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Forest zone and root compartments outweigh long-term nutrient enrichment in structuring arid mangrove root microbiomes
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Mangroves offer many important ecosystem services including carbon sequestration, serving as nursery grounds to many organisms, and acting as barriers where land and sea converge. Mangroves exhibit environmental flexibility and resilience and frequently occur in nutrient-limited systems. Despite existing research on mangrove microbiomes, the effects of nutrient additions on microbial community structure, composition, and function in intertidal and landward zones of mangrove ecosystems remain unclear. We utilized a long-term nutrient amendment study in Exmouth Gulf, Western Australia conducted in two zones, the intertidal fringe and supralittoral scrub forests, dominated by Avicennia marina. Root samples were fractionated into rhizosphere, rhizoplane and endosphere compartments and analyzed by 16S rRNA gene amplicon sequencing to determine the effects of nutrient stress on community structure and function. Our data showed species richness and evenness were significantly higher in the scrub forest zone. PERMANOVA analysis revealed a significant effect of nutrient enrichment on beta diversity (p = 0.022, R2 = 0.012) in the fringe forest zone only. Cylindrospermopsis, which has been associated with harmful algal blooms, was found to be significantly enriched in fringe phosphate-fertilized plots and nitrogen-fixing Hyphomicrobiales were significantly depleted in the scrub nitrogen-fertilized plots. Meanwhile, root compartments and forest zone had a greater effect on beta diversity (p = 0.001, R2 = 0.186; p = 0.001, R2 = 0.055, respectively) than nutrient enrichment, with a significant interaction between forest zone and root compartment (p = 0.001, R2 = 0.025). This interaction was further observed in the distinct divergence identified in degradative processes of the rhizosphere compartment between the two forest zones. Degradation of aromatic compounds were significantly enriched in the fringe rhizosphere, in contrast to the scrub rhizosphere, where degradation of carbohydrates was most significant. Despite the highly significant effect of forest zone and root compartments, the long-term effect of nutrient enrichment impacted community structure and function, and potentially compromised overall mangrove health and ecosystem stability.
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1 Introduction

Mangroves inhabit tropical and subtropical coastlines around the world and are well known for their efficiency in sequestering carbon (Macreadie et al., 2021). On a global scale, mangroves demonstrate the capacity to sequester a disproportionately high amount of carbon relative to their spatial extent and are responsible for burying an estimated 9.6–15.8 Tg Corg per year in mangrove soils and sediments (Alongi, 2022). In addition to their substantive role in blue carbon storage, mangroves provide a range of other vital ecosystem services, from storm protection to serving as nurseries for various organisms (Barbier et al., 2011). Despite the high biomass accumulation associated with these habitats, mangroves frequently exist in oligotrophic systems (Reis et al., 2017), and are affected by biotic and abiotic factors that regulate nutrient availability (Reef et al., 2010).

Mangrove root-microbial assemblages are influenced by host taxonomy, nutrients, and environmental conditions (Reinhold-Hurek et al., 2015; Francioli et al., 2018). Diazotrophic microbes and other microorganisms involved in biogeochemical cycling are key contributors to the supply of new nutrients in these oligotrophic ecosystems (Romero et al., 2012; Srivastava et al., 2021). Microbially-mediated provisions include not only nutrients, but also plant growth-promoting metabolites, such as hormones and antibiotics (Chen et al., 2016). To this end, the mangrove root microbiome plays an important role in mangrove function (Allard et al., 2020). Root community members are recruited in part through plant exudates and metabolites that exist along a gradient from the exterior root compartments of the rhizosphere and rhizoplane, into the interior endosphere root compartment (Reinhold-Hurek et al., 2015; Francioli et al., 2018). Microbial assembly and distribution are additionally influenced by variations in sediment redox conditions (Alongi, 2015), which can differ depending on the physicochemical characteristics associated with the intertidal position of the forest zone (Thomson et al., 2022). Forest zones differ in nutrient availability, pH, and salinity, all of which contribute to microbial selection pressures and functional diversity of mangrove soils (De Souza Rocha et al., 2020).

Anthropogenic activities have led to eutrophication in coastal ecosystems around the world (Dai et al., 2023). It is important to understand the long-term impacts of nutrient pollution on mangrove root-microbe interactions by elucidating nutrient profiles that alter microbial communities. Nutrient-limited systems select for oligotrophic species, however, with the addition of nutrients, oligotrophic community members have been reported to give way to copiotrophic taxa, which are characterized by faster growth rates and preferential usage of labile carbon sources, as opposed to slow growing oligotrophic species that are able to metabolize complex carbon sources (Bledsoe et al., 2020). Changes in community structure related to increased nutrient loads may negatively affect and diminish forest function and subsequent valuable ecosystem services provided by mangrove habitats. Past terrestrial plant studies have found that nutrient enrichment can alter bacteria community structure, from which reduced soil function leads to the emission of greenhouse gases (Cusack et al., 2011; Chen M. et al., 2020). Likewise, shifts in community structure are often indicators of soil function in mangrove ecosystems (Thomson et al., 2022).

