales, phylum Proteobacteria) after SD+H2O treatment, accounting for over one-third of total relative abundance. Many Oxalobacteraceae members are not only drought-tolerant bacteria (Maestro-Gaitán et al., 2023; Monohon et al., 2021; Ofek et al., 2012), but also promote plant growth under drought (Lei et al., 2023; Mickan et al., 2019). Firmicutes and Actinobacteriota – initially more abundant in pasture than forest soils – proved resistant to water deficit (Canarini et al., 2024; Naylor and Coleman-Derr, 2018), maintaining abundance similar to initial levels. Nonetheless, contrary to our findings, most studies showed significant increase in relative abundance of these gram-positive phyla post-drought stress (Dacal et al., 2022; Dai et al., 2019; Jaeger et al., 2024; Naylor and Coleman-Derr, 2018). Our samples might have exhibited initially increased abundance of drought-resistant microorganisms due to collection during the dry season.

Conversely, drought intensification significantly reduced sensitive taxa such as Verrucomicrobiota (Dai et al., 2019; Moore et al., 2023; Siebielec et al., 2020), and order Rhizobiales in both ecosystems, while Chloroflexi decreased (Dai et al., 2019) specifically in pasture soils. The fact that these groups declined from a baseline of already high seasonal stress indicates that drought intensification can push tropical soil communities beyond their seasonal adaptative capacity, leading to loss of taxonomic and likely functional diversity that is not recovered simply by the pre-existing presence of resistant taxa. This dominance of few phyla, likely reduces functional redundancy, negatively affecting ecosystem processes (Baldrian et al., 2023; Bérard et al., 2015).

Under +H2O treatments, drought intensity influenced SPCs more than land use (Table 2), yet response magnitude varied between ecosystems. This differential response reflects contrasting environmental-community relationships. In pastures, SPC seemed less impacted by severe drought, possibly owing to historical exposure to drier conditions, which fostered selection of drought-adapted taxa (Bouskill et al., 2013; Canarini et al., 2021; Moreno et al., 2019). Forest soils, which naturally maintain higher water content (Nepstad et al., 1996; Pedrinho et al., 2019; Souza et al., 2016; Vitousek, 1984), due to deeper roots (Nepstad et al., 1996; Vitousek, 1984), thicker organic layers, and canopy protection against evaporation (Nepstad et al., 1996; Pierret et al., 2016; Rawls et al., 2003), seemed to experience more pronounced shifts when drought exceeded their adaptive thresholds. This suggests that land-use legacy creates differential vulnerability patterns, with forests showing greater sensitivity to drought intensification despite their natural water management characteristics.




4.3 Root exudate addition modulates drought impacts on soil prokaryotic communities

Artificial root exudate addition amplified microbial activity and intensified drought-driven community shifts, corroborating hypothesis 2. The +RE treatments increased cumulative CO2 emissions by 7.2-fold compared to +H2O across both ecosystems (Supplementary Table S7), with emissions peaking during wet phases as microbes rapidly metabolized labile carbon (Naylor and Coleman-Derr, 2018; Schimel et al., 2007). This resource pulse favored opportunistic taxa like Actinobacteriota and order Burkhoderiales, the latter increasing by 40-55% in relative abundance under severe drought (Figure 6). These taxa are adept at exploiting simple carbohydrates and amino acids (Hervé et al., 2016; Lopes et al., 2022), traits that likely conferred a competitive advantage under fluctuating moisture.

Root exudate addition modestly enhanced Oxalobacteraceae growth under reference drought conditions, increasing from near-zero initial abundance to 7.5% in forests and 15.3% in pastures compared to 1.5% and 4.0% in RD+H2O treatments respectively (Supplementary Table S6). However, severe drought stress, rather than RE availability per se, drove the major community restructuring towards Oxalobacteraceae dominance (38-45% dominance in both SD+H2O and SD+RE treatments across both systems). The dominance of Oxalobacteraceae under severe drought reflects their physiological adaptation to water stress (Lei et al., 2023; Monohon et al., 2021), being even detected in high abundance in deserts (Nagy et al., 2005). Some members are plant growth-promoting bacteria that solubilize inorganic P (Baldani et al., 2014; Estrada et al., 2013), and promote nitrogen acquisition by plants during N deficiency (Baldani et al., 2014; Yu et al., 2021), important traits in nutrient-limited tropical soils. Burkholderiaceae increased significantly under RD+RE conditions, reaching 25.2% in forests and 29.9% in pastures compared to minimal abundance after +H2O treatments. Their higher abundance after RD+RE than SD+RE treatments suggests some members are well-adapted to exploit episodic resource pulses but are susceptible to drought intensification. Hervé et al. (2016) reported oxalotrophy within Burkholderiaceae, thus bacteria could be utilizing not only the supplemented trehalose and leucine, but also the oxalic acid.

The SD+RE treatments accelerated the decline of initially dominant families. Xanthobacteraceae decreased from 14.4% to 2.6% in forests and from 14.6% to 1.3% in pastures, while Ktedonobacteraceae declined from 5.9% to 0.5% in forests and from 10.2% to 0.8% in pastures. Chloroflexi and Planctomycetota - phyla associated with organic matter decomposition - declined by >50% in +RE treatments in both ecosystems (Figure 6, Supplementary Table S5), potentially impairing carbon cycling under prolonged drought. Rhizobiales (key nitrogen fixers) declined by 60% under SD+RE. These patterns suggest RE addition intensified competitive exclusion of slower-growing taxa under drought stress in both land uses. Under the combined stress of drought and resource pulses, these taxa likely cannot compete with rapid growth and resource acquisition strategies of copiotrophic species within Oxalobacteraceae and Burkholderiaceae (Fierer et al., 2007; Naylor et al., 2022). The result are homogenized communities dominated by a few highly competitive, stress-tolerant taxa in both land uses. Notably, Firmicutes was the only phylum that showed opposite directional responses between land uses: its abundance tended to increase from low initial levels in forests (1.33% to a maximum of 6.4%, non-significant) but decrease in pastures from high initial levels (13.3% to 4.61% under RD+RE, p < 0.001). This pattern likely reflects the relationship between initial abundance and competitive dynamics. In old-growth forests, rare drought-tolerant Firmicutes species may have opportunistically expanded into unoccupied niches. Conversely, their higher initial abundance in pastures likely made them more vulnerable to displacement by RE-stimulated copiotrophs.

