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Introduction: Root-associated microbiomes are critical to plant vigor, particularly under drought stress. The spatial dynamics of microbial community diversity and composition are strongly influenced by plant root and environmental factors. While the desiccation tolerance of the resurrection plant Myrothamnus flabellifolia using leaf tissue has been previously investigated, the transcriptional responses of its root-associated microbiomes under desiccation remain completely unexplored.

Methods: Here, we conducted metatranscriptome sequencing on root samples of M. flabellifolia collected in the field across four states: dry, desiccated, partially hydrated, and fully hydrated.

Results: Bacterial transcripts dominated the root metatranscriptome across all conditions. Desiccated roots exhibited a significant increase in transcripts from Actinomycetota, whereas fully hydrated roots showed an enrichment of Pseudomonadota. Under desiccation, root-associated bacteria upregulated genes involved in antioxidant systems, trehalose biosynthesis, and hormonal regulation.

Discussion: These findings highlight microbial adaptive mechanisms to withstand extreme water loss. In contrast, the bacterial transcriptional response in hydrated roots was characterized by genes linked to peptidoglycan biosynthesis, sugar transporters, and chemotaxis. Taken together, our findings indicate that root-associated bacteria deploy defense mechanisms analogous to those of their host plant to adapt to extreme drought stress, highlighting their crucial role in plant resilience.
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1 Introduction

Plants and microbiota have evolved adaptive mechanisms to combat the negative impacts of drought. Recent studies highlight the critical interplay of plant microbe interactions in improving performance under drought conditions (Gholizadeh et al., 2024; Shaffique et al., 2022). For instance, microbes associated with roots of plants from semi-arid environments prone to extreme drought, function synergistically with plants to enhance drought tolerance (Du et al., 2024). A deeper understanding of the complex interactions between plant roots, microorganisms, and the adaptive mechanisms they employ is crucial for understanding survival in the face of drought.

Under drought stress, specific microbes dominate the soil microbiome. Specifically, monoderm bacteria, which are primarily gram-positive, increase under drought, possibly due to their thick peptidoglycan cell walls, while diderm lineages (gram-negative) decrease during drought (Xu et al., 2018). Changes in the community composition also impact the function of the soil microbiome under drought. A recent metatranscriptome study demonstrated that moderate drought activated oxidative, osmotic and heat stress-related genes in rhizosphere bacteria such as Burkholderiales and Rhodospirillales (Tartaglia et al., 2023). Presumably, these stress responsive genes combat osmotic stress in the microbes, however, they might also enhance the drought tolerance of host plants through synergistic effects. For instance, Actinomycetota have been shown to improve drought tolerance in plants by modulating secondary metabolite biosynthesis, carbohydrate metabolism, and amino acid transportation (Dong et al., 2025; Xu et al., 2018). In these and other examples, interaction with specific root-associated microbes positively impacts plant growth and resilience.

Most studies focus on moderate drought (i.e., dehydration but not desiccation) (Gao et al., 2024; Grzyb and Skłodowska, 2022) and the effects of extreme water limitation on plant microbe interactions are not well characterized. Myrothamnus flabellifolia is a well-known “resurrection plant” and a valuable model for studying extreme water limitation due to its ability to survive for prolonged periods of up to a year in the desiccated stated (Ginbot and Farrant, 2011; Farrant and Kruger, 2001). Myrothamnus flabellifolia has captivated the attention of traditional healers and scientists for decades, and much is known about the mechanisms of desiccation tolerance in its leaves (Marks et al., 2022). For instance, desiccation responses of M. flabellifolia include leaf folding and the production of polyphenols, such as anthocyanins, which limit excess light and reduce photooxidation in the chloroplast (Bentley and Farrant, 2020; Kranner et al., 2002; Moore et al., 2006, 2007). In parallel, the accumulation of antioxidants helps mitigate oxidative stress by scavenging reactive oxygen species (ROS), while non-reducing sugars stabilize cellular structures by replacing water molecules through hydrogen bonding, thereby preserving the conformation of macromolecules (Farrant, 2007; Bentley et al., 2019). However, little is known about the root-associated microbiomes of this and other resurrection plants and their mechanisms of tolerance (Tebele et al., 2021).

Recently, researchers have begun to study the root microbiome of resurrection plants, due to their potential to facilitate desiccation tolerance of the parent plant. To date, the microbiomes of only four resurrection plants have been characterized including Boea hygrometrica (Sun et al., 2024), M. flabellifolia (Tebele et al., 2024), Ramonda spp. (Djokic et al., 2010; Lozo et al., 2023; Rakić et al., 2013), and Tripogonella spicata (Silva et al., 2023a,b). These studies demonstrated that resurrection plants host a diversity of beneficial microbial communities with complex defense mechanisms that may impact the host plants.

The functional dynamics of how root-associated microbiomes contribute to the overall tolerance of the plant holobiont remain complex and poorly understood. Previous studies on the resurrection plant microbiome have primarily focused on describing microbial diversity and composition. In this study, however, we delve deeper into the desiccation mechanisms employed by these microbes at the transcriptional level and explore how these mechanisms are similar to or differ from those of the host plant. Here, we hypothesized that the soil microbiome of M. flabellifolia may employ a similar molecular response to desiccation as its host. To test this, we characterized transcriptional changes in the root-associated microbiome of M. flabellifolia under desiccation stress and upon rehydration.



2 Materials and methods


2.1 Sampling procedure

Myrothamnus flabellifolia is a woody shrub in the eudicot order Gunnerales, growing up to 1.5 m in height and is often found on rock inselbergs as shown in Figures 1A,B (Glen et al., 1999; Moore et al., 2007). In the current study, the roots of M. flabellifolia were sampled at SwebeSwebe Private Nature Reserve in Limpopo, South Africa, during a natural dehydration event. The relative water content (RWC) of leaves and roots was measured as described in Barrs and Weatherley (1962). Root samples were collected at four-time points: partially dry (PD) with a RWC of 39.78 ± 6.55%, desiccated (D) with a RWC of 10.86 ± 0.64%, partially rehydrated (PR) with a RWC of 43 ± 7.72% and fully rehydrated (FR) with a RWC of 81.25 ± 3.77%. The values represent the mean percentage and standard error, respectively. Six biological plant replicates (3 males and 3 females) were sampled at each time point. These root tissues were shaken vigorously to remove bulk and the rhizosphere soil. RNA molecules are unstable and rapidly degrade, therefore, no further sample washing was applied. Samples were immediately flash-frozen in liquid nitrogen. These roots with small particles of soil were used for metatranscriptomic analysis of root-associated bacteria (Figure 1C). Therefore, the identified microbial communities emanate from the endosphere (within root) and rhizoplane (root surface).
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FIGURE 1
 (A) Geographical distribution of Myrothamnus flabellifolia. (B) Natural habitat of M. flabellifolia at the SwebeSwebe field site. (C) Root anatomy of M. flabellifolia showing root hairs under desiccated conditions.




2.2 RNA isolation and metatranscriptomic sequencing

The frozen roots from each sampling point were ground in liquid nitrogen using a sterile pestle and mortar, followed by a Retsch mixer mill MM 400 to break down rigid cell walls via rigorous oscillation for 10 min at a frequency of 28 Hz. Total RNA from roots was isolated according to Majidi and Bahmani (2017) with minor modifications. Briefly, a 3% Cetyltrimethylammonium bromide (CTAB) extraction buffer was used together with beta-mercaptoethanol. The RNA quantity was further analyzed using a Qubit 4.0 Fluorometer with fluorescent-based Qubit RNA Broad Range Assay Kit (Thermo Fisher Scientific). Out of 24 root samples only 18 passed the quality parameters and they were sent for metatranscriptomic sequencing at the Centre for Proteomic and Genomic Research (CPGR). The RNA integrity was assessed using Agilent TapeStation 4,200. Libraries for 18 samples were prepared using the Illumina Stranded Total RNA Prep kit and were ribodepleted by Ribo-Zero Plus, which removes the redundant ribosomal RNA of prokaryotic and eukaryotic cells according to manufacturer’s protocol. Libraries were sequenced on a NovaSeq 6,000 platform with a paired-end run of 2 × 100 bp by CPGR.