Numerous studies comparing natural and polluted ecosystems have demonstrated that nutrient pollution can lead to a reduction in microbial diversity (Wang et al., 2018; Craig et al., 2021; Erazo and Bowman, 2021). However, contrasting research suggests microbial communities do not consistently exhibit distinct differences and microbial functional changes are proposed to be better predictors of nutrient stress (Graves et al., 2016; Liao et al., 2020). Despite the existing body of research, the effects of nutrient additions on microbial community structure in mangrove ecosystems remains unclear (Zhou et al., 2014; Liu et al., 2015; Yuan et al., 2020).

There are few studies that explore microbial communities and metabolic pathways to describe root compartment function in the context of forest type and nutrient stress, such as nutrient limitation and long-term enrichment (Zhuang et al., 2020; Thomson et al., 2022). Our study included nitrogen (N), phosphorus (P), and iron (Fe) amendments across two forest zones. In an effort to identify differences in microbial community structure among these fertilization treatments, we sought to answer three research questions: (i) Are there differences in the microbial community structure and composition as a result of long-term nutrient amendments compared to untreated controls, and are these differences distinct between N, P or Fe enriched plots? (ii) Are there significant differences in the microbial community structure and function within rhizosphere, rhizoplane and endosphere root compartments compared to the surrounding bulk soil? (iii) Do microbial metabolic pathways differ among the various treatments?

We hypothesized that the long-term effect of nutrient enriched soils would be nutrient dependent and detectable by the divergence of community composition. Specifically, we expected to observe the enrichment of denitrifiers or nitrate reducers and depletion of nitrogen fixers in nitrogen-amended soils, the depletion of phosphate solubilizers in phosphorous-amended soils, and the depletion of microbes that mediate iron redox cycles. Lastly, we hypothesized that the long-term effect of nutrient fertilization would be detected by differences in bacterial signatures, such as maximal growth rate predictions, genome size and ribosomal RNA gene copy number (RRN), which would represent a shift from oligotrophic-copiotrophic community members. We anticipated the presence of oligotrophic taxa characteristic of oligotrophic mangrove ecosystems would give way to copiotrophic taxa with nutrient amendments. As root community members are recruited from bulk soil and community refinement begins in the rhizosphere, we expected to observe divergent community structure among the root compartments of treated soils compared to the untreated control soils (Edwards et al., 2015; Reinhold-Hurek et al., 2015; Zhuang et al., 2020; Moroenyane et al., 2021). To test these hypotheses, we leveraged a longstanding nutrient enrichment experiment of N, P, and Fe enriched mangrove trees located at Exmouth Gulf, Western Australia, dominated by the gray mangrove Avicennia marina (Reef et al., 2010). This study offers insight to the long-term effect of nutrient enrichment, root compartments and forest type on microbial community composition and diversity to identify divergent community members and inferred metabolic pathways in this mangrove ecosystem.



2 Materials and methods


2.1 Nutrient fertilization of mangroves

The coastal land at Exmouth Gulf spans 2,600 km2, of which 161 km2 is dominated by the gray mangrove Avicennia marina (Reef et al., 2010). A. marina mangroves are a frequent pioneer species resilient to harsh environmental conditions such as hypersalinity, aridity, high water temperatures and frost frequency (Alzubaidy et al., 2016). Due to the low population density in Exmouth Gulf, the mangroves at this location are largely unaffected by human influences and offer a unique opportunity to study the effects of nutrient enrichment in an input-controlled environment. Many studies have evaluated the effects of N and P amended mangrove soils, but few have included the effects of Fe enrichment.