RE addition intensified community homogenization, reducing Shannon diversity by 30-40% in severe drought treatments (Table 1), supporting hypothesis 2’s prediction of a trade-off between stress tolerance and diversity. While our experimental setup does not replicate a natural long-term drought gradient, it provides mechanistic evidence that this trade-off can be driven by the interaction of water stress and labile carbon availability in both land uses. REs stimulated activity while increasing selection for a narrow cohort of drought-adapted taxa, likely eroding functional redundancy. Our results support that, under natural conditions, not only soil water content but also other ecological factors (e.g.: nutrient availability and RE composition) would likely play important roles in shaping SPC dynamics under drought stress. Root exudate inputs may disrupt mutualistic networks in historically stable ecosystems, with cascading effects on nutrient availability (Qiu et al., 2023). However, it is important to consider the composition of our artificial RE solution. While our simplified mixture of trehalose, leucine, and oxalic acid is based on common RE components, it cannot represent the full chemical diversity of the REs from complex tropical forest ecosystems, and the specific artificial RE composition might have favored species adapted to utilize these particular compounds. Future research could investigate how RE profiles of specific tropical tree species modulate this interaction.

Land-use legacy modulated RE effects differently between ecosystems. Pasture SPCs exhibited smaller compositional shifts than forests SPCs after drought intensification (Figure 5B, Supplementary Table S10), likely due to pre-existing dominance of drought-tolerant taxa (e.g. Firmicutes). Under +RE treatments, PERMANOVA analysis revealed that land legacy (18.3% of variance explained) had greater influence than drought intensity (10.7%) on SPC composition, contrasting with +H2O treatments where drought intensity dominated (27.4% vs. 14.2%). This suggests that carbon availability interacts with land-use specific environmental properties and partially buffers drought effects, particularly in pasture soils. Consequently, faster recovery rates after drought stress are expected in the pasture SPC (Barnard et al., 2013; Bouskill et al., 2013), particularly under high carbon and nutrient availability conditions.





4.4 Synthesis: implications for ecosystem resilience

To ensure a comprehensive understanding of the implications of the study for ecosystem resilience, we acknowledge certain methodological considerations. Microcosms controlled confounding variables; however, the absence of plant roots and natural exudate dynamics limits ecological extrapolation. For instance, live roots modulate exudate composition in response to stress (Maurer et al., 2021; Vives-Peris et al., 2020), a feedback absent in our experiment. Additionally, field experiments are advised to validate trends observed in our microcosms and further experiments using DNA stable isotope probing (DNA-SIP) or multi-omics (e.g., metatranscriptomics) could clarify which microorganisms assimilate the provided artificial REs and their functions under drought stress. While considering these methodological aspects, our findings validate both hypotheses but highlight complex interactions between drought intensity, land use, and carbon inputs. Hypothesis 1 is partially supported, as severe drought reduced forest SPC diversity and altered composition more than in pastures. Hypothesis 2 holds true, REs amplified drought-driven community shifts, but land-use legacy buffered these effects in pasture, underscoring the importance of land use history in microbial responses.

The dominance of a few drought-resistant taxa post-treatment raises critical implications in ecosystem stability and climate feedbacks. The decline in taxa central to soil carbon and nitrogen cycling (e.g., Acidobacteriota and Rhizobiales) may impair long-term nutrient retention (Dedysh and Damsté, 2018; Qiu et al., 2023). However, the rise of Burkholderiales could enhance short-term stress mitigation through plant growth promotion (Ofek et al., 2012). Regarding climate feedbacks, the observed increase in CO2 emissions from RE-amended soils (Supplementary Table S6) suggests that drought-stressed plants may inadvertently amplify soil carbon losses through exudate-driven microbial activation (Preece and Peñuelas, 2016). The projected changes in drought patterns poses increased stress risks for tropical soils. Our results reinforce the hypothesis that drought intensification may destabilize SPCs and hinder the optimal functioning of soil ecosystems, e.g. by altering nutrient cycling, pathogen control, and organic matter decomposition.





5 Conclusion

Our incubation experiment suggests that tropical soil prokaryotic communities are resistant to current drought regimes but vulnerable to drought intensification, with land use legacy shaping these responses. Pasture SPCs exhibit greater resistance to severe drought due to historical stress exposure and pre-adaptation through initial higher levels drought-tolerant taxa (Firmicutes, Actinobacteriota), while forest communities experience greater compositional disruption when drought exceeds their natural adaptive thresholds. The impact of drought intensification on SPCs extends beyond simple water limitation, triggering community restructuring towards dominance by a few stress-tolerant families, particularly Oxalobacteraceae. This taxonomic homogenization might reduce functional redundancy, with sensitive taxa critical for nitrogen cycling (Rhizobiales) declining significantly across both land uses. Root exudates emerge as a double-edge sword: they sustain microbial activity but increase community homogenization and intensify competitive exclusion of slower-growing oligotrophic species. Critically, land-use legacy modulates these effects, with carbon availability buffering drought impacts more effectively in pasture systems. Under RE addition, land use becomes a stronger predictor of community composition than drought intensity, underlining how legacy shapes microbial community. These results highlight the importance of considering the complex interactions between plants and microorganisms to better understand and predict ecosystem resilience under changing climate conditions.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/, PRJNA1242199. The raw data, metadata and analysis scripts supporting this study are openly available on Zenodo at DOI: 10.5281/zenodo.15094711.





