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Abstract

:

Oxidation of methane by soil microorganisms is an important mechanism controlling the content of this potent greenhouse gas in the atmosphere. Agricultural soils operate under stressful conditions, and ammonium (N-fertilization) and drying (global warming) may have a significant impact on methane oxidation. In order to investigate how soil methanotrophs respond to drying–rewetting (DW), ammonium addition (100 mg/g) (A), and their combined action (MS), agricultural soil microcosms were incubated over the three months and methane oxidation was measured before and after perturbations, while community composition was monitoring using 16S rRNA gene sequencing. A significant decline in the methane-oxidation activity after perturbations was found, with subsequent restoration, and the combined treatment was more effective than the sum of individual treatments, indicating a synergistic effect. After rewetting, the structure of the bacterial community returned to pre-dry-down levels, but the application of ammonia and combined action lead to irreversible changes in the structure of soil methanotrophic communities. Methanotroph Methylomicrobium were significantly reduced under disturbances, while there was a significant increase in the representation of Methylobacter accompanied by the facultative methylotroph Methylovorus. We concluded that methanotrophic communities in agricultural soil demonstrated flexibility, and even when the abundance of dominant populations drops, ecosystem functions can recover.
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1. Introduction


Methane (CH4) ranks as the second most prevalent greenhouse gas (GHG) following carbon dioxide (CO2), exhibiting a heat-trapping capability that is over 28 times greater than that of carbon dioxide when assessed over a 100-year period [1]. Despite comprising less than 0.02% of the atmosphere, methane is thought to be responsible for 15% of the present global warming [2]. Over the past 200 years, methane concentrations in the atmosphere have more than doubled, mostly as a result of human activity. Energy, industry, agriculture, land usage, waste management, and the agricultural sector all release methane [3]. Reducing methane levels in the atmosphere would have a quick and major impact on the potential for atmospheric warming because it is a potent GHG and has a shorter half-life than carbon dioxide. In addition to the climate, lowering methane emissions would have immediate and long-term positive effects on agriculture, human health, and ecosystem health.



The only biological agents known to regulate the amount of CH4 in the atmosphere for terrestrial ecosystems are soil methanotrophic bacteria [2]. With an absorption of about 30 Tg CH4 y−1 (6% of the global sink), microbial methane oxidation in aerated soils is the greatest biological sink for atmospheric methane [1]. Although a lot of work has been performed on the subject, the mechanisms governing methane uptake in aerobic soils have not yet been thoroughly examined. Because high-affinity CH4-oxidizing bacteria in soil may use methane at atmospheric quantities, upland soils are significant, albeit much less measured, methane sinks [4,5,6]. Temperature, soil texture, water content, and mineral nitrogen content all affect the rate of microbial oxidation [6,7].



Particular attention has been paid to the cycling of methane in agricultural soils. On the one hand, the amount of GHG emissions into the atmosphere is increasing as a result of growing human activity. At the same time, modern agricultural management methods can be used to regulate the methane balance in agroecosystems. The development and advancement of contemporary agricultural technologies should lead to a sustained trend of restoring the biosphere’s functions by restoring the land to its natural state [8]. Controlling the movement of the two primary GHG gases, carbon dioxide and methane, between the soil and the atmosphere through the actions of the soil microbiota is one of these systems’ most crucial functions.



Extreme climate events have become more frequent and intense in recent years as a result of considerable changes in the global atmospheric and water cycle pattern brought about by human activity [1,9]. Extreme climate events have been shown to drastically alter the ecosystem’s water and heat conditions, impacting plant physiology and soil microbial activity, altering soil functions, and upsetting the ecosystem’s initial carbon balance [10]. Research on drought events is now mostly conducted in arid and semi-arid regions, with comparatively little research conducted in temperate regions [11,12,13,14]. It was shown that soil moisture significantly regulates methane intake, and drying significantly affects soil methane uptake and oxidation by microbes in terrestrial ecosystems [15,16]. Dry–wet events are frequently occurring in many agricultural soils not only in arid ecosystems, but also in temperate ecosystems with moderate temperatures and precipitation [17]. Comprehensive knowledge of their effects on methane oxidation by soil methanotrophs in upland agroecosystems remains elusive.



The lower CH4 uptake rate recorded in agricultural soils as in contrast to forest soils has been attributed to nitrogen fertilizer [5,18]. Methane oxidation is competitively inhibited by ammonia, and ammonium oxidation products, such as nitrite and hydroxylamine, can accumulate and be harmful to methanotrophs [19,20]. Since ammonium has been shown to both increase and inhibit the soil’s methane-oxidizing activity, as well as to have no noticeable impact, its effects on soil methane oxidation and aerobic methanotrophs are still controversial. Previous research has demonstrated that the addition of ammonium reduced soil methane uptake [7,21]. Methane in agricultural soils was occasionally increased by fertilization based on ammonium [22,23]. The seemingly contradictory effects of ammonium on methane oxidation have been attributable to the dose and mineral forms of ammonium (e.g., ammonium chloride, ammonium sulfate) [24,25], as well as the methane concentration [21].