2.3 Bioinformatic and statistical analysis

Metatranscriptome sequencing of 18 root samples generated 981.64 gigabytes (GB) of sequence data. The samples were preprocessed through a metatranscriptomic pipeline (samsa) with minor alterations (Westreich et al., 2018). The BBTool package’s bbduk.sh component1 was employed for k-mer matching, quality trimming, removal of adaptor sequences and low-quality reads below a 35 phred score. FastQC assessed the quality of the trimmed reads, and quality reporting for all samples was generated from MultiQC.2 The ribodetector tool (Deng et al., 2022) was used to eliminate ribosomal RNA (rRNA) sequence residues not depleted by the Ribo-Zero Plus kit (Illumina, United States). Reads that passed QC were co-assembled into transcripts and annotated using OmicsBox.3 Samples were co-assembled using megahit with iterative kmers size 31, 41, 51, 61, 71, 81, 91 bases (Pande et al., 2023). Transcript prediction and annotation was performed by calling transcripts for each assembled contig using Prodigal v2.6.2 and transcripts were then assigned KEGG orthologs (Kanehisa and Goto, 2000). EggNOG database (Huerta-Cepas et al., 2019) was used to annotate transcripts as either bacteria, fungi, plants or viruses at various taxa levels. Additionally, SEED subsystems were employed to identify upregulated biological processes or pathways through the analysis of the predicted prokaryotic protein sequences. The SEED subsystems are developed as a tool to assign functional roles to the microbiome, utilizing an integrated database from various sources and is predominantly employed in metatranscriptomics and shotgun sequencing studies (OverBeek et al., 2014).

All downstream statistical analysis was performed using R software v4.2.0. Principal component analysis (PCA) of bacterial taxonomic composition and total gene expression were used to determine the overall consistency across replicates and variation of the expressed transcripts between dehydrated and rehydrated samples. Taxonomic data were normalized by total sum scaling. DESeq2 R package version 1.36 was used to identify differentially abundant transcripts (DATs) and taxonomic abundances through Wald test (p < 0.05) and negative binomial linear models with a log2 fold change cut-off of 2 between dehydrated and rehydrated conditions were employed (Supplementary Table S1). Subsequently, volcano and heatmap plots of DATs were generated using adjusted p < 0.05. A one-way analysis of variance (ANOVA) test was used to determine the statistical difference (p < 0.01) of RWC between dehydrated and rehydrated plant tissues.




3 Results and discussion


3.1 Multivariate analysis of the global metatranscriptome

To better understand desiccation tolerance, it is essential to investigate not only the aerial tissues of a plant, but also the roots to gain insights into the interactions between roots and soil microenvironment. The metatranscriptome of 18 roots samples across four-time points generated a total of 147,996,445 clean and assembled reads (overall mean: 8,222,024, max: 13,116,483, min 867,317). Among the transcripts, 46.5% were assigned to bacteria, 1.8% to plants, 1.0% to fungi, 0.4% to Archaea, 0.2% to viruses, and 50.1% were unclassified and are represented as others (Figure 2A). Almost half of the transcripts belonged to bacterial taxa and the other half was unclassified. These results are similar to the study by Pande et al. (2023), also reported high levels bacterial transcripts in wheat roots under drought stress. We should not discount the small percentage of transcripts derived from fungi, archaea, viruses, and plants that also contribute to the overall dataset. However, this study focused primarily on the bacterial transcripts due to their prominence in the dataset.
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FIGURE 2
 (A) Kingdom-level taxonomic affiliation of the transcripts retrieved from all samples (S1-S5) across different conditions excluding unknown transcripts. (B) Principal component analysis (PCA) of bacterial transcripts showing taxonomic abundance and (C) total gene expression. Dehydrated conditions include partially dehydrated (PD) and desiccated (D). Rehydrated samples were labeled as partially rehydrated (PR) and fully rehydrated (FR).


A PCA was used to assess broad patterns of taxonomic and transcript abundance across dehydrated and rehydrated samples. Dehydrated (partially and fully desiccated) and rehydrated (partially and fully) samples formed two distinct clusters in PCA plots (Figure 2B). Consequently, downstream analyses focused on the primary comparison between the two broad categories of dehydration and rehydration. PCA explained a large proportion of the variability in the dataset and separated samples clearly by hydration status for both taxonomic and transcript abundances. The first principal component accounted for 44% of the variability, and the second accounted for 24% of the variability in the taxonomic dataset (Figure 2B). Similar trends were observed for transcript abundance, with PC1 accounting for 61% of the variability and PC2 accounting for another 15% with clear separation between dehydrating and rehydrating samples (Figure 2C). These findings suggest that distinct microbial taxa and transcripts dominate during dehydration compared to rehydration.



3.2 Influence of low RWC on taxonomic abundance

This study explored how the root microbiome of M. flabellifolia responds to fluctuations in water availability. In field conditions, drought stress significantly reduced the RWC of leaves and roots (Figure 3). Across four sampling time points, RWC varied significantly (p < 0.001), decreasing during desiccation and recovering upon rehydration (Figure 3). Although this study primarily focuses on the root dynamics, leaf RWC was measured to corroborate the rate of water loss in the shoot tissue and link the current study with previous work on the leaf tissue of M. flabellifolia.
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FIGURE 3
 Effects of dehydration and rehydration on the relative water content (RWC) of leaf and root tissues of Myrothamnus flabellifolia in Swebeswebe field site. Plants were sampled at four-time points during the process of dehydration and rehydration.


The reduction in root RWC was associated with shifts in the microbial community during dehydration and rehydration. Microbial taxa were classified at the phylum and species level based on the sequenced transcripts. The relative abundances of Actinomycetota, Bacillota, Cyanobacteriota, and Chloroflexota were significantly higher in PD (39.78 ± 6.55 RWC) and D samples (10.86 ± 0.64 RWC), but rapidly declined upon rehydration. In contrast, a high RWC (81.25 ± 3.77) of FR samples led to a significant increase in Pseudomonadota compared to dehydrated roots (Figure 4A). A substantial number of transcripts identified in this study were derived from monoderm lineages, particularly Actinomycetota and Bacillota, suggesting their potential ability to survive desiccation. These results align with previous findings that these bacterial lineages increase in relative abundance in both the rhizosphere soil and endosphere of resurrection plants during desiccation (Sun et al., 2024; Tebele et al., 2024). Actinomycetes species are known to produce antimicrobial compounds (Dávila Costa and Amoroso, 2014) and may also enhance drought tolerance in host plants by expressing hydrolase genes (Wang et al., 2019). Recent research indicates that beneficial root-associated microbes not only promote plant growth but also play a key role in regulating responses to environmental stress (de Albuquerque et al., 2022; Qin et al., 2015; Salimi et al., 2023; Tao et al., 2007; Timmusk and Wagner, 1999). M. flabellifolia may have evolved the ability to recruit and sustain microbes with co-adapted drought resilience mechanisms. Consistent with previous studies on resurrection plant microbiomes (Lozo et al., 2023; Sun et al., 2024), our findings highlight significant shifts in dominant root-associated microbes under drought stress. In contrast, drought stress had a minor impact on fungal microbiomes, likely due to high variability in their relative abundance across replicates. Ascomycota, Basidiomycota, Glomeromycota, and Mucoromycota were consistently present across all timepoints (Supplementary Figure S1).
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FIGURE 4
 (A) Bacterial taxonomic profiling of transcripts at phylum level across four-time points. (B) Differentially abundant transcripts of associated bacterial species under dehydrated (partially dry and desiccated) and rehydrated (partially and fully rehydrated) conditions.