Author contributions

ED: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Project administration, Software, Validation, Visualization, Writing – original draft, Writing – review & editing. DB: Data curation, Software, Writing – review & editing. SK: Conceptualization, Data curation, Methodology, Software, Validation, Visualization, Writing – review & editing. AA: Conceptualization, Funding acquisition, Methodology, Supervision, Validation, Writing – original draft, Writing – review & editing. LS: Conceptualization, Funding acquisition, Methodology, Supervision, Validation, Writing – review & editing. AP: Formal Analysis, Software, Writing – review & editing. GG: Conceptualization, Funding acquisition, Methodology, Supervision, Validation, Writing – review & editing. MH: Conceptualization, Funding acquisition, Methodology, Supervision, Validation, Writing – review & editing. JB: Conceptualization, Funding acquisition, Supervision, Validation, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research and/or publication of this article. This research was funded by the German Ministry for Education and Research (BMBF) under Grant Number 01LC1824A to 01LC1824F, project PRODIGY.




Acknowledgments

We thank the Universidad Nacional Amazónica de Madre de Dios (UNAMAD) and the Universidad Nacional de San Antonio Abad (UNSAAC) for providing access to their research facilities and for their logistical support. We are grateful to the technicians of the Section Soil Science (Institute of Earth System Sciences, Leibniz University Hannover) for their guidance in the laboratory, as well as to the Bolivian, German, and Peruvian students, and to Matt B. for their extraordinary help during our field campaign and incubation experiments. Lastly, we thank the people in Madre de Dios region for their willingness to participate in our research and for opening their homes to us during our field campaign.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





Generative AI statement

The author(s) declare that Generative AI was used in the creation of this manuscript. During the preparation of this work the authors used ChatGPT to improve the clarity and readability of the manuscript. After using this service, the authors reviewed and edited the content as needed and took full responsibility for the content of the publication.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2025.1684321/full#supplementary-material




References

	 Almeida D. S., Delai L. B., Sawaya A. C. H. F., Rosolem C. A. (2020). Exudation of organic acid anions by tropical grasses in response to low phosphorus availability. Sci. Rep. 10, 1–8. doi: 10.1038/s41598-020-73398-1, PMID: 33046762


	 Aoki M., Fujii K., Kitayama K. (2012). Environmental control of root exudation of low-molecular weight organic acids in tropical rainforests. Ecosystems 15, 1194–1203. doi: 10.1007/s10021-012-9575-6


	 Apprill A., Mcnally S., Parsons R., Weber L. (2015). Minor revision to V4 region SSU rRNA 806R gene primer greatly increases detection of SAR11 bacterioplankton. Aquat. Microb. Ecol. 75, 129–137. doi: 10.3354/ame01753


	 Baas-Becking L. G. M. (1934). Geobiologie; of inleiding tot de milieukunde (The Hague, Netherlands: WP Van Stockum & Zoon NV).


	 Badri D. V., Vivanco J. M. (2009). Regulation and function of root exudates. Plant Cell Environ. 32, 666–681. doi: 10.1111/j.1365-3040.2009.01926.x


	 Bai B., Liu W., Qiu X., Zhang J., Zhang J., Bai Y. (2022). The root microbiome: Community assembly and its contributions to plant fitness. J. Integr. Plant Biol. 64, 230–243. doi: 10.1111/jipb.13226, PMID: 35029016


	 Baldani J. I., Rouws L., Cruz L. M., Olivares F. L., Schmid M., Hartmann A. (2014). The family oxalobacteraceae, in: The Prokaryotes. Springer Berlin Heidelberg, 919–974. doi: 10.1007/978-3-642-30197-1_291


	 Baldrian P., López-Mondéjar R., Kohout P. (2023). Forest microbiome and global change. Nat. Rev. Microbiol. 21, 487–501. doi: 10.1038/s41579-023-00876-4, PMID: 36941408


	 Barnard R. L., Osborne C. A., Firestone M. K. (2013). Responses of soil bacterial and fungal communities to extreme desiccation and rewetting. ISME J. 7, 2229–2241. doi: 10.1038/ismej.2013.104, PMID: 23823489


	 Baumert V. L., Vasilyeva N. A., Vladimirov A. A., Meier I. C., Kögel-Knabner I., Mueller C. W. (2018). Root exudates induce soil macroaggregation facilitated by fungi in subsoil. Front. Environ. Sci. 6. doi: 10.3389/fenvs.2018.00140


	 Bérard A., Sassi M., Kaisermann A., Renault P. (2015). Soil microbial community responses to heat wave components: Drought and high temperature. Clim. Res. 66, 243–264. doi: 10.3354/cr01343


	 Birch H. F. (1958). The effect of soil drying on humus decomposition and nitrogen availability. Plant Soil 10, 9–31. doi: 10.1007/BF01343734


	 Bischoff N., Mikutta R., Shibistova O., Puzanov A., Silanteva M., Grebennikova A., et al. (2017). Limited protection of macro-Aggregate-occluded organic carbon in Siberian steppe soils. Biogeosciences 14, 2627–2640. doi: 10.5194/bg-14-2627-2017


	 Bolyen E., Rideout J. R., Dillon M. R., Bokulich N. A., Abnet C. C., Al-Ghalith G. A., et al. (2019). Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 37, 852–857. doi: 10.1038/s41587-019-0209-9, PMID: 31341288