Numerous stressors, including increased atmospheric nitrogen deposition, over-fertilization, compaction, salinization, pollution, and rising temperatures, are simultaneously found in agricultural soils [26]. The activity and composition of soil methanotrophs are known to be affected by individual stressors; however, little is known about their resistance and resilience to a variety of stresses. In biology, a synergistic effect occurs when two or more elements work together to produce an overall effect that is larger than the sum of the effects of any one of them alone [27]. Acquired tolerance to metal stress in soil microbial communities has been demonstrated to improve resistance to certain related stresses while decreasing resistance to others [28]. It was demonstrated in a study using wetland soil that microcosms that were exposed to soil drying fared better after ammonium addition than microcosms that were not [29]. By favoring more adaptable or resilient group members, stress-on-stress can further boost resilience to additional disruptions [30].



This study aims to investigate the effects of ammonium treatment and drying modification on the activity and community structure of methanotrophs in agricultural soddy-podzolic soil under laboratory conditions. In particular, we want to answer the following questions: (i) Do drying–rewetting and ammonium have an impact on methane oxidation in agricultural soil that contains a lot of organic matter? (ii) Is there a synergistic interaction between drying stress and ammonium? (iii) Does the structure of microbial communities change in response to stressors? (iv) Does the activity and structure of the soil methanotrophic community return to normal once stress exposure has stopped?



To the best of our knowledge, the current study investigated the combined effects of ammonium and drying on methanotrophs in agricultural soil for the first time. In this study, we used microcosm experiments to assess the activity of methane-oxidizing communities and 16S rRNA amplicon sequencing to analyze soil microbial communities with a focus on methanotrophs.



According to our hypothesis, soil methanotrophs can resume their activity after drying and ammonium application; however, the combination of these disturbances may cause a significant change in the diversity and structure of the microbial community, most likely as a result of an unidentified synergism.




2. Materials and Methods


2.1. Site Description and Soil Sampling


On 5 June 2023, soil samples were collected in the Odintzovo district of the Moscow region, Russia, near the Petelino poultry production facilities from a clover–oat crop rotation grassland site (50°36′33″ N, 36°49′39″ E), with a mean annual temperature of 8.9 °C and mean annual precipitation of 1005 mm. The site is located on layers of a moraine and classified as a soddy-podzolic soil according Russian classification [31], Retisols according to Food and Agriculture Organization (FAO) classification, or Eutric Albic Retisol (Abrupt, Loamic) according to the World Reference Base for Soil Resources (WRB). The grassland receives regular organic fertilizer (fresh chicken manure) at an annual rate 2 T ha−1 (30 kg N ha−1, 10 kg P ha−1, and 10 kg K ha−1).



Three composite soil samples were collected from the organic horizon (3–10 cm) and immediately after sampling were homogenized by hand and wet-sieved (<2 mm). About 500 g of fresh soil was used for the microcosm studies and agrochemical and microbiological analyses. Samples were transported and stored in the dark at 5 °C until the start of the experiments (ca. 2 days). About 5 g topsoil in 3 technical replicates was sampled for the molecular analysis of microbial communities and were transported and stored at −20 °C.



The soil properties were tested by the relevant detection methods in the core facility “Physico-chemical methods of soil and ecosystem research” of IPCBPSS RAS, Puschino, Moscow region, Russia.




2.2. Microcosm Experiments Setup


The microcosm experiments were conducted to study the methane oxidation activity and dynamics of indigenous microbial communities in the soil under different treatments. Firstly, soil was enriched for methanotrophs by pre-incubation in desiccators with methane–air gas mixture (1:9 v:v) at 25 °C for three weeks, and after enrichment, soil treatments were created. This experiment included four treatments: (a) 12 control microcosms without stress application (control, C); (b) 12 microcosms treated with soil drying (drying–rewetting, DW); (c) 12 microcosms only treated with ammonium (ammonium, A); (d) 12 microcosms receiving dual perturbation (multiple stressors, MS) (Figure 1). Each microcosm consisted of 10 g soil in a 120 mL glass bottle.