This study identified a total of 1764 species with significant changes in abundance across the time-course. Of these, 859 species (9.5%) were significantly enriched (p < 0.05) in dehydrated roots (10.86 ± 0.64 RWC), while 906 species (10%) increased in abundance in rehydrated samples (81.25 ± 3.77 RWC) (Figure 4B). At the species level, the most significantly increased transcripts under dehydrated conditions belonged to Azospirillum halopraeferens, Amycolatopsis benzoatilytica, Chryseobacterium, Eggerthellaceae spp., Ehrlichia ruminantium, Kibdelosporagium spp., Myroides odoratus, Nostoc spp., Rhizobium anhuiense, Rickettsiales spp., Saccharomonospora marina, Tolypothrix spp., and Streptoalloteichus hindustanus (Figure 4B). Many of these species are classified as plant growth-promoting bacteria (PGPB) known to enhance drought tolerance in host plants (Glick, 2012; Tartaglia et al., 2023). Notably, Cyanobacteriota phylum, was enriched under dehydration, including species such as Leptolyngbya and Nostoc spp., which were also detected in desiccated M. flabellifolia roots (Tebele et al., 2024). These findings align with Liu et al. (2021), who observed Cyanobacteriota enrichment in rhizosheath soil of switchgrass under drought stress. Cyanobacteria possess key drought-adaptive traits, including water retention via exopolysaccharide secretion, soil stabilization, and participation in carbon and nitrogen cycling (Adams and Duggan, 2008; Lebre et al., 2017; GR et al., 2021). These attributes position them as crucial contributors to drought mitigation and sustainable agriculture.



3.3 Oxidative and osmotic stress response

Oxidative stress intensifies with prolonged desiccation, becoming increasingly detrimental to both plants and microbes. Under dehydration conditions, the most abundant DATs were linked to respiratory metabolism, accounting for 24.32% of the total transcripts. These included genes encoding respiratory-chain NADH dehydrogenase subunit 1, pyruvate oxidase, NAD(+)/NADH kinase, apoprotein A2, and cytochrome oxidase proteins (Figure 5C; Supplementary Figure S2). Notably, a cluster of orthologous groups (COG) analysis revealed that many DATs in dehydrated roots were associated with Actinomycetota (Supplementary Table S2). The upregulated genes under drought also included a wide spectrum of ROS scavenging systems such as NAD-glutamate dehydrogenase, superoxide dismutase and manganese catalase and peroxidase (Figure 6), which play essential roles in detoxification and cellular homeostasis (Wang et al., 2020). NADKs function as key components of antioxidant systems and are the only enzymes that catalyze the phosphorylation of NADH to generate NADPH in almost all living organisms (Li et al., 2018), which potentially enhance the desiccation tolerance of bacteria. Additionally, the expression of indole-pyruvate dehydrogenase genes suggests bacterial synthesis of indole-3-acetic acid (IAA), which may promote root growth in M. flabellifolia (Figure 1D). This is consistent with previous studies reporting drought responsive gene expression in PGPB, such as Azospirillum spp., Bacillus, and Rhizobium spp. (Akbar et al., 1999; Kim et al., 2019; Xu et al., 2020; Zhang et al., 2021; Zhu et al., 2022). Although bacterial gene expression is primarily an adaptation to counteract drought stress for the bacteria themselves, these defense mechanisms may also enhance the fitness and survival of the host plant under harsh environmental conditions.
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FIGURE 5
 Venn diagram shows the unique and shared transcripts across four conditions (A). Differentially abundant transcripts (DATs), significantly transcripts are highlighted in red with an application of adjusted p-value <0.05 and log fold change cut-off = 2 (B). Heatmap of the top 25 DATs of bacteria in roots of Myrothamnus flabellifolia, DA1-DA4 represent dehydrated and RB6-RA5 is rehydrated condition (C). Functional assignment of bacterial transcripts associated with roots under dehydration (red) and rehydration (cyan) conditions (D).
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FIGURE 6
 Summary diagram of key findings of functional role(s) of the root-associated microbiome, bacteria in particular, of Myrothamnus flabellifolia. The abundance of sucrose in M. flabellifolia roots under drought stress may be secreted into the rhizosphere via apoplastic or symplastic pathways, potentially acting as a chemoattractant for the microbial community (Tebele, 2024). (1) Metatranscriptomic analysis identified predominant bacterial communities in M. flabellifolia roots under desiccated conditions (<10% RWC). This is consistent with findings from Tebele et al. (2024), which utilized amplicon-based metagenomics to quantify similar microbiomes in bulk soil, rhizosphere, and endosphere compartments. (2) The rhizosphere soil of M. flabellifolia exhibited enhanced physicochemical properties and nutrient availability compared to bulk soil, potentially attributed to the activity of the microbiome during desiccation stress (Tebele et al., 2024). (3) Differentially abundant transcripts (DATs) in bacterial cells under desiccation stress were associated with drought response mechanisms. Key pathways included the activation of sigma factors for extracellular stress detection, upregulation of drought-responsive genes (e.g., molecular chaperones such as DnaK and HSP20), ATP synthase, antioxidant enzymes, protein kinases, and carbohydrate biosynthesis to mitigate reactive oxygen species (ROS). (4) Biological processes enriched within root-associated bacterial cells under desiccation included respiration, stress responses, and photosynthesis. Notably, photosynthetic bacteria, such as Cyanobacteria spp., were implicated in these functions. (5) Upon rehydration, bacterial molecular responses showed upregulation of DATs associated with plant-microbe interactions, including genes involved in chemotaxis and exopolysaccharide biosynthesis. (6) Favorable conditions also enhanced the abundance of plant growth-promoting genes, including those related to nutrient recycling, sugar and amino acid transport, and the regulation of metabolite flux in bacterial cells. DATs under rehydration were further linked to biological processes such as protein biosynthesis (e.g., amino acid transporters) and carbohydrate metabolism (e.g., exopolysaccharide synthesis, trehalose utilization), underscoring the role of the microbiome in promoting resilience and recovery of M. flabellifolia after desiccation stress.


As expected, stress response pathways were more abundant in dehydrated samples (10.86 ± 0.64 RWC) than in rehydrated ones (81.25 ± 3.77 RWC) (Figure 5D), with the upregulation of molecular chaperone genes such as DnaK and HtpG, along with HSP20, proline/glycine betaine, glutamate decarboxylase, superoxide dismutase, catalase, peroxidase, and NAD-glutamate dehydrogenase genes (Figure 5C). The expression of DnaK genes has also been reported in Nostoc spp. during dehydration, where they play a role in protecting photosystem II membranes (Xu et al., 2020). Our findings suggest that these molecular chaperones play a key role in stabilizing cell membranes against dehydration-induced damage, with their expression regulated by intracellular water status. Interestingly, resurrection plants such as M. flabellifolia also exhibit high expression of antioxidant enzymes during desiccation (Kranner et al., 2002), indicating that protective mechanisms against oxidative stress may be conserved from bacteria to vascular plants. This study detected a broad range of ROS-scavenging systems, including antioxidant enzymes and molecular chaperones, which are critical for sustaining cellular homeostasis within bacterial cells.