	 Bouskill N. J., Lim H. C., Borglin S., Salve R., Wood T. E., Silver W. L., et al. (2013). Pre-exposure to drought increases the resistance of tropical forest soil bacterial communities to extended drought. ISME J. 7, 384–394. doi: 10.1038/ismej.2012.113, PMID: 23151641


	 Callahan B. J., McMurdie P. J., Holmes S. P. (2017). Exact sequence variants should replace operational taxonomic units in marker-gene data analysis. ISME J. 11, 2639–2643. doi: 10.1038/ismej.2017.119, PMID: 28731476


	 Canarini A., Fuchslueger L., Schnecker J., Metze D., Nelson D. B., Kahmen A., et al. (2024). Soil fungi remain active and invest in storage compounds during drought independent of future climate conditions. Nat. Commun. 15, 1–13. doi: 10.1038/s41467-024-54537-y, PMID: 39613745


	 Canarini A., Schmidt H., Fuchslueger L., Martin V., Herbold C. W., Zezula D., et al. (2021). Ecological memory of recurrent drought modifies soil processes via changes in soil microbial community. Nat. Commun. 12, 1–14. doi: 10.1038/s41467-021-25675-4, PMID: 34489463


	 Cao Y., Dong Q., Wang D., Zhang P., Liu Y., Niu C. (2022). microbiomeMarker: an R/Bioconductor package for microbiome marker identification and visualization. Bioinformatics. 38 (16), 4027–4029. doi: 10.1093/bioinformatics/btac438, PMID: 35771644


	 Chari N. R., Tumber-Dávila S. J., Phillips R. P., Bauerle T. L., Brunn M., Hafner B. D., et al. (2024). Estimating the global root exudate carbon flux. Biogeochemistry 167, 895–908. doi: 10.1007/s10533-024-01161-z


	 Chen H. (2022). VennDiagram: generate high-resolution Venn and Euler plots (version 1.7.3). Comprehensive R Archive Network (CRAN). Available online at: https://CRAN.R-project.org/package=VennDiagram.


	 Chen Y., Yao Z., Sun Yu, Wang E., Tian C., Sun Y., et al. (2022). Current studies of the effects of drought stress on root exudates and rhizosphere microbiomes of crop plant species. Int. J. Mol. Sci. 23. doi: 10.3390/ijms23042374, PMID: 35216487


	 Dacal M., García-Palacios P., Asensio S., Wang J., Singh B. K., Maestre F. T. (2022). Climate change legacies contrastingly affect the resistance and resilience of soil microbial communities and multifunctionality to extreme drought. Funct. Ecol. 36, 908–920. doi: 10.1111/1365-2435.14000


	 Dai L., Zhang G., Yu Z., Ding H., Xu Y., Zhang Z. (2019). Effect of drought stress and developmental stages on microbial community structure and diversity in peanut rhizosphere soil. Int. J. Mol. Sci. 20, 2265. doi: 10.3390/ijms20092265, PMID: 31071918


	 Daims H., Lücker S., Wagner M. (2016). A new perspective on microbes formerly known as nitrite-oxidizing bacteria. Trends Microbiol. 24, 699–712. doi: 10.1016/j.tim.2016.05.004, PMID: 27283264


	 Danielson R. E., Rodrigues J. L. M. (2022). Impacts of land-use change on soil microbial communities and their function in the Amazon Rainforest. Adv. Agron. 175, 179–258. doi: 10.1016/bs.agron.2022.04.001


	 Davidson E. A., De Araujo A. C., Artaxo P., Balch J. K., Brown I. F., Mercedes M. M., et al. (2012). The Amazon basin in transition. Nature 481, 321–328. doi: 10.1038/nature10717, PMID: 22258611


	 Davidson E. A., Verchot L. V., Henrique Cattânio J., Ackerman I. L., Carvalho J. E. M. (2000). Effects of soil water content on soil respiration in forests and cattle pastures of eastern Amazonia. Biogeochemistry 48, 53–69. doi: 10.1023/A:1006204113917


	 Dedysh S. N., Damsté J. S. S. (2018). Acidobacteria. Encycl. Life Sci., 1–10. doi: 10.1002/9780470015902.a0027685


	 Espinoza J. C., Jimenez J. C., Marengo J. A., Schongart J., Ronchail J., Lavado-Casimiro W., et al. (2024). The new record of drought and warmth in the Amazon in 2023 related to regional and global climatic features. Sci. Rep. 14, 1–12. doi: 10.1038/s41598-024-58782-5, PMID: 38582778


	 Estrada G. A., Baldani V. L. D., de Oliveira D. M., Urquiaga S., Baldani J. I. (2013). Selection of phosphate-solubilizing diazotrophic Herbaspirillum and Burkholderia strains and their effect on rice crop yield and nutrient uptake. Plant Soil 369, 115–129. doi: 10.1007/s11104-012-1550-7


	 Fernandes S. A. P., Bernoux M., Cerri C. C., Feigl B. J., Piccolo M. C. (2002). Seasonal variation of soil chemical properties and CO2 and CH4 fluxes in unfertilized and P-fertilized pastures in an Ultisol of the Brazilian Amazon. Geoderma 107, 227–241. doi: 10.1016/S0016-7061(01)00150-1


	 Fierer N., Bradford M. A., Jackson R. B. (2007). Toward an ecological classification of soil bacteria. Ecology 88, 1354–1364. doi: 10.1890/05-1839, PMID: 17601128


	 Foley J. A., Asner G. P., Costa M. H., Coe M. T., DeFries R., Gibbs H. K., et al. (2007). Amazonia revealed: Forest degradation and loss of ecosystem goods and services in the Amazon Basin. Front. Ecol. Environ. 5, 25–32. doi: 10.1890/1540-9295(2007)5[25:ARFDAL]2.0.CO;2