Soil drying was induced by placing the microcosms for 24 h under a ventilator at room temperature without lids. The gravimetric moisture content (24 h at 105 °C) of the air-dried soil samples was 2% WHC. Immediately, air-dried soil samples were rewetted to 50% WHC (optimum moisture content to achieve maximum soil methane oxidation rate) using demineralized water (DW) or water ammonium solution (MS) and gently mixed. Water ammonium solution was also added to pre-incubated soil (A) and the microcosm without any perturbations (undisturbed) served as reference (C). The concentration of N-NH4+ in soil after addition was 100 µg g−1. During the incubation period, in all microcosms the water content was 50% WHC.



The microcosms were incubated for 12 weeks in the dark at 25 °C in a desiccator with air. Three microcosms of each treatment were used to determine methanotrophic activity at 0, 1, 2, and 4 weeks after the start of the experiment, and three microcosms were taken at time points 0, 2, 4, and 12 weeks for destructive DNA extraction.




2.3. Methane Oxidation Measurements


Potential methane oxidation activity was evaluated at the first four weeks of the experiment according to a previously established procedure; potential methane-oxidation activity was assessed in bath incubation studies [32]. Briefly, rubber stoppers were used to hermetically seal soil-filled bottles, methane was injected to the gas phase at a concentration of roughly 200 ppm, which allows assessing the potential for methanotrophy within 24 h, and the actual concentrations of CH4 were determined using a Cristall 5000.1 gas chromatograph with flame ionization detector (Khromatek, Yoshkar-Ola, Russia). The bottles were incubated at 25 °C for 24 h, their gas concentration was then measured again, and the variation in their contents was assessed and utilized as a basis to determine how much oxidized methane had occurred.




2.4. Soil DNA Extraction, Amplification, and Metagenome Sequencing


Soil DNA was extracted by the protocol described in [33]. The extracted DNA quantity and quality were monitored on 1% agarose gel and were examined using a Nanodrop 100 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).



Taxonomic analysis of the bacterial community was conducted using universal primers F515/R806 on the variable region of the 16S rRNA gene-v4 (GTGCCAGCMGCCGCGGTAA/GGACTACVSGGGTATCTAAT), specific to a wide range of microorganisms, including bacteria and archaea [34]. All primers had auxiliary sequences containing linkers and barcodes (necessary for sequencing using Illumina technology).



PCR was performed in a 15 µL reaction mixture containing 0.5–1 unit of Q5® High-Fidelity DNA Polymerase (NEB, Ipswich, MA, USA), 5 pM of each forward and reverse primers, 10 ng of DNA template, and 2 nM of each dNTP (LifeTechnologies, Carlsbad, CA, USA). The mixture was denatured at 94 °C for 1 min, followed by 35 cycles: 94 °C—30 s, 50 °C—30 s, 72 °C—30 s. The final elongation was carried out at 72 °C for 3 min. PCR products were purified according to the recommended Illumina protocol using AMPureXP (Beckman Coulter, Brea, CA, USA).



Further library preparation was carried out in accordance with the manufacturer’s instructions in the MiSeq Reagent Kit Preparation Guide (Illumina) (https://support.illumina.com/documents/documentation/chemistrydocumenta-tion/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf accessed on 6 March 2024). The libraries were sequenced according to the manufacturer’s instructions on the Illumina MiSeq device (Illumina, San Diego, CA, USA) using the MiSeq® ReagentKit v3 (600 cycle) with paired-end reading (2 × 300 bp) using the equipment of the resource center “Genomic Technologies, Proteomics, and Cell Biology” of ARRIAM, Russia.




2.5. The 16S rRNA Gene Amplicon Analyses


The initial processing of the obtained data, namely, demultiplexing of samples and removal of adapters, was carried out using software from Illumina (Illumina, USA). For subsequent denoising, sequence merging, removal of chimeric reads, recovery of original phylogenetic types (ASV, Amplicon sequence variant), and further taxonomic classification of the obtained ASVs, we used the software packages dada2 [35], phyloseq [36], DECIPHER [37], and the SILVA ribosomal DNA database release 138 [38], with the work being carried out in the R (v. 4.2) software environment. For the presentation of taxonomic analysis data, the tools of the QIIME software package, v-2019.7 were used [39].



The general processing of sequences was carried out in the dada2 (v1.14.1) package [35], according to the author’s recommendations. Taxonomy annotation was performed using the Naive Bayesian Classifier and SILVA 132 as the reference database [38]. The main analysis (alpha and beta diversity plots, bargraphs, heatmaps) of the data analysis were carried out using the phyloseq (v1.30.0) [36] and tidyverse (2.0.0) [40] packages in R (v4.3.0). PERMANOVA analysis was performed with vegan (2.5–6) [41]. Differential abundance of taxa in comparisons was estimated using DESeq2 (v1.26.0) [42]. Difference in abundances (marking ASV as “variable”) was determined by two thresholds (baseMean ≥ 50 and log2FoldChange ≥ 2) and p-adj < 0.05.