Water deficit conditions disrupt biological and metabolic processes of both microbes and plants, leading to osmotic stress, loss of cell membrane integrity, and an increase in ROS (Farrant et al., 2009; Grzyb and Skłodowska, 2022; Malik and Bouskill, 2022). The latter could trigger the upregulation of bacterial genes involved in cell signaling and responses to extracellular environmental stimuli (Supplementary Figure S2). These findings align with a previous study on the transcriptome of Burkholderia phytofirmans, which demonstrated that drought stress activated signal transduction systems—typically consisting of histidine kinase membrane sensors (Sheibani-Tezerji et al., 2015). Signal transduction systems are essential for detecting water-limiting conditions and initiating regulatory cascades that drive gene expression related to environmental stress responses (Kocharunchitt et al., 2012). In this study, protein kinases such as DUF-related and leucine-rich repeat kinases were found to be abundant in drought stress (Figure 5C). Notably, these receptor-like kinases were also upregulated in the leaves of M. flabellifolia under drought conditions (Ma et al., 2015) and are known to transmit osmotic signals in plants (Chen et al., 2021). This finding suggests that root-associated bacteria may utilize mechanisms similar to those of their host plants, including the upregulation of glutathione metabolism and the pentose phosphate pathway, to withstand cycles of drying and rehydration.



3.4 Functions of differentially abundant transcripts and biological metabolisms

Among the 28,290 annotated transcripts, PD samples with an RWC of 39.8% exhibited a high proportion of 3,882 transcripts compared to other conditions (Figure 5A). This likely reflects the critical transitional and reactivation of biological processes as the plant holobiont progresses toward full rehydration. In contrast, the D and FR samples shared only 195 transcripts, suggesting a reduction in transcriptional activity during desiccation stress. A total of 2,986 DATs were identified between two conditions, with 1,041 upregulated under drought stress and 1945 upregulated during rehydration (Figure 5B). The higher number of DATs in rehydrated root samples compared to dehydrated ones indicates a resumption of microbial biochemical activities upon water availability. This highlights the dynamic transcriptional responses of the root-associated microbiome during the transition from desiccation to rehydration.



3.5 Role of carbohydrate metabolism in desiccation

A significant proportion of DATs elevated under drought stress were also related to carbohydrate metabolism. These DATs included genes encoding glycogen synthase, 6-phosphogluconate dehydrogenase, gluconate transporter, stress response protein ysnF, glucosyl-3-phosphoglycerate synthase, sucrose-phosphate synthase, ABC transporters, malto-oligosyltrehalose synthase, trehalose-6-phosphate synthase, and trehalose synthase (Figure 5C; Supplementary Figure S2; Supplementary Table S2). Desiccation induced the expression of genes involved in glycogen and trehalose biosynthesis. The latter consists of three distinct bacterial enzymes, namely malto-oligosyltrehalose synthase, trehalose synthase, and trehalose-6-phosphate synthase, whereas only glycogen synthase was detected for glycogen biosynthesis. Glycogen serves as both a carbon reservoir and a regulator of cell size under drought stress (Sekar et al., 2020) and is expressed in Pseudomonadota spp. during desiccation (Cytryn et al., 2007). Similarly, trehalose accumulation is characteristic of several of desiccation-tolerant organisms and has been reported in microorganisms, tardigrades, and resurrection plants such as M. flabellifolia and Selaginella lepidophylla (Asami et al., 2019; Avonce et al., 2006; Dace et al., 2023; Drennan et al., 1993; Farrant et al., 2009; Hernández-Fernández et al., 2022; Moore et al., 2007; Nguyen et al., 2022; Reina-Bueno et al., 2012; Yobi et al., 2013). The upregulation of trehalose biosynthesis genes (TPS, TS, and TreY) in bacteria suggests a case of convergent evolution, where similar desiccation tolerance mechanisms have emerged across diverse phylogenetic lineages (Figure 6).

Glycogen maintains cell size and acts as carbon storage in bacterial cells under drought stress (Sekar et al., 2020) and is expressed in Psedomonadota spp. under drought stress (Cytryn et al., 2007). The accumulation of trehalose is characteristic of several desiccation tolerant organisms and was previously detected in tardigrades, microorganisms and resurrection plants such as M. flabellifolia and Selaginella lepidophylla (Avonce et al., 2006; Drennan et al., 1993; Farrant et al., 2009; Hernández-Fernández et al., 2022; Moore et al., 2007; Nguyen et al., 2022; Reina-Bueno et al., 2012; Yobi et al., 2013). In contrast, genes that encode trehalose hydrolysis proteins and sucrose synthase were upregulated under rehydrated conditions, indicating that trehalose was no longer required, and sucrose might serve as a carbon source. Desiccation induced increases in transcripts involved in the energy generation pathways including pentose phosphate, glycolysis, glyoxylate shunt and oxidative phosphorylation pathway. Accumulation of these transcripts might be a preparation of cells for repair during rehydration. However, the upregulation of pentose phosphate metabolism under dry conditions has also been reported in other bacterial species and is thought to protect the cell against oxidative stress (Cytryn et al., 2007; Srikumar et al., 2019). Our findings highlighted changes in the expression of key drought-responsive genes, likely critical for responding to desiccation tolerance in the microbiome and possibly the host plant as well. Microbial defense mechanisms could influence the host plant, contributing its responses to drought (Rais et al., 2017).



3.6 Transcriptional response upon rehydration

The most abundant DATs under rehydration conditions were associated with protein metabolism, accounting for 23.75% of the total DATs (Supplementary Figure S2). Notably, rehydration led to a significant increase in drought-responsive genes such as catalase-peroxidase, FMN-binding glutamate synthase family protein, HSP70, and glutamate synthase in the rehydrated samples (Figures 5C,D). Genes involved in the regulation of salicylic and jasmonic acid pathways, such as salicylaldehyde dehydrogenase and PAP2 family proteins were enriched, likely reflecting. The transition phase from PR (43 ± 7.72% RWC) to desiccation stress. Our results are consistent with previous studies, showing upregulation of drought-response pathways such as glutathione metabolism during rehydration conditions in resurrection plants (Liu et al., 2018; Ma et al., 2015). Additionally, genes associated with carbohydrate metabolism including trehalose utilization, glutamine-fructose-6-phosphate transaminase activity, and carbohydrate transporter proteins (Figure 5D; Supplementary Figure S2), with the upregulation of trehalose utilization genes indicates that it is no longer required in favorable conditions, consistent with previous findings (Reina-Bueno et al., 2012).

The rehydrated samples also exhibited an enrichment of DATs linked to the biosynthesis of the outer membrane, including pathways such as flagellum assembly, peptidoglycan synthesis, desaturase, long-chain fatty acid acyl-CoA synthetase and bacterial chemotaxis (Figure 5D). These transcripts, alongside the upregulation of murein hydrolase enzymes, are crucial for peptidoglycan sacculus growth and bacterial viability (Typas et al., 2012; Walter and Mayer, 2019). Furthermore, the COG analysis of rehydrated samples indicated that DATs were predominantly affiliated with Acidobacteria and Pseudomonadota, which were significantly abundant in rehydrated roots (Supplementary Table S2). These findings suggest that rehydration modulates the recolonization of drought-sensitive bacteria through enhanced polysaccharide biosynthesis and chemotaxis to the root. Rewatering likely stimulated repair of desiccation induced damaged and de novo peptidoglycan biosynthesis in bacterial cells within and around the roots of M. flabellifolia.

Genes involved in plant-microbe interactions, such as those related to chemotaxis, fatty acid hydrolase and flagellar motility, were upregulated during rehydration, possibly facilitating bacterial colonization on the root surface (Compant et al., 2021) and movement within the viscous rhizosphere as roots absorbed water (Figure 6). The activation of the exopolysaccharide biosynthesis pathway may further enhance bacterial motility, providing a competitive advantage for root colonization (Scharf et al., 2016). Additionally, bacteria may improve their interactions with M. flabellifolia by expressing extracytoplasmic function (ECF) sigma factor genes, which enhance symbiotic efficiency (Sheibani-Tezerji et al., 2015). Most of enriched transcripts after rehydration were linked to repair and rebuilding damaged membranes, replenishing energy, and carbon stores.