Nutrient amended experimental plots were established in 2004, at 21°44’S, 144°35’ E, in Exmouth Gulf, Western Australia. There is no rainy season in Exmouth, with an annual average rainfall of 233.68 mm (Climate Data, 2022). On April 28, 2022, nutrient amendment was conducted on a total of 9 replicate trees per fertilizer treatment, in each of the two forest zones: seaward fringe and landward scrub forests (Figure 1A). Each forest zone contained 5 experimental lots, three of which consisted of triplicate N, P, and control (C) treatments, and two of which were Fe-fertilized lots flanking the north and south ends of the experimental transect. Individual experimental trees were fertilized with 200–300 g of urea for N fertilization, and triple superphosphate was used for P fertilization (Lovelock et al., 2009). Fe fertilization was established in 2015 and was applied as iron EDTA chelate fertilizer (13% Fe, Manutec, Cavan, South Australia 5094, Australia) at a dose rate recommended by the manufacturers for fruit trees (50 g per tree delivered in two 25 g doses). All fertilizer treatments were inserted into 30 cm deep holes cored on either side of the main stem of the tree, according to a previously established fertilization procedure described in Feller et al. (1999). The fertilizers were inserted into cored holes on either side of the main stem of the tree rather than fertilizing the surface around the tree due to the tides, which can wash fertilizer away from the target trees, leading to diffusion of impacts. The holes were then sealed with a portion of the extracted sediment core. Control trees were cored but fertilizer was not inserted into the holes. There were 36 trees in each of the two forests, totaling 72 experimental mangrove trees (18 N, 18 P, 18 Fe and 18C). Fertilizers were added annually during the cool months of Exmouth Gulf, between April and August since 2004, however most of the nutrient additions occurred in the month of April. Fertilization was not applied in 2019 and 2020, due to COVID-19 travel restrictions, and was resumed in 2021.
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FIGURE 1
 (A) Mangrove nutrient fertilization experimental site was established in 2004 in (i) Exmouth Gulf, Western Australia. Map was created utilizing QGIS, a free and open source software. (ii) Triplicates of fertilization treatments, nitrogen (N), phosphorous (P), and iron (Fe) were applied to triplicate mangrove tree lots in the seaward fringe and landward scrub forest zones, for a total of 9 replicates per nutrient amendment in each of the forest zones. (B) Soil hydrology in the fringe (salmon) and scrub (turquoise) forest zones during the period of 31 August 2022 to 08 January 2023 showing groundwater connectivity with average sampling field depth (black) over time (x-axis).




2.2 Field sampling


2.2.1 Groundwater

Conductivity, temperature, and depth (CTD) were measured at 5-min intervals in a series of three wells dug across the sampling area. The CTD loggers (LTC M10, Solinst, Canada) were placed within vented wells made of 50 mm diameter PVC pipes, sealed with a cap at both ends, with vents for pressure equalization cut into the top section. The bottom hole was at 1 m below the surface for all wells and a mesh cover prevented the entry of sediments into the well. The excavation of the well was carried out with a 50 mm hand auger. The wells were located within the sampling area, one in the fringe section of the mangrove adjacent to the fertilized trees and one near the fertilized trees of the scrub. Measurements began on the 25th of August 2022; however, the drawdown period has been removed for the purpose of this study, thus the hydrological statistics are described for the period of 01 September 2022 to 08 January 2023. Dry periods were defined as periods where the water level within the well exceeded the average sediment sampling depth of 5 cm. Salinity was calculated from conductivity and temperature data collected from the time period between 24 August 2022 to 01 September 2022 with R package wql, using the ec2pss function (Jassby and Cloern, 2022). Wilcoxon test method was used to analyze data for statistical differences in average temperature and salinity among the forest zones.



2.2.2 Sample collection of mangrove roots and bulk soils

Root samples with fine root hairs were collected over a four-day period between the 20th and 24th days of August 2022 by digging near the tree base at a depth ranging from 2 to 8 cm below the surface. Cutting size ranged between 5 and 10 cm in length with 2 exceptions from a fringe iron-fertilized plot where appropriate roots were very difficult to collect without substantial breakage. In those cases, the average length of collected root segments were 3 cm. The roots were placed in sterile containers and placed on ice until transported back to the field laboratory for root compartment fractionation. We sterilized collection tools with 70% ethanol between treatment plots. One root (with corresponding compartments) was sampled per tree, for a total of 36 fringe forest and 36 scrub forest samples (Nroots = 72). Triplicate bulk soil samples were collected approximately 2–3 m from the base of each tree to avoid roots.

Root samples were separated into rhizosphere, rhizoplane and endosphere compartments following previous work (Edwards et al., 2015; Duran et al., 2018; Zhuang et al., 2020). To extract rhizosphere samples, the roots were first manually shaken to remove excess soil, leaving approximately 1 mm of soil adhered to the root surface. Each root was then placed into a sterile 50 mL conical tube, filled with 10–20 mL of phosphate buffered saline (PBS), and stirred vigorously with sterile forceps to remove the attached layer of soil from the root surface. The resulting PBS suspension was then decanted into bead-beating tubes and stored on dry ice at −80°C for transport back to our home laboratory.