Raw sequences were uploaded to the SRA and available by PRJNA1073750 accession number, or directly via link: https://www.ncbi.nlm.nih.gov/sra/PRJNA1073750 (accessed on 6 March 2024).




2.6. Statistical Analysis


All assays were performed in triplicate. The results are presented as means and standard deviations (SD) of three independent experiments, which were calculated using Microsoft Excel 2021 and SPSS Statistics v. 17.0 software. In all tests, a p-value < 0.05 was considered to be statistically significant.





3. Results


3.1. Basic Parameters of Soil Under Investigation


The soil used in this study is characterized by a loamy sand texture and pH values close to neutral. A characteristic feature is the high content of organic carbon (5.97%), which is associated with the use of organic fertilizers (chicken manure). Integral indicators of microbial activity (basal respiration, microbial biomass, and metabolic quotient) are very high (Table 1). The proportion between soil organic C (SOC) and soil total nitrogen (TN), or C:N ratio, is classically used as an available proxy for soil organic matter (SOM) chemical composition and quality [43]. Magnesium (Mg), calcium (Ca), and potassium (K) are three major and essential nutrients for plants. The relative proportion of these elements, as well as the total amount in the soil, depends mainly on the soil parent material. High values of C:N ratio (16.4), as well as significant contents of Mg, Ca, and K, characterizes the soil as highly productive.




3.2. Methane Oxidation Response to Drying–Rewetting, Ammomium Addition, and Their Combined Action


Both the undisturbed and disturbed incubations showed a similar trend in methane uptake, with activity reaching comparable rates after four weeks (Figure 2). In the first week following drying–rewetting (DW), methane absorption was slightly but considerably lower (p < 0.05) than in the undisturbed incubation (C). However, a week after the stress impact, there was no discernible difference (C, 77 ± 6 μmol day−1 g dw−1; DW, 78 ± 12 μmol day−1 g dw−1).



Ammonium application (A) had a longer-lasting negative effect that persisted for two weeks. There was a slight methane release seen right after the ammonia was applied. In addition to a restoration, a significant (p < 0.05) increase in methanotrophic activity was also seen after 4 weeks of incubation when compared to the undisturbed samples (C) (Figure 2), suggesting that ammonium application had a stimulatory effect (C, 61 ± 10 μmol day−1 g dw−1; A, 75 ± 4 μmol day−1 g dw−1).




3.3. Sequencing Data and Bacterial α-Diversity of Microbial Communities


The dynamics of the composition of microbial communities in soil microcosms after two, four, and twelve weeks of incubation were compared using Illumina sequencing technology. A total of 922,889 readings were obtained from 36 samples; the average number of reads per sample was 25,635, with a minimum of 19,003. To perform alpha-diversity analysis, the mean abundance of reads per sample was rarefied to the dataset’s lowest abundance (19,003 reads per sample).



The alpha-diversity data demonstrated that soil treated differently varied in terms of both richness and evenness diversity. ANOVA revealed that the stress effect factors (DW, A, and MS) were significant in relation to the incubation period (Figure 3). Richness metrics PD and Observed were significantly higher in control samples than in experimental ones, and they declined over time, especially in the 12th week of the trial. The fact that the experimental groups’ indices at the second week did not differ significantly is noteworthy. In an ascending sequence, MS, A, and D, the differences became noticeable in the fourth week and were insignificant by the 12th.



The evenness indices of Pielow and Simpson displayed a comparable pattern, though with different specifics. Variants supplied with ammonium exhibited a significant decline in variety during the second week of the experiment. In comparison to the control (C) and drying–rewetting (DW) samples, which were comparable, the A samples demonstrated a significantly lower diversity up until the fourth week (Figure 3). By the 12th week, this gap had decreased, and the values of all samples had become irregular, but the general pattern remained the same.




3.4. Bacterial Community Structure


Microbial abundances, visualized as a PCA, demonstrated that bacterial communi-ties from untreated soil samples (C) and from multiple stress treatment (MS) were forming separate isolated clusters. A distinct community was observed prior to the disturbance (C), and the community shifted soon after desiccation–rewetting (DW) and ammonium application (A), diverging from the community in the undisturbed microcosm (Figure 4). Bacterial community composition at the different sampling times was differentiated based on the Bray–Curtis algorithm with the same alteration trends for DW and A treatments (Figure 4).



According to the beta-diversity study, the duration of exposure had the biggest impact on cultures. The “drifting” of the microbial communities and the emergence of a particular microbial community were demonstrated by a Jaccard distance at the 12th week. The average separation between groups of soils with different treatments did not decrease despite this “drifting”. The same pattern of changes was seen for Weighted UniFrac distances. It is important to note that, in terms of unweighted unifrac distance, the microbial compositions of samples A and DW are extremely similar. Weighted metrics (Bray and Weighted UniFrac distances) validated this pattern using weaker clustering.