In prokaryotic cells, polyamines such as spermidine and putrescine play a critical role in DNA packaging during cell cycling (Souzu, 1986). Interestingly, the upregulation of these genes during rehydration was observed (Figure 6). Polyamines are also known to stabilize bacterial spheroplasts and protoplasts against osmotic stress (Hernández-Fernández et al., 2022). Our findings revealed the upregulation of DATs associated with nutrient acquisition, including phosphatases and nitrate reductases, which are pivotal for phosphorus mobilization and nitrogen metabolism, respectively (Figure 6). These results suggest that root-associated bacteria may enhance nutrient acquisition in M. flabellifolia under fully hydrated conditions by improving phosphorus availability and facilitating nitrogen assimilation, aligning with previous observations in other plant species (Berger et al., 2020; Cabugao et al., 2017; Tebele et al., 2024).




4 Conclusion

In conclusion, the intricate interaction between plants and root-associated bacteria is an enigmatic phenomenon that requires further investigation. These bacterial communities could offer a promising strategy to enhance plant tolerance to various abiotic stresses, particularly through microbial inoculants and biostimulants in agricultural systems. This study used metatranscriptomics to characterize the bacterial communities associated with M. flabellifolia roots and examine their transcriptional responses under desiccation stress. Desiccation led to the upregulation of numerous stress-responsive genes, including those involved in cell signaling, molecular chaperone activity, kinases, antioxidant defense, trehalose synthesis, and transportation. These findings suggest that M. flabellifolia recruits microbes that are also desiccation-tolerant, indicating potential convergent evolution between the plant and its microbiome. Future research should consider culture-dependent methods to identify key bacterial species and apply these isolates to improve drought resistance in more vulnerable crops. Altogether, this study highlights the functional roles of root-associated bacteria at the transcriptional level and their potential to improve plant resilience, with implications for agriculture.



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 in the article/Supplementary material.



Author contributions

ST: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Project administration, Software, Validation, Visualization, Writing – original draft, Writing – review & editing. RM: Conceptualization, Supervision, Writing – review & editing, Resources. JF: Conceptualization, Funding acquisition, Project administration, Resources, Supervision, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. ST acknowledged the National Research Foundation Scholarship (PMDS22052313807) for financial support. RM was supported by NSF Postdoctoral Research Fellowship in Biology (IOS-1906094) and the Plant Resiliency Institute at Michigan State University and JMF acknowledges funding from the Department of Science and Innovation, National Research Foundation South African Research Chair (grant no. 98406).



Acknowledgments

We extend our gratitude to the University of Cape Town for providing high-performance computing resources that were essential for analyzing our data. We sincerely thank the owners and staff of the Swebeswebe Nature Reserve for granting access to plant materials. Additionally, we acknowledge Diplomics for their valuable guidance in data preprocessing.



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.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.



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.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1560114/full#supplementary-material



Footnotes

1   https://jgi.doe.gov/data-and-tools/software-tools/bbtools

2   https://multiqc.info

3   https://www.biobam.com/omicsbox



References

 Adams, D. G., and Duggan, P. S. (2008). Cyanobacteria–bryophyte symbioses. J Exp Bot. 59, 1047–1058. doi: 10.1093/jxb/ern005

 Akbar, S., Lee, S. Y., Boylan, S. A., and Price, C. W. (1999). Two genes from Bacillus subtilis under the sole control of the general stress transcription factor sigmaB. Microbiology 145, 1069–1078. doi: 10.1099/13500872-145-5-1069

 Asami, P., Rupasinghe, T., Moghaddam, L., Njaci, I., Roessner, U., Mundree, S., et al. (2019). Roots of the resurrection plant Tripogon loliiformis survive desiccation without the activation of autophagy pathways by maintaining energy reserves. Front. Plant Sci. 10. doi: 10.3389/fpls.2019.00459

 Avonce, N., Mendoza-Vargas, A., Morett, E., and Iturriaga, G. (2006). Insights on the evolution of trehalose biosynthesis. BMC Evol. Biol. 6:109. doi: 10.1186/1471-2148-6-109

 Barrs, H. D., and Weatherley, P. E. (1962). A re-examination of the relative turgidity technique for estimating water deficits in leaves. Aust J Biol Sci. 15, 413–428.

 Bentley, J., and Farrant, J. M. (2020). Field and acclimated metabolomes of a resurrection plant suggest strong environmental regulation in the extreme end of the species’ range. S. Afr. J. Bot. 135, 127–136. doi: 10.1016/j.sajb.2020.09.003

 Bentley, J., Moore, J. P., and Farrant, J. M. (2019). Metabolomics as a complement to phylogenetics for assessing intraspecific boundaries in the desiccation-tolerant medicinal shrub Myrothamnus flabellifolia (Myrothamnaceae). Phytochemistry 159, 127–136. doi: 10.1016/j.phytochem.2018.12.016

 Berger, A., Boscari, A., Horta Araújo, N., Maucourt, M., Hanchi, M., Bernillon, S., et al. (2020). Plant nitrate reductases regulate nitric oxide production and nitrogen-fixing metabolism during the Medicago truncatula–Sinorhizobium meliloti Symbiosis. Front. Plant Sci. 11:1313. doi: 10.3389/fpls.2020.01313

 Cabugao, K. G., Timm, C. M., Carrell, A. A., Childs, J., Lu, T.-Y. S., Pelletier, D. A., et al. (2017). Root and rhizosphere bacterial phosphatase activity varies with tree species and soil phosphorus availability in Puerto Rico tropical Forest. Front. Plant Sci. 8:1834. doi: 10.3389/fpls.2017.01834

 Chen, X., Ding, Y., Yang, Y., Song, C., Wang, B., Yang, S., et al. (2021). Protein kinases in plant responses to drought, salt, and cold stress. J. Integr. Plant Biol. 63, 53–78. doi: 10.1111/jipb.13061

 Compant, S., Cambon, M. C., Vacher, C., Mitter, B., Samad, A., and Sessitsch, A. (2021). The plant endosphere world – bacterial life within plants. Environ. Microbiol. 23, 1812–1829. doi: 10.1111/1462-2920.15240

 Cytryn, E. J., Sangurdekar, D. P., Streeter, J. G., Franck, W. L., Chang, W.-S., Stacey, G., et al. (2007). Transcriptional and physiological responses of Bradyrhizobium japonicum to desiccation-induced stress. J. Bacteriol. 189, 6751–6762. doi: 10.1128/JB.00533-07

 Dace, H. J. W., Reus, R., Ricco, C. R., Hall, R., Farrant, J. M., and Hilhorst, H. W. M. (2023). A horizontal view of primary metabolomes in vegetative desiccation tolerance. Physiol. Plant. 175:e14109. doi: 10.1111/ppl.14109

 Dávila Costa, J. S., and Amoroso, M. J. (2014). Current biotechnological applications of the genus Amycolatopsis. World J. Microbiol. Biotechnol. 30, 1919–1926. doi: 10.1007/s11274-014-1622-3

 de Albuquerque, T. M., Mendes, L. W., Rocha, S. M. B., Antunes, J. E. L., Oliveira, L. M. D. S., Melo, V. M. M., et al. (2022). Genetically related genotypes of cowpea present similar bacterial community in the rhizosphere. Sci. Rep. 12:3472. doi: 10.1038/s41598-022-06860-x

 Deng, Z.-L., Münch, P. C., Mreches, R., and McHardy, A. C. (2022). Rapid and accurate identification of ribosomal RNA sequences via deep learning. Nucleic Acids Res. 50:e60. doi: 10.1093/nar/gkac112

 Djokic, L., Savic, M., Narancic, T., and Vasiljevic, B. (2010). Metagenomic analysis of soil microbial communities. Arch. Biol. Sci. 62, 559–564.