	 Gargallo-Garriga A., Preece C., Sardans J., Oravec M., Urban O., Peñuelas J. (2018). Root exudate metabolomes change under drought and show limited capacity for recovery. Sci. Rep. 8, 1–15. doi: 10.1038/s41598-018-30150-0, PMID: 30140025


	 Graşz M., Jarosz-Wilkołazka A., Pawlikowska-Pawlega B. (2009). Abortiporus biennis tolerance to insoluble metal oxides: Oxalate secretion, oxalate oxidase activity, and mycelial morphology. BioMetals 22, 401–410. doi: 10.1007/s10534-008-9176-1, PMID: 18985279


	 Hendershot W. H., Duquette M. (1986). A simple barium chloride method for determining cation exchange capacity and exchangeable cations. Soil Sci. Soc Am. J. 50, 605–608. doi: 10.2136/sssaj1986.03615995005000030013x


	 Hervé V., Junier T., Bindschedler S., Verrecchia E., Junier P. (2016). Diversity and ecology of oxalotrophic bacteria. World J. Microbiol. Biotechnol. 32, 1–7. doi: 10.1007/s11274-015-1982-3, PMID: 26748805


	 Huang X., Chaparro J. M., Reardon K. F., Zhang R., Shen Q., Vivanco J. M. (2014). Rhizosphere interactions: root exudates, microbes, and microbial communities 1. Botany 275, 267–275. doi: 10.1139/cjb-2013-0225


	 IUSS Working Group WRB (2022). World reference base for soil resources. International soil classification system for naming soils and creating legends for soil maps. 4th ed (Vienna, Austria: International Union of Soil Sciences (IUSS).


	 Jaeger A. C. H., Hartmann M., Conz R. F., Six J., Solly E. F. (2024). Prolonged water limitation shifts the soil microbiome from copiotrophic to oligotrophic lifestyles in Scots pine mesocosms. Environ. Microbiol. Rep. 16, 1–22. doi: 10.1111/1758-2229.13211, PMID: 37991154


	 Jiménez-Muñoz J. C., Mattar C., Barichivich J., Santamaría-Artigas A., Takahashi K., Malhi Y., et al. (2016). Record-breaking warming and extreme drought in the Amazon rainforest during the course of El Niño 2015-2016. Sci. Rep. 6, 1–7. doi: 10.1038/srep33130, PMID: 27604976


	 Jones D. L., Dennis P. G., Owen A. G., Van Hees P. A. W. (2003). Organic acid behavior in soils - Misconceptions and knowledge gaps. Plant Soil 248, 31–41. doi: 10.1023/A:1022304332313


	 Köhn M. (1928). 3. Bemerkungen zur mechanischen Bodenanalyse. 111. Ein neuer Pipettapparat. Z. für Pflanzenernaehrung Duengung Bodenkd. 11, 50–54. doi: 10.1002/jpln.19280110104


	 Lammel D. R., Barth G., Ovaskainen O., Cruz L. M., Zanatta J. A., Ryo M., et al. (2018). Direct and indirect effects of a pH gradient bring insights into the mechanisms driving prokaryotic community structures. Microbiome 6, 7–9. doi: 10.1186/s40168-018-0482-8, PMID: 29891000


	 Larsson J., Gustafsson P. (2018). eulerr: area-proportional euler and venn diagrams with ellipses. Proc. Int. Work. Set Vis. Reason 2116, 84–91.


	 Lei Z., Ding Y., Xu W., Zhang Y. (2023). Microbial community structure in rice rhizosheaths under drought stress. J. Plant Ecol. 88, e00971-22. doi: 10.1093/jpe/rtad012


	 Lewis S. L., Brando P. M., Phillips O. L., van der Heijden G. M. F., Nepstad D. (2011). The 2010 amazon drought. Sci. (80-.) 331, 554. doi: 10.1126/science.1200807, PMID: 21292971


	 Li J. T., Wang J. J., Zeng D. H., Zhao S. Y., Huang W. L., Sun X. K., et al. (2018). The influence of drought intensity on soil respiration during and after multiple drying-rewetting cycles. Soil Biol. Biochem. 127, 82–89. doi: 10.1016/j.soilbio.2018.09.018


	 Lopes L. D., Wang P., Futrell S. L., Schachtman D. P. (2022). Sugars and jasmonic acid concentration in root exudates affect maize rhizosphere bacterial communities. Appl. Environ. Microbiol. 11, e01476-22. doi: 10.1128/aem.00971-22, PMID: 36073926


	 Lovejoy T. E., Nobre C. (2018). Amazon tipping point. Sci. Adv. 4, 2340. doi: 10.1126/sciadv.aat2340, PMID: 29492460


	 Luo Y. Q., Zhao X. Y., Andrén O., Zhu Y. C., Huang W. (2014). Artificial root exudates and soil organic carbon mineralization in a degraded sandy grassland in northern China. J. Arid Land 6, 423–431. doi: 10.1007/s40333-014-0063-z


	 Maestro-Gaitán I., Granado-Rodríguez S., Redondo-Nieto M., Battaglia A., Poza-Viejo L., Matías J., et al. (2023). Unveiling changes in rhizosphere-associated bacteria linked to the genotype and water stress in quinoa. Microb. Biotechnol. 16, 2326–2344. doi: 10.1111/1751-7915.14337, PMID: 37712602


	 Martínez L. J., Zinck J. A. (2004). Temporal variation of soil compaction and deterioration of soil quality in pasture areas of Colombian Amazonia. Soil Tillage Res. 75, 3–18. doi: 10.1016/j.still.2002.12.001


	 Martinez Arbizu P. (2020). pairwiseAdonis: Pairwise multilevel comparison using adonis (GitHub: R package version 0.4). Available online at: https://ithub.com/pmartinezarbizu/pairwiseAdonis.