Generally speaking, there is a similar pattern in the distances between samples that have received different treatments. The A cluster was further away from the C samples in the second and fourth weeks, while the DW and MS samples formed clusters close to the control (C) samples. At week twelve, the pattern shifted, with MS further out and DW and A in the center cluster (Figure 4). This suggests that microbial taxa can rebound from desiccation, which is an essential reaction that will support the preservation of microbial biodiversity when environmental disruptions such as significant changes in the water supply occur.




3.5. Effects of Stressors on the Composition of Soil Bacterial Community


Overall, the predominant bacterial components of samples from different treatments were similar, and the top 10 species in abundance were consistent. Specifically, the two most dominant phyla were Proteobacteria (relative abundance 34–47%) and Bacteroidota (12–14%), which were found in all treatments. Moreover, Actinobacteriota (6.2–8.0%), Firmicutes (2.7–5.0%), Desulfobacterota (0.9–1.9%), Planctomycetota (1.1–1.5%), and Acidobacteriota (0.7–1.7%) were found in all samples at a relative abundance higher than or about 1%, but lower than 10%.



Different treatments had a significant effect on the bacterial taxa distribution, and after 12 weeks the relative abundance of Proteobacteria was increased in the DW treatment (44%) and MS (47%) compared to the C samples (38%), but decreased in the A treatment (34%). Actinobacteriota abundance was increased from 6% in C to 8% in all treated samples. Bacteroidota was decreased in all treatments to 12–14% compared to C (18%). The most abundant classified genera (>1%) represented in all treatments were Methylobacter, Rhodococcus, Lenthimicrobium, Chronobacter, Sphingomonas, Hydrogenophaga, Nocardioides, Pseuoxanthomonas, and Clostridium.



By changing their structure, bacterial communities react to drying and rewetting, ammonium addition, and their combined action. Due to various dynamics in microbial communities, two methods were used to look for differentially abundant species. Variations in microbe abundances during different exposure durations were observed using the first technique (Figure 5).



The most significant changes were associated with increasing relative abundances of Lentimicrobium, Salinimicrobium, Ohtaekwangia (Bacteroidota), Methylocystis, Arenimonas, and Methylobacter (Proteobacteria).



The second method allowed for the identification of differences in the abundances of microbes across different treatments (Figure 6). Methylobacter (Proteobacteria), Pseudoxanthomonas, Salinimicrobium, and Lentimicrobium (Bacteroidota) were the most intriguing species in this analysis.



While the number of Lentimicrobium increased with exposure duration, the number of Arenimonas dropped in both cases. There was no obvious reaction to the treatment plan when either modification was performed. Samples under stress, especially MS samples, developed Salinimicrobium bacteria. They became less prevalent in these samples over time. Ohtaekwangia abundance was higher in the C and A samples but stayed relatively constant across time. The most interesting taxon, Methylobacter, was very common in all combinations. These bacteria increased throughout time in all treatments, with the exception of A, where the abundance suddenly decreased at the 12th week. All treatments resulted in an increase in abundance; however, the A and MS samples showed the largest increase.




3.6. Structure and Composition of Methylotrophic Soil Bacteria Community


Within the context of this investigation, particular focus was placed on aerobic bacteria that use single-carbon molecules. As a first and very simple analysis, ribosomal gene sequencing can only identify known methanotrophic and methylotrophic bacteria. Both methylotrophic (Methylobacterium-Methylorubrum, Methylobacillus, Methylophaga, and Hyphomicrobium) and methanotrophic (Methylobacter, Methylocaldum, Methylomicrobium, Methylosinus, and Methylocystis) bacteria were found, according to the taxonomic annotation. Consequently, 91 ASVs belonging to 12 taxa were discovered in every sample; Figure 7 shows their relative abundance.



The control undisturbed soil (C) has the most varied pattern, with methylotrophic bacteria such as Methylobacterium-Methylorubrum, Hyphomicrobium, and MM2 (Methylovorus) and methanotrophic bacteria such as Methylobacter, Methylocystis, Methylobacillus, and Methylomicrobium. Methylobacter and Methylomicrobium were predominant (Type I, Gammaproteobacterial), and Type II methanotrophs were less abundant.



Stressful impacts have led to significant changes in the composition of microbial communities utilizing C1-compounds. Thus, for all types of stress exposure, a significant decrease in the Methylomicrobium proportion was noted, and Methylobacter became the absolute methanotrophic dominant. It is important to note the changes in methylotrophic bacteria. The share of Hyphomicrobium has hardly changed, while of Methylovorus has significantly increased. While they were absent from the other stress treatment variations, anaerobic chemoheterotrophy and methanol-oxidized UBA6140 were found in the control soil, and their percentage increased in the ammonium (A) treatments.