 Dong, C., Liu, Y., Hu, A., et al. (2025). Eucommia ulmoides adapts to drought stress by recruiting rhizosphere microbes to upregulate specific functions. Biol. Fertil. Soils 61, 311–327. doi: 10.1007/s00374-024-01886-x

 Drennan, P. M., Smith, M. T., Goldsworthy, D., and Van Staden, J. (1993). The occurrence of trehalose in the leaves of the desiccation-tolerant angiosperm Myrothamnus flabellifolius welw. J. Plant Physiol. 142, 493–496. doi: 10.1016/S0176-1617(11)81257-5

 Du, Y., Zhang, Y., Zhang, Z., Islam, W., and Zeng, F. (2024). Comparing root-associated microbial communities in Tamarix ramosissima across three Xinjiang basins, China. Appl. Soil Ecol. 200:105440. doi: 10.1016/j.apsoil.2024.105440

 Farrant, J. M., and Kruger, L. A. (2001). Longevity of dry Myrothamnus flabellifolius in simulated field conditions. Plant Growth Regul. 35, 109–120. doi: 10.1023/A:1014473503075

 Farrant, J. M. (2007). “Mechanisms of desiccation tolerance in angiosperm resurrection plants,”in Plant desiccation tolerance. eds. Jenks, M. A., and Wood, A. J. (John Wiley & Sons), 51–90.

 Farrant, J. M., Lehner, A., Cooper, K., and Wiswedel, S. (2009). Desiccation tolerance in the vegetative tissues of the fern Mohria caffrorum is seasonally regulated. Plant J. 57, 65–79. doi: 10.1111/j.1365-313X.2008.03673.x

 Gao, H., Huang, Z., Chen, W., Xing, A., Zhao, S., Wan, W., et al. (2024). Mild to moderate drought stress reinforces the role of functional microbiome in promoting growth of a dominant forage species (Neopallasia pectinata) in desert steppe. Front. Microbiol. 15:1371208. doi: 10.3389/fmicb.2024.1371208

 Gholizadeh, S., Nemati, I., Vestergård, M., Barnes, C. J., Kudjordjie, E. N., and Nicolaisen, M. (2024). Harnessing root-soil-microbiota interactions for drought-resilient cereals. Microbiol. Res. 283:127698. doi: 10.1016/j.micres.2024.127698

 Ginbot, Z. G., and Farrant, J. M. (2011). Physiological response of selected eragrostis species to water-deficit stress. Afr. J. Biotechnol. 10, 10405–10417.

 Glen, H. F., Sherwin, H. W., and Condy, G. (1999). “Myrothamnus flabellifolia” in Flowering plants of Africa, vol. 56 (Pretoria: NBI Publications), 62–68.

 Glick, B. R. (2012). Plant growth-promoting bacteria: mechanisms and applications. Scientifica 2012:963401. doi: 10.6064/2012/963401

 GR, S., Yadav, R. K., Chatrath, A., Gerard, M., Tripathi, K., Govindsamy, V., et al. (2021). Perspectives on the potential application of cyanobacteria in the alleviation of drought and salinity stress in crop plants. J Appl Phycol. 33, 3761–3778. doi: 10.1007/s10811-021-02570-5

 Grzyb, T., and Skłodowska, A. (2022). Introduction to bacterial Anhydrobiosis: a general perspective and the mechanisms of desiccation-associated damage. Microorganisms 10:432. doi: 10.3390/microorganisms10020432

 Hernández-Fernández, G., Galán, B., Carmona, M., Castro, L., and García, J. L. (2022). Transcriptional response of the xerotolerant Arthrobacter sp. Helios strain to PEG-induced drought stress. Front. Microbiol. 13:1009068. doi: 10.3389/fmicb.2022.1009068

 Huerta-Cepas, J., Szklarczyk, D., Heller, D., Hernández-Plaza, A., Forslund, S. K., Cook, H., et al. (2019). eggNOG 5.0: a hierarchical, functionally and phylogenetically annotated orthology resource based on 5090 organisms and 2502 viruses. Nucleic Acids Res. 47, D309–D314. doi: 10.1093/nar/gky1085

 Kanehisa, M., and Goto, S. (2000). KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27–30. doi: 10.1093/nar/28.1.27

 Kim, Y., Kwak, M., Kim, H., and Lee, J. (2019). Production of Indole-3-acetate in Corynebacterium glutamicum by Heterologous Expression of the Indole-3-pyruvate Pathway Genes. Microbiol. Biotechnol. Lett. 47, 242–249. doi: 10.4014/mbl.1901.01013

 Kocharunchitt, C., King, T., Gobius, K., Bowman, J. P., and Ross, T. (2012). Integrated transcriptomic and proteomic analysis of the physiological response of Escherichia coli O157:H7 Sakai to steady-state conditions of cold and water activity stress*. Mol. Cell. Proteomics 11:009019. doi: 10.1074/mcp.M111.009019

 Kranner, I., Beckett, R. P., Wornik, S., Zorn, M., and Pfeifhofer, H. W. (2002). Revival of a resurrection plant correlates with its antioxidant status. Plant J. 31, 13–24. doi: 10.1046/j.1365-313X.2002.01329.x

 Lebre, P. H., De Maayer, P., and Cowan, D. A. (2017). Xerotolerant bacteria: surviving through a dry spell. Nat Rev Microbiol. 15, 285–296. doi: 10.1038/nrmicro.2017.16

 Li, B.-B., Wang, X., Tai, L., Ma, T.-T., Shalmani, A., Liu, W.-T., et al. (2018). NAD kinases: metabolic targets controlling redox co-enzymes and reducing power partitioning in plant stress and development. Front. Plant Sci. 9:379. doi: 10.3389/fpls.2018.00379

 Liu, J., Moyankova, D., Lin, C.-T., Mladenov, P., Sun, R.-Z., Djilianov, D., et al. (2018). Transcriptome reprogramming during severe dehydration contributes to physiological and metabolic changes in the resurrection plant Haberlea rhodopensis. BMC Plant Biol. 18:351. doi: 10.1186/s12870-018-1566-0

 Liu, Q., Zhao, X., Liu, Y., Xie, S., Xing, Y., Dao, J., et al. (2021). Response of sugarcane rhizosphere bacterial community to drought stress. Front Microbiol. 12:716196. doi: 10.3389/fmicb.2021.716196

 Lozo, J., Ristović, N., Kungulovski, G., Jovanović, Ž., Rakić, T., Stanković, S., et al. (2023). Rhizosphere microbiomes of resurrection plants Ramonda serbica and R. nathaliae: comparative analysis and search for bacteria mitigating drought stress in wheat (Triticum aestivum L.). World J. Microbiol. Biotechnol. 39:256. doi: 10.1007/s11274-023-03702-4

 Ma, C., Wang, H., Macnish, A. J., Estrada-Melo, A. C., Lin, J., Chang, Y., et al. (2015). Transcriptomic analysis reveals numerous diverse protein kinases and transcription factors involved in desiccation tolerance in the resurrection plant Myrothamnus flabellifolia. Hortic. Res. 2, 1–12. doi: 10.1038/hortres.2015.34

 Majidi, M., and Bahmani, Y. (2017). Isolation of high-quality RNA from a wide range of woody plants. J. Plant Mol. Breed. 5. doi: 10.22058/jpmb.2018.82001.1157

 Malik, A. A., and Bouskill, N. J. (2022). Drought impacts on microbial trait distribution and feedback to soil carbon cycling. Funct. Ecol. 36, 1442–1456. doi: 10.1111/1365-2435.14010