	 Maurer D., Malique F., Alfarraj S., Albasher G., Horn M. A., Butterbach-Bahl K., et al. (2021). Interactive regulation of root exudation and rhizosphere denitrification by plant metabolite content and soil properties. Plant Soil 467, 107–127. doi: 10.1007/s11104-021-05069-7


	 McMurdie P. J., Holmes S. (2013). phyloseq: An R package for reproducible interactive analysis and graphics of microbiome census data. PloS One 8, e61217. doi: 10.1371/journal.pone.0061217, PMID: 23630581


	 Mehlich A. (1984). Mehlich 3 soil test extractant: A modification of mehlich 2 extractant. Commun. Soil Sci. Plant Anal. 15, 1409–1416. doi: 10.1080/00103628409367568


	 Mendes L. W., Tsai S. M., Navarrete A. A., de Hollander M., van Veen J. A., Kuramae E. E. (2015). Soil-borne microbiome: linking diversity to function. Microb. Ecol. 70, 255–265. doi: 10.1007/s00248-014-0559-2, PMID: 25586384


	 Mickan B. S., Abbott L. K., Solaiman Z. M., Mathes F., Siddique K. H. M., Jenkins S. N. (2019). Soil disturbance and water stress interact to influence arbuscular mycorrhizal fungi, rhizosphere bacteria and potential for N and C cycling in an agricultural soil. Biol. Fertil. Soils 55, 53–66. doi: 10.1007/s00374-018-1328-z


	 Monohon S. J., Manter D. K., Vivanco J. M. (2021). Conditioned soils reveal plant-selected microbial communities that impact plant drought response. Sci. Rep. 11, 1–11. doi: 10.1038/s41598-021-00593-z, PMID: 34707132


	 Moore E. R., Carter K. R., Heneghan J. P., Steadman C. R., Nachtsheim A. C., Anderson-Cook C., et al. (2023). Microbial Drivers of Plant Performance during Drought Depend upon Community Composition and the Greater Soil Environment. Microbiol. Spectr. 11. doi: 10.1128/spectrum.01476-22, PMID: 36943043


	 Moreno J. L., Torres I. F., García C., López-Mondéjar R., Bastida F. (2019). Land use shapes the resistance of the soil microbial community and the C cycling response to drought in a semi-arid area. Sci. Total Environ. 648, 1018–1030. doi: 10.1016/j.scitotenv.2018.08.214, PMID: 30340250


	 Nagy M. L., Pérez A., Garcia-Pichel F. (2005). The prokaryotic diversity of biological soil crusts in the Sonoran Desert (Organ Pipe Cactus National Monument, AZ). FEMS Microbiol. Ecol. 54, 233–245. doi: 10.1016/j.femsec.2005.03.011, PMID: 16332322


	 Naylor D., Coleman-Derr D. (2018). Drought stress and root-associated bacterial communities. Front. Plant Sci. 8, 540. doi: 10.3389/fpls.2017.02223, PMID: 29375600


	 Naylor D., McClure R., Jansson J. (2022). Trends in microbial community composition and function by soil depth. Microorganisms 10. doi: 10.3390/microorganisms10030540, PMID: 35336115


	 Neill C., Fry B., Melillo J. M., Steudler P. A., Moraes J. F. L., Cerri C. C. (1996). Forest- and pasture-derived carbon contributions to carbon stocks and microbial respiration of tropical pasture soils. Oecologia 107, 113–119. doi: 10.1007/BF00582241, PMID: 28307198


	 Nepstad D. C., Uhl C., Pereira C. A., Cardoso da Silva J. M. (1996). A comparative study of tree establishment in abandoned pasture and mature forest of eastern amazonia. Oikos 76, 25–39. doi: 10.2307/3545745


	 Nobre C. A., Sampaio G., Borma L. S., Castilla-Rubio J. C., Silva J. S., Cardoso M. (2016). Land-use and climate change risks in the amazon and the need of a novel sustainable development paradigm. Proc. Natl. Acad. Sci. U. S. A. 113, 10759–10768. doi: 10.1073/pnas.1605516113, PMID: 27638214


	 Ofek M., Hadar Y., Minz D. (2012). Ecology of root colonizing Massilia (Oxalobacteraceae). PloS One 7, e40117. doi: 10.1371/journal.pone.0040117, PMID: 22808103


	 Ogle D. H., Doll J. C., Wheeler A. P., Dinno A. (2023). FSA: Simple Fisheries Stock Assessment Methods (version 0.9.5). Available online at: https://CRAN.R-project.org/package=FSA.


	 Oksanen J. (2019). Vegan: an introduction to ordination. Management 1, 1–10.


	 Oksanen J., Simpson G. L., Blanchet F. G., Kindt R., Legendre P., Minchin P. R., et al. (2024). vegan: Community Ecology Package (v 2.6-8). CRAN. Available online at: https://CRAN.R-project.org/package=vegan.