4. Discussion


The ability of soils to oxidize methane has been greatly reduced by the conversion of natural, undisturbed soils into arable cropping environments. The structure of methanotrophic communities is also impacted by agricultural practices [44,45,46]. Any negative impact or imbalance could be the result of the dramatic ecosystem change, and biological methane oxidation is a crucial step to reduce global climate change. Therefore, a thorough investigation into methanotrophic activity in agricultural environments is desperately needed. Very little information has been provided up to this point regarding CH4 oxidation and consumption in terrestrial, non-wetland soil ecosystems in Russia. Therefore, to assess the global balance of greenhouse gases and their contribution to global warming, it is necessary to monitor and comprehend the CH4 consumption in these soils.



The mechanisms controlling CH4 oxidation and consumption in aerobic soils remain poorly understood despite an extensive number of studies aiming at assessing these parameters. Based on published data and the findings of our earlier research, it was determined that a variety of factors, such as temperature, precipitation, land use, N input, and soil characteristics like pH, organic matter content, and soil texture influence the exchange of methane between the soil and atmosphere. Because other climate parameters frequently alter or interact, it makes it difficult to assess the impact of a single one on methane uptake. A decrease in methane oxidation in agricultural ecosystems could have been caused by a number of factors. First, a shift from high-affinity methanotrophs to low-affinity methane oxidizers may be the cause of this. For Brazilian ferralsols, a comparable pattern has been documented [47]. Second, methane oxidation may be inhibited by substantial NPK and PK fertilizations through both competitive and noncompetitive inhibition [48]. Changes in oxidation rates can also be caused by other environmental factors, such as temperature, soil water content, and carbon availability.



In order to better understand how environmental stress impacts the methane oxidation capacity of agricultural soil and its potential to reestablish the function of the “methane filter” once the stressor has been removed, we evaluated the resilience and resistance of the methane-oxidizing communities in this study. We chose two stressors (drying, ammonium content) that we believe are most important for soil methanotrophic activity in the context of global warming and intensified agriculture and that can be controlled by using ecologically friendly agronomic techniques. Because organic fertilizers are applied annually, the soil under study has a high content of organic matter and nitrogen in the form of organic and mineral molecules. It is feasible that the high organic content would keep the soil from drying up and that methanotrophic communities are acclimated to nitrogen compounds.



The moisture content of the soil is one of the main factors affecting the methane oxidation activity and influencing gas phase diffusion or soil methanotroph activity by osmotic stress. It was shown that the methanotrophic activity in the soils under investigation dropped after drying and applying an ammonium salt solution. Following the end of stressor exposure, methanotrophic activity recovers quickly. As a result, after drying, it only took a week to attain undisturbed soil values. These results are consistent with data from earlier studies using soil from wetlands [49]. Thus, it can be concluded that soil methanotrophic communities exhibit exceptional resilience to desiccation, but do not survive drying. This has been attributed to the existence of methanotroph-produced cysts and exospores that are resistant to desiccation [50].



When ammonium salt solution was added, the recovery of activity was observed after two weeks, and after four weeks, it even exceeded that in the undisturbed control variant. The response of soil methanotrophs to ammonium addition is complex. CH4 fluxes can be altered by N-fertilization, but the magnitude and direction of alteration is unclear [51]. Ammonium fertilization is usually reported to competitively inhibit CH4 oxidation [52,53]. Some studies, however, reported no effect [54] or positive promotion [55]. These conflicting effects may be due to diversity in methanotrophic communities. It was revealed that application of N fertilizers generally inhibits methane oxidation by Type II methanotrophs, but enhances that by Type I methanotrophs [25]. As such, the coexistence of different methanotrophic communities may reduce the inhibitory effect of NH4+ on methane oxidation [7]. The restoration of methanotrophic activity may be associated with the oxidation of ammonium by nitrifying microorganisms. Earlier, we showed that in soddy-podzolic soil, the introduced ammonium is converted into nitrate within 10–12 days [56]. It can be assumed that a similar process occurs in the studied soil, involving the ammonium-oxidizing Nitrosomonodacea (Nitrosomonas and “Ellin 6067”) identified in the microbial communities.