 Marks, R. A., Mbobe, M., Greyling, M., Pretorius, J., McLetchie, D. N., VanBuren, R., et al. (2022). Variability in functional traits along an environmental gradient in the South African resurrection plant Myrothamnus flabellifolia. Plan. Theory 11:1332. doi: 10.3390/plants11101332

 Moore, J. P., Lindsey, G. G., Farrant, J. M., and Brandt, W. F. (2007). An overview of the biology of the desiccation-tolerant resurrection plant Myrothamnus flabellifolia. Ann. Bot. 99, 211–217. doi: 10.1093/aob/mcl269

 Moore, J., Nguema-Ona, E., Chevalier, L., Lindsey, G., Brandt, W., Lerouge, P., et al. (2006). Response of the leaf Cell Wall to desiccation in the resurrection plant Myrothamnus flabellifolius. Plant Physiol. 141, 651–662. doi: 10.1104/pp.106.077701

 Nguyen, K., Kc, S., Gonzalez, T., Tapia, H., and Boothby, T. C. (2022). Trehalose and tardigrade CAHS proteins work synergistically to promote desiccation tolerance. Commun. Biol. 5, 1–12. doi: 10.1038/s42003-022-04015-2

 Overbeek, R., Olson, R., Pusch, G. D., Olsen, G. J., Davis, J. J., Disz, T., et al. (2014). The SEED and the rapid annotation of microbial genomes using subsystems technology (RAST). Nucleic Acids Res. 42, D206–D214. doi: 10.1093/nar/gkt1226

 Pande, P. M., Azarbad, H., Tremblay, J., St-Arnaud, M., and Yergeau, E. (2023). Metatranscriptomic response of the wheat holobiont to decreasing soil water content. ISME Commun. 3, 1–13. doi: 10.1038/s43705-023-00235-7

 Qin, S., Feng, W.-W., Xing, K., Bai, J.-L., Yuan, B., Liu, W.-J., et al. (2015). Complete genome sequence of Kibdelosporangium phytohabitans KLBMP 1111(T), a plant growth promoting endophytic actinomycete isolated from oil-seed plant Jatropha curcas L. J. Biotechnol. 216, 129–130. doi: 10.1016/j.jbiotec.2015.10.017

 Rais, A., Jabeen, Z., Shair, F., Hafeez, F. Y., and Hassan, M. N. (2017). Bacillus spp., a bio-control agent enhances the activity of antioxidant defense enzymes in rice against Pyricularia oryzae. PLoS One 12:e0187412. doi: 10.1371/journal.pone.0187412

 Rakić, T., Ilijević, K., Lazarević, M., Gržetić, I., Stevanović, V., and Stevanović, B. (2013). The resurrection flowering plant Ramonda nathaliae on serpentine soil – coping with extreme mineral element stress. Flora 208, 618–625. doi: 10.1016/j.flora.2013.09.006

 Reina-Bueno, M., Argandoña, M., Nieto, J. J., Hidalgo-García, A., Iglesias-Guerra, F., Delgado, M. J., et al. (2012). Role of trehalose in heat and desiccation tolerance in the soil bacterium Rhizobium etli. BMC Microbiol. 12:207. doi: 10.1186/1471-2180-12-207

 Salimi, F., Khorshidi, M., Amirahmadi, F., and Amirahmadi, A. (2023). Effectiveness of phosphate and zinc solubilizing Paenarthrobacter nitroguajacolicus P1 as halotolerant Rhizobacterium with growth-promoting activity on Pistacia vera L. Curr. Microbiol. 80:336. doi: 10.1007/s00284-023-03448-0

 Scharf, B. E., Hynes, M. F., and Alexandre, G. M. (2016). Chemotaxis signaling systems in model beneficial plant–bacteria associations. Plant Mol. Biol. 90, 549–559. doi: 10.1007/s11103-016-0432-4

 Sekar, K., Linker, S. M., Nguyen, J., Grünhagen, A., Stocker, R., and Sauer, U. (2020). Bacterial glycogen provides short-term benefits in changing environments. Appl. Environ. Microbiol. 86, e00049–e00020. doi: 10.1128/AEM.00049-20

 Shaffique, S., Khan, M. A., Imran, M., Kang, S.-M., Park, Y.-S., Wani, S. H., et al. (2022). Research Progress in the field of microbial mitigation of drought stress in plants. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.870626

 Sheibani-Tezerji, R., Rattei, T., Sessitsch, A., Trognitz, F., and Mitter, B. (2015). Transcriptome profiling of the endophyte Burkholderia phytofirmans PsJN indicates sensing of the plant environment and drought stress. MBio 6:e00621. doi: 10.1128/mBio.00621-15

 Silva, A. M. M., Feiler, H. P., Lacerda-Júnior, G. V., Fernandes-Júnior, P. I., de Tarso Aidar, S., de Araújo, V. A. V. P., et al. (2023a). Arbuscular mycorrhizal fungi associated with the rhizosphere of an endemic terrestrial bromeliad and a grass in the Brazilian neotropical dry forest. Braz. J. Microbiol. 54, 1955–1967. doi: 10.1007/s42770-023-01058-3

 Silva, A. M. M., Feiler, H. P., Qi, X., de Araújo, V. L. V. P., Lacerda-Júnior, G. V., Fernandes-Júnior, P. I., et al. (2023b). Impact of water shortage on soil and plant attributes in the presence of arbuscular mycorrhizal Fungi from a harsh environment. Microorganisms 11:1144. doi: 10.3390/microorganisms11051144

 Souzu, H. (1986). Fluorescence polarization studies on Escherichia coli membrane stability and its relation to the resistance of the cell to freeze-thawing. I. Membrane stability in cells of differing growth phase. Biochim. Biophys. Acta 861, 353–360. doi: 10.1016/0005-2736(86)90438-4

 Srikumar, S., Cao, Y., Yan, Q., Van Hoorde, K., Nguyen, S., Cooney, S., et al. (2019). RNA sequencing-based transcriptional overview of Xerotolerance in Cronobacter sakazakii SP291. Appl. Environ. Microbiol. 85:e01993-18. doi: 10.1128/AEM.01993-18

 Sun, R.-Z., Wang, Y.-Y., Liu, X.-Q., Yang, Z.-L., and Deng, X. (2024). Structure and dynamics of microbial communities associated with the resurrection plant Boea hygrometrica in response to drought stress. Planta 260:24. doi: 10.1007/s00425-024-04459-2

 Tao, M., Wang, L., Wendt-Pienkowski, E., George, N. P., Galm, U., Zhang, G., et al. (2007). The tallysomycin biosynthetic gene cluster from Streptoalloteichus hindustanus E465-94 ATCC 31158 unveiling new insights into the biosynthesis of the bleomycin family of antitumor antibiotics. Mol. BioSyst. 3, 60–74. doi: 10.1039/b615284h

 Tartaglia, M., Ranauda, M. A., Falzarano, A., Maisto, M., Postiglione, A., Prigioniero, A., et al. (2023). Metatranscriptomics of pastures under drought stress show a rhizospheric meta-organism reshape. Rhizosphere 26:100687. doi: 10.1016/j.rhisph.2023.100687

 Tebele, S. M. (2024). The functional role of root-associated microbiome and metabolome of Myrothamnus flabellifolia. Thesis: University of Cape Town.