Following rhizosphere isolation, the rhizoplane compartment from each root was extracted by transferring the root into a sterile 15 mL conical tube with PBS to isolate the remaining tightly adhering layer of soil with sonication for 30 s at 50–60 Hz (output frequency 42 kHz, power 90 W). The resulting suspension was filtered with 25 mm 0.22 μm size Supor PES membranes (Pall Corporation), to extract microbial biomass from the rhizosphere compartment. Filters containing biomass were then placed into bead-beating tubes and stored on dry ice at −80°C for transport.

The endosphere microbiome was collected by first conducting surface sterilization according to Duran et al. (2018) (also implemented by Richter-Heitmann et al., 2016; Zhuang et al., 2020). Each root was rinsed with 80% ethanol for a duration of 1 min, followed by additional sterilization with 0.25% NaClO (bleach) for a duration of 1 min, followed by rinsing with DI water for 1 min, 3 times (Zhuang et al., 2020). Surface sterilized root samples were then stored at −80°C on dry ice for transport to our home laboratory. At the home laboratory individual root samples were homogenized to extract microbial biomass of the endosphere compartment by first flash freezing in liquid nitrogen for 30 s then pulverizing with a mortar and pestle sterilized with 70% ethanol between treatment-grouped samples. For each endosphere and bulk soil sample, 250 mg of homogenized material or soil was placed into bead beating tubes for DNA extraction. Root compartment fractions and bulk soil samples resulted in a total of 224 samples.




2.3 DNA extraction, amplification, and sequencing

DNA extractions for root compartments were performed on a King Fisher™ Flex Purification system using the MagMax Microbiome Ultra Nucleic Acid Extraction Kit (Thermo Fisher Scientific) and were quantified using the Qubit HS DNA quantification kit (Invitrogen). Particularly low concentrations (<0.100 ng μl−1) were quality checked by gel electrophoresis and PCR amplification of the 16S rRNA gene using primers 515F and 806R (Walters et al., 2015) for bacteria and archaea. Bulk soil samples were handled with 50 mM sodium pyrophosphate-amended lysis buffer to improve extracted DNA concentrations (Liu et al., 2010). DNA extractions were sent to Argonne National Laboratory Environmental Sample Processing Center for amplification and library preparation with the above-mentioned primer set, followed by 2 × 151 paired end sequencing on the Illumina Miseq platform. Sequences were submitted to NCBI Bioproject under accession number PRJNA1035549.



2.4 Sequence analysis

Following methods in Erazo and Bowman (2021) and Chamberlain et al. (2022) for sequence analysis, Illumina Miseq reads were demultiplexed using the ‘iu-demultiplex’ command in Illumina utils (Eren et al., 2013). Demultiplexed reads were quality controlled and denoised using the ‘FilterandTrim’ and ‘dada’ commands within the R package dada2 (Callahan et al., 2016), and assembled with the ‘mergePairs’ command. The non-redundant fasta files of the generated unique reads produced by dada2 were used as an input for the paprica pipeline v0.70 (Bowman and Ducklow, 2015), a phylogenetic placement approach for microbial community structure and metabolic inference.1 Paprica places sample reads for Bacteria and Archaea onto a reference tree created from the concatenated 16S and 23S rRNA genes from all completed genomes in the Genbank RefSeq database (Haft et al., 2018). Each ASV is placed to either an internal or terminal branch on the tree (Nawrocki and Eddy, 2013; Barbera et al., 2019; Czech et al., 2020). Based on phylogenetic assignments, the paprica pipeline provides predictions for taxonomic maximal growth rate potential, genome size, and RRN. The paprica model for maximal growth rate potential is based on the R package gRodon, developed by Weissman et al. (2021). The model was extended from the work of Vieira-Silva and Rocha that leveraged high codon usage bias (CUB) in genes coding for ribosomal proteins and highly expressed genes for maximal growth rate predictions with partial genomic data. Further improvements were made on predictive accuracy for applications to bulk community data by analyzing codon usage in additional dimensions based on species abundance from metagenomes (Weissman et al., 2021).



2.5 Microbial community and metabolic pathway analysis

Microbial community structure and metabolic pathway sequencing data were analyzed in R v.4.3.1 (2023-06-16) and R Studio v. 2023.06.2 + 561, utilizing R package vegan. To test the hypothesis that beta diversity would be significant among samples, (dis)similarity as a function of treatment, root compartments, and/or forest type were analyzed. We visualized (dis)similarities between treatments, root