When considering the processes occurring in the environment, it is necessary to take into account that microbial communities are influenced by various stress factors, the interaction of which can fundamentally alter the individual impact of each factor. This suggests that stress resistance can come at a price: acquiring a trait, such as resistance against a certain stressor, costs energy, and diverts resources from other traits. Therefore, the community may be less resilient when facing other stresses. At the same time, stress-on-stress can also increase resilience to further disturbances by selecting for more adaptive or stress-resilient community members [30]. When comparing the multiple-disturbance (drying–rewetting+ammonium) and separate stress impact on methane oxidation, it was found that multiple disturbances leads to a significantly greater inhibition effect in the first two weeks of the experiment, the recovery of activity is observed only after four weeks, and even then it remains below the level of the undisturbed sample. Inhibition of methane oxidation exceeds the sum of the effects of the factors individually and can be considered a synergistic effect.



According to recent studies, methanotrophs and their associated microorganisms play a significant role in regulating methane oxidation [57]. Thus, by sequencing the 16S rRNA gene, we examined changes in the structure of microbial communities, taking into account both methanotrophic and non-methanotrophic bacterial communities. In order to better understand how methane oxidation and methanotroph diversity are related, we used 16S rDNA gene amplicon sequencing analysis to monitor the microbial communities and recover genomic information of key functional species. This allowed us to identify the microorganisms that are responsible for the methane oxidation process in agricultural soil under stress disturbances. A compositional shift in the bacterial communities under all disturbances was demonstrated by the PCA obtained from the 16S rRNA gene sequences.



The stress disturbances events altered the structure of the bacterial communities, with a substantial increase in the relative abundance of Proteobacteria, Actinobacteriota, and Bacteroidota. The physiological characteristics influencing stress tolerance mainly include the structure of cell walls and sporulation; thus, it is not surprising that Rhodococcus (Actinobacteriota), Gram-positive bacteria exhibited high stress tolerance. Rhodococci are bacteria which can survive under various extreme conditions, and their tolerance is associated with the structure of their cell wall and their large array of enzymes, detoxifying harmful compounds [58]. Members of Firmicutes and Bacteroidota were found to be sensitive to the drought treatment, and while Bacteroidota have been shown to decrease in relative abundance in drier soils, members of Firmicutes have shown the opposite response [59]. Our studies confirmed a decrease in relative abundance of Bacteroidota, but did not indicate an increase in Firmicutes after exposure to drying.



However, these arguments do not explain the increase in the abundance of the Proteobacteria in our study. Proteobacteria, represented mainly by the genera Methylobacter, Pseudoxanthomonas, Hydrogenophaga are all Gram-negative and non-spore-forming bacteria. Thus, there must be other bacterial strategies that counter the effects of disturbances. Firstly, it may be the formation of resting forms other than spores. For example, it was demonstrated that Methylobacter strains might form a cyst-like resting form, which usually confers desiccation resistance [60]. Another possible explanation could be the ability of these bacteria to produce and accumulate osmolytes, contributing to the maintenance of cellular turgor and protection of the macromolecular structure in microorganisms under drying and ammonium salt stress events. The Pseudoxanthomonas belongs to the family Xanthomonadaceae and has the potential to degrade refractory organics and to reduce nitrite and is tolerant to heavy metals [61]. Another possibility could be an established network between different microbial groups, i.e., a beneficial cooperative interaction in microbial communities might potentially enhance their environmental stress resistance.



Some studies have revealed close relationships between methane oxidation rates and community structure, often in the context of environmental change. In a temperate agricultural soil, long-term N-fertilization resulted in simultaneously reduced methanotroph abundance and a decline in methane oxidation rates [45,62]. Different groups of methanotrophs may show different responses to fertilization, as observed in forest soils where Type II methanotrophs were more strongly inhibited by mineral N-fertilization than Type I methanotrophs [57]. In contrast, organic fertilizer addition can increase methanotroph abundance and associated rates of methane oxidation in agricultural soils [52,63,64]. The pronounced shift in methanotroph diversity, as far as abundance, was found to be directly linked with high-affinity methane oxidation in Russian agricultural soils [46,65].



In the undisturbed soil (C), Methylobacter and Methylomicrobium were the predominant Type I (gammaproteobacterial) methanotrophs, accompanied by methylotrophic Methylovorus and Hyphomicrobium, known to utilize methanol and co-occur with methanotrophs. Type II methanotrophs were less abundant in the microcosm soils, covering less than 1% of the total microbial population. After treatment, the distribution of stress led to substantial changes in microbial community, and these changes remained comparable across all disturbances. The effect was especially evident for Methylomicrobium, which was practically absent until the end of incubation. An increase in Methylobacter was observed and it became the absolute dominant methanotroph. The Hyphomicrobium was changed insufficiently, but the relative abundance of Methylovorus increased. To address our first question, we found that methanotrophic communities are changed under stress in a similar manner. The diversity of methanotrophic communities decreased and Methylobacter and Methylovorus became predominant. Methylobacter species, members of the Methylococcales, have recently emerged as some of the globally widespread, cosmopolitan species that play a key role in the environmental consumption of methane. Methylobacter appears to be the dominant and the most active species in freshwater and soil environments [60]. Methanol-utilizing Methylophilaceae have been noted as some of the most persistent partners of Methylobacter in both natural environments [66] and laboratory simulations [67].