 Tebele, S. M., Marks, R. A., and Farrant, J. M. (2021). Two decades of desiccation biology: a systematic review of the best studied angiosperm resurrection plants. Plants 10:2784. doi: 10.3390/plants10122784

 Tebele, S. M., Marks, R. A., and Farrant, J. M. (2024). Exploring the root-associated microbiome of the resurrection plant Myrothamnus flabellifolia. Plant Soil 500, 53–68. doi: 10.1007/s11104-023-06019-1

 Timmusk, S., and Wagner, E. G. (1999). The plant-growth-promoting rhizobacterium Paenibacillus polymyxa induces changes in Arabidopsis thaliana gene expression: a possible connection between biotic and abiotic stress responses. Mol. Plant-Microbe Interact. 12, 951–959. doi: 10.1094/MPMI.1999.12.11.951

 Typas, A., Banzhaf, M., Gross, C. A., and Vollmer, W. (2012). From the regulation of peptidoglycan synthesis to bacterial growth and morphology. Nat. Rev. Microbiol. 10, 123–136. doi: 10.1038/nrmicro2677

 Walter, A., and Mayer, C. (2019). “Peptidoglycan structure, biosynthesis, and dynamics during bacterial growth” in Extracellular sugar-based biopolymers matrices. eds. E. Cohen and H. Merzendorfer (Cham: Springer International Publishing), 237–299.

 Wang, X., Li, B.-B., Ma, T.-T., Sun, L.-Y., Tai, L., Hu, C.-H., et al. (2020). The NAD kinase OsNADK1 affects the intracellular redox balance and enhances the tolerance of rice to drought. BMC Plant Biol. 20:11. doi: 10.1186/s12870-019-2234-8

 Wang, Z., Solanki, M. K., Yu, Z.-X., Yang, L.-T., An, Q.-L., Dong, D.-F., et al. (2019). Draft genome analysis offers insights into the mechanism by which Streptomyces chartreusis WZS021 increases drought tolerance in sugarcane. Front. Microbiol. 9. doi: 10.3389/fmicb.2018.03262

 Westreich, S. T., Treiber, M. L., Mills, D. A., Korf, I., and Lemay, D. G. (2018). SAMSA2: a standalone metatranscriptome analysis pipeline. BMC Bioinformatics 19:175. doi: 10.1186/s12859-018-2189-z

 Xu, H.-F., Dai, G.-Z., Ye, D.-M., Shang, J.-L., Song, W.-Y., Shi, H., et al. (2020). Dehydration-induced DnaK2 chaperone is involved in PSII repair of a desiccation-tolerant Cyanobacterium1. Plant Physiol. 182, 1991–2005. doi: 10.1104/pp.19.01149

 Xu, L., Naylor, D., Dong, Z., Simmons, T., Pierroz, G., Hixson, K. K., et al. (2018). Drought delays development of the sorghum root microbiome and enriches for monoderm bacteria. Proc. Natl. Acad. Sci. USA 115, E4284–E4293. doi: 10.1073/pnas.1717308115

 Yobi, A., Wone, B. W. M., Xu, W., Alexander, D. C., Guo, L., Ryals, J. A., et al. (2013). Metabolomic profiling in Selaginella lepidophylla at various hydration states provides new insights into the mechanistic basis of desiccation tolerance. Mol. Plant 6, 369–385. doi: 10.1093/mp/sss155

 Zhang, B.-X., Li, P.-S., Wang, Y.-Y., Wang, J.-J., Liu, X.-L., Wang, X.-Y., et al. (2021). Characterization and synthesis of indole-3-acetic acid in plant growth promoting Enterobacter sp. RSC Adv. 11, 31601–31607. doi: 10.1039/d1ra05659j

 Zhu, J., Jiang, X., Guan, D., Kang, Y., Li, L., Cao, F., et al. (2022). Effects of rehydration on physiological and transcriptional responses of a water-stressed rhizobium. J. Microbiol. 60, 31–46. doi: 10.1007/s12275-022-1325-7


Copyright
 © 2025 Tebele, Marks and Farrant. 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.

OPS/images/fmicb-16-1560114-g005.jpg
Patally dohydrated

Partall rehycrated

Fuly hyorated

50

40

Dehydrated and Rehydrated

-8

o 4
Logs fold change

Pathway Enrichment

© Mero
p¥ate
& Paliestog2ro






OPS/images/fmicb-16-1560114-g006.jpg
M. flabellifolia Root-associated Microbiome

© Belowground Micmbi:an:ui : A i d!""::s

ol Y e

L wndle,  rea . To=

« Chloroflexota * Ascomycota  Moisture and pH

« Acidobacteriota « Basidiomycota « Acidity

stomoton [ A s

» Cyanobacteriota_

Desiccation Rehydration

Bacterial Molecular Response

© Bacterial Antioxidant Response

Plant-microbe Interaction Genes

EcF Typev | [Chemotaxis-
ilus related

sigma
factor genes

[ S

Plant Growth Promoting Genes

* ABC,aminoacid, andsugar  + Phosphate

transporters ‘solubilization
« Nitrate reductase « Nitrogen-iing
Upregulated Pathway + Spermidine/putrescine ABC = Fatty acid enzymes
transporters * Exopolysaccharides

St @

Trensose | | Ghveogen
biownthesi| | biosmthesis

© Biological Processes @ Biological Processes

* Respiration « Protein biosynthesis
« Regulation and cell signaling « Cofactors,vitamins and pigments
« stress Response « Secondary metabolism (sialc acid)

* Carbohydrate metabolism
(exopolysaccharides)

« Photosynthesis





OPS/images/fmicb-16-1560114-g003.jpg
Leaf. Root
Anova, p = 3.8¢-06 Anova, p=1.16-12 -

75 *

E Condition

£

3 . B8 Partialy Dy
B B3 Desiceated

s M B8 Partally Hydrated
2 B3 Fuly Hydrated
&

]

& 25

—fm :
o e o oY e et
. : v
a7 oo W I ot oot W e

Condition





OPS/images/fmicb-16-1560114-g004.jpg
Relative Abundance
8

8

8

8

5

Partially Ory

Desiccated

Fartally Renydrated

Fully Rehydrated

LI-—

Nitrososphaerota,
Others.
Planctomycetota
Pseudomonadota
Vermucomicrobiota

~Logio P

30

20

Dehydrated

Rehydrated

Novesphingobium malaysiense

Zavarzinela formosa
Ghryseabacierium Isosphaera palida

Phenylobacterium sp.
Fimbriiglobus ruber

gi‘geuneeuhus

-4 [ 4
Logp fold change
Log2FC © pvalue @ p-value & Log2 FC

NS






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Microbial survival strategies in desiccated roots of Myrothamnus flabellifolia



		1 Introduction



		2 Materials and methods



		2.1 Sampling procedure



		2.2 RNA isolation and metatranscriptomic sequencing



		2.3 Bioinformatic and statistical analysis









		3 Results and discussion



		3.1 Multivariate analysis of the global metatranscriptome



		3.2 Influence of low RWC on taxonomic abundance



		3.3 Oxidative and osmotic stress response



		3.4 Functions of differentially abundant transcripts and biological metabolisms



		3.5 Role of carbohydrate metabolism in desiccation



		3.6 Transcriptional response upon rehydration









		4 Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		Footnotes



		References



















OPS/images/fmicb-16-1560114-g001.jpg





OPS/images/fmicb-16-1560114-g002.jpg
750000

A Partially Dry Desiccated
500000
Taxa
250000
. Achaca
0 Bacteria
Partially Rehydrated Fully Rehydrated Fungi

Transcripts

Other
Plants

750000
500000
250000
[

= o~ 17

» @» @

Taxonomic Abundance

PC2: 24% variance

80 20 10 4 10
PC1: 44% variance

I I I -
= ~ ) 3
» @» @ @

o
7]
Sample

C Total Gene Expression
50

3
8
1} -
s Condition
5 ey
& 1% | ® | Dehydrated
g Reydratod
S
g

-50

-40 20 0
PC1: 61% variance





OPS/images/cover.jpg
, frontiers  Frontiersin Microbiology

Microbial survival strategies in
desiccated roots of Myrothamnus
flfl bellifolia












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiersin Microbiology