	 Paes da Costa D., Araujo A. S. F., de Araujo Pereira A. P., Mendes L. W., da França R. F., das Graças Espíndola da Silva T., et al. (2022). Forest-to-pasture conversion modifies the soil bacterial community in Brazilian dry forest Caatinga. Sci. Total Environ. 810, 151943. doi: 10.1016/j.scitotenv.2021.151943, PMID: 34864020


	 Parada A. E., Needham D. M., Fuhrman J. A. (2016). Every base matters: Assessing small subunit rRNA primers for marine microbiomes with mock communities, time series and global field samples. Environ. Microbiol. 18, 1403–1414. doi: 10.1111/1462-2920.13023, PMID: 26271760


	 Paula F. S., Rodrigues J. L. M., Zhou J., Wu L., Mueller R. C., Mirza B. S., et al. (2014). Land use change alters functional gene diversity, composition and abundance in Amazon forest soil microbial communities. Mol. Ecol. 23, 2988–2999. doi: 10.1111/mec.12786, PMID: 24806276


	 Pedrinho A., Mendes L. W., Merloti L. F., De Cassia Da Fonseca M., De Souza Cannavan F., Tsai S. M. (2019). Forest-to-pasture conversion and recovery based on assessment of microbial communities in Eastern Amazon rainforest. FEMS Microbiol. Ecol. 95, 1–10. doi: 10.1093/femsec/fiy236, PMID: 30544159


	 Pierret A., Maeght J. L., Clément C., Montoroi J. P., Hartmann C., Gonkhamdee S. (2016). Understanding deep roots and their functions in ecosystems: An advocacy for more unconventional research. Ann. Bot. 118, 621–635. doi: 10.1093/aob/mcw130, PMID: 27390351


	 Preece C., Peñuelas J. (2016). Rhizodeposition under drought and consequences for soil communities and ecosystem resilience. Plant Soil 409, 1–17. doi: 10.1007/s11104-016-3090-z


	 Qiu L., Li Y., Zhong Q., Ma W., Kuang Y., Zhou S., et al. (2023). Adaptation mechanisms of the soil microbial community under stoichiometric imbalances and nutrient-limiting conditions in a subtropical nitrogen-saturated forest. Plant Soil 489, 239–258. doi: 10.1007/s11104-023-06014-6


	 Quast C., Pruesse E., Yilmaz P., Gerken J., Schweer T., Yarza P., et al. (2013). The SILVA ribosomal RNA gene database project: Improved data processing and web-based tools. Nucleic Acids Res. 41, 590–596. doi: 10.1093/nar/gks1219, PMID: 23193283


	 Rawls W. J., Pachepsky Y. A., Ritchie J. C., Sobecki T. M., Bloodworth H. (2003). Effect of soil organic carbon on soil water retention. Geoderma 116, 61–76. doi: 10.1016/S0016-7061(03)00094-6


	 R Core Team (2022). R core team, (2022) (Vienna, Austria: R A Lang. Environ. Stat. Comput. R Found. Stat. Comput).


	 Ritchie M. E., Phipson B., Wu D., Hu Y., Law C. W., Shi W., et al. (2015). limma powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res. 43, e47–e47. doi: 10.1093/nar/gkv007, PMID: 25605792


	 Robinson G. W. (1922). A new method for the mechanical analysis of soils and other dispersions. J. Agric. Sci. 12, 306–321. doi: 10.1017/S0021859600005360


	 Rodrigues J. L. M., Pellizari V. H., Mueller R., Baek K., Jesus E. D. C., Paula F. S., et al. (2013). Conversion of the Amazon rainforest to agriculture results in biotic homogenization of soil bacterial communities. Proc. Natl. Acad. Sci. U. S. A. 110, 988–993. doi: 10.1073/pnas.1220608110, PMID: 23271810


	 Schimel J. (2018). Life in dry soils: Effects of drought on soil microbial communities and processes. Annu. Rev. Ecol. Evol. Syst. 49, 409–432. doi: 10.1146/annurev-ecolsys-110617-062614


	 Schimel J., Balser T. C., Wallenstein M. (2007). Microbial stress-response physiology and its implications for ecosystem function. Ecology 88, 1386–1394. doi: 10.1890/06-0219, PMID: 17601131


	 Schimel J., Balser T. C., Wallenstein M. (2014). Microbial Stress-Response Physiology and Its Implications for Ecosystem Function Published by : Ecological Society of America content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms. Ecology 88, 1386–1394. doi: 10.1890/06-0219, PMID: 17601131


	 Schwendenmann L., Pendall E. (2008). Response of soil organic matter dynamics to conversion from tropical forest to grassland as determined by long-term incubation. Biol. Fertil. Soils 44, 1053–1062. doi: 10.1007/s00374-008-0294-2


	 Shi A., Yan N., Marschner P. (2015). Cumulative respiration in two drying and rewetting cycles depends on the number and distribution of moist days. Geoderma 243–244, 168–174. doi: 10.1016/j.geoderma.2014.12.019


	 Siebielec S., Siebielec G., Klimkowicz-Pawlas A., Gałazka A., Grzadziel J., Stuczynski T. (2020). Impact of water stress on microbial community and activity in sandy and loamy soils. Agronomy 10, 1429. doi: 10.3390/agronomy10091429


	 Souza R. C., Mendes I. C., Reis-Junior F. B., Carvalho F. M., Nogueira M. A., Vasconcelos A. T. R., et al. (2016). Shifts in taxonomic and functional microbial diversity with agriculture: How fragile is the Brazilian Cerrado? BMC Microbiol. 16, 1–15. doi: 10.1186/s12866-016-0657-z, PMID: 26983403


	 Steinauer K., Chatzinotas A., Eisenhauer N. (2016). Root exudate cocktails: the link between plant diversity and soil microorganisms? Ecol. Evol. 6, 7387–7396. doi: 10.1002/ece3.2454, PMID: 28725406


	 Ström L., Owen A. G., Godbold D. L., Jones D. L. (2002). Organic acid mediated P mobilization in the rhizosphere and uptake by maize roots. Soil Biol. Biochem. 34, 703–710. doi: 10.1016/S0038-0717(01)00235-8


	 Surey R., Schimpf C. M., Sauheitl L., Mueller C. W., Rummel P. S., Dittert K., et al. (2020). Potential denitrification stimulated by water-soluble organic carbon from plant residues during initial decomposition. Soil Biol. Biochem. 147, 107841. doi: 10.1016/j.soilbio.2020.107841