Some other groups of bacteria also increased in relative abundance after stress disturbance. For example, the genus Pseudoxanthomonas and bacteria from the families Chitinophagaceae and Comamonadaceae showed an increase in relative abundance. Methanotrophs have been found to co-occur with bacteria belonging to the species Pseudoxanthomonas, which is linked to denitrification [68].



The structure of methanotrophic communities does not return together with the reported recovery of methanotrophic activity. This is probably explained by the plasticity of the microbial metagenome and the replacement of microorganisms with others that are better adapted to the prevailing conditions. Stress impact can awaken dormant members of the seedbank community and/or generate open niches for recolonization [23,50].




5. Conclusions


More irregular drought and rainfall events are expected due to climate change, and these drying–rewetting events induce large carbon fluxes from the soil to the atmosphere. Microbial communities play an important role in regulating the carbon cycle; hence, it is critical to understand the microbial processes underpinning this climate feedback. The knowledge of microbial responses to drying–rewetting can also be transferred into ecosystem models to predict carbon dynamics in soils at larger scales.



Our results, which demonstrate the methanotrophs’ varying reactions to disturbances, most likely indicate their ecological life strategies. By widening our current understanding, we showed that although methanotrophic activity recovered after desiccation–rewetting and the post-disturbance microbial community may resemble those in the undisturbed soil, the disturbance legacy manifests in the structure of the co-occurrence network, which became more complex but less modular. Therefore, community interaction profoundly changed after desiccation–rewetting, which may have consequences for community functioning with recurring and/or compounded disturbances. More generally, our findings move beyond biodiversity–ecosystem functioning relationships to encompass interaction-induced responses in community functioning.



In this study, we compared the inhibition effect of drying and ammonium on activity and structure of soil methanotrophs, and found that combined action not only showed a stronger effect compared to the application of individual stressors, but also resulted in some novel beneficial mechanisms.
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Figure 1. A schematic diagram of microcosm setup and analysis in this study. Red arrows indicate soil drying events. Blue arrows indicate water addition. White arrows indicate ammonium addition. The red dot indicates the events of DNA extraction, while the green dots indicate methane oxidation estimation. 
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Figure 2. Methane uptake rates in the undisturbed and disturbed incubations determined for the intervals 0–1, 1–7, 7–14, and 14–28 days after drying–rewetting, ammonium application, and multi-stress treatments. No significant differences at p ≤ 0.05 (*); p ≤ 0.01 (**); p ≤ 0.001 (***); p ≤ 0.0001 (****), respectively. 
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Figure 3. Comparisons of the alpha diversity index’s dynamics across several treated soils. Abbreviations: no impact (C), ammonium addition (A), drying–rewetting (DW), combined action of stressors (MS). 
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Figure 4. PCoA ordination of different beta diversity indices of microbial communities. Ellipses indicate 95% confidence intervals. 
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Figure 5. Abundances of different prokaryotic taxa, determined as the taxa with different abundance levels across incubation time, based on the 16S rRNA gene sequence analysis. 
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Figure 6. Abundances of different prokaryotic taxa, determined as the taxa with different abundance levels across treatment, based on the 16S rRNA gene sequence analysis after incubation at 2, 4, and 12 weeks intervals. 
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Figure 7. Relative abundance of the methano- and methylotrophs in control, drying–rewetting, ammonium, and multi-stress treatments in soil samples. Data is based on 16S rRNA gene sequencing data. 
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Table 1. Characteristics of the experimental soil.
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	Soil Parameter, Dimension
	Parameter Value





	Texture
	Loamy sand a, coarse b



	Clay, %
	4



	Sand, %
	87



	Loam, %
	9



	pHH2O
	7.6 ± 0.1



	SOC, %

TN,%
	5.97 ± 0.9

0.37 ± 0.02



	C:N
	16.14



	Soil density, g/cm3
	2.55



	Na+, mmol/100 g
	0.283 ± 0.01



	K+, mmol/100 g
	0.550 ± 0.01



	Ca2+, mmol/100 g
	18.15 ± 0.21



	Mg2+, mmol/100 g
	5.852 ± 0.073



	Basal microbial respiration, µg C-CO2 g−1 h−1
	0.82 ± 0.02



	Microbial biomass, µg C g−1
	1252 ± 65



	Metabolic quotient (QCO2)
	1.35 ± 0.03







a US Department of Agriculture textural classes. b FAO textural classes.
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