	 Tomasella J., Hodnett M. G. (1998). Estimating soil water retention characteristics from limited data in Brazilian Amazonia. Soil Sci. 163, 190–202. doi: 10.1097/00010694-199803000-00003


	 Tripathi B. M., Kim M., Singh D., Lee-Cruz L., Lai-Hoe A., Ainuddin A. N., et al. (2012). Tropical soil bacterial communities in Malaysia: PH dominates in the equatorial tropics too. Microb. Ecol. 64, 474–484. doi: 10.1007/s00248-012-0028-8, PMID: 22395784


	 Veldkamp E., Schmidt M., Powers J. S., Corre M. D. (2020). Deforestation and reforestation impacts on soils in the tropics. Nat. Rev. Earth Environ. 1, 590–605. doi: 10.1038/s43017-020-0091-5


	 Vitousek P. M. (1984). Nutrient cycling and nutrient limitation in tropical forests. Ecology 65, 285–298. doi: 10.1007/978-94-009-7299-5_11


	 Vitousek P. M., Sanford R. L. (1986). Nutrient cycling in moist tropical forest. Annu. Rev. Ecol. Systematics 17, 137–167. doi: 10.1146/annurev.es.17.110186.001033


	 Vives-Peris V., de Ollas C., Gómez-Cadenas A., Pérez-Clemente R. M. (2020). Root exudates: from plant to rhizosphere and beyond. Plant Cell Rep. 39, 3–17. doi: 10.1007/s00299-019-02447-5, PMID: 31346716


	 Warren C. R. (2015). Wheat roots efflux a diverse array of organic N compounds and are highly proficient at their recapture. Plant Soil 397, 147–162. doi: 10.1007/s11104-015-2612-4


	 Wickham H. (2011). The split-apply-combine strategy for data analysis. J. Stat. Software 40, 1–29. doi: 10.18637/jss.v040.i01


	 Wickham H. (2016). ggplot2: Elegant Graphics for Data Analysis (New York: Springer-Verlag).


	 Wickham H., Averick M., Bryan J., Chang W., McGowan L., François R., et al. (2019). Welcome to the tidyverse. J. Open Source Software 4, 1686. doi: 10.21105/joss.01686


	 Wirth C., Messier C., Bergeron Y., Frank D., Fankhänel A. (2009). Old-growth forest definitions: a pragmatic view, in: Old-Growth Forests: Function, Fate and Value. Heidelberg: Springer Berlin Heidelberg Berlin 207, 11–33. doi: 10.1007/978-3-540-92706-8_2


	 Yu P., He X., Baer M., Beirinckx S., Tian T., Moya Y. A. T., et al. (2021). Plant flavones enrich rhizosphere Oxalobacteraceae to improve maize performance under nitrogen deprivation. Nat. Plants 7, 481–499. doi: 10.1038/s41477-021-00897-y, PMID: 33833418


	 Zeng N., Yoon J. H., Marengo J. A., Subramaniam A., Nobre C. A., Mariotti A., et al. (2008). Causes and impacts of the 2005 Amazon drought. Environ. Res. Lett. 3, 014002. doi: 10.1088/1748-9326/3/1/014002


	 Zhou X., Fornara D., Ikenaga M., Akagi I., Zhang R., Jia Z. (2016). The resilience of microbial community under drying and rewetting cycles of three forest soils. Front. Microbiol. 7. doi: 10.3389/fmicb.2016.01101, PMID: 27486444







Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Díaz García, Boy, Kilian Salas, Andrino, Sauheitl, Poehlein, Guggenberger, Horn and Boy. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-16-1684321-g002.jpg
711 353

(27.4%)

(55.1%)






OEBPS/Images/fpls-16-1684321-g005.jpg
NMDS2

Stress = 0.192

-1

NMDS2






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-16-1684321-g006.jpg
Relative abundance ASVs (%)

100

~N
(%]

v
o

N
(%2}

t0 RD RD SD SD
+H,0 +RE +H,O +RE

| Phylum

- | . Acidobacteriota*™**
|
|
|
\
|

J Actinobacteriota n.s.
. Chloroflexi***

__J Crenarchaeota®**
_l Firmicutes™**

_J Methylomirabilota***
. Patescibacteria®**

EETS

Planctomycetota
Proteobacteria (PB): Other n.s.
PB: Burkholderiales (Order)***
J PB: Rhizobiales (Order)***

. Verrucomicrobiota™**

| J Other

_J Unidentified

gl
!1

t0 RD RD SD SD
+H,O +RE +H,O +RE





OEBPS/Images/fpls-16-1684321-g001.jpg
B) NUTRIENT SOURCE DROUGHT SCENARIOS
+H,0

Soluble N and C
in form of
trehalose, Ultrapure
leucine and water
oxalic acid to
mimic root
exudate

a7

24
Time (days)





OEBPS/Images/fpls.2025.1684321_cover.jpg
& frontiers | Frontiers in Plant Science

Adaptation and resistance of soil prokaryotic
communities to drought intensification in
old-growth forests and pastures of
southwestern Amazonia





OEBPS/Images/fpls-16-1684321-g004.jpg
Soil respiration rate (ug CO2 g dry soil d?)

Land Use-Drought:AForest—RD A\Forest-sD © Pasture-RD © Pasture-SD

b
300 —y a a a
S 500
200 =
e}
- i 250
(@]
oT]
0 = @
Q
N 250
S (b) +H,0
100 2 X
©
2 150
£
50 3 100
50
0 = ii - .
1 2 4 6 2324252628 46 47 48 49 52 69 RD

Time (d) Day 69





OEBPS/Images/fpls-16-1684321-g003.jpg
1.0

O'°N
A

SWC

Clay

A

o
SOC content
H
PP

Land use

A Forest
® Pasture

BD
6'3C

0.0
NMDS1

0.5 1.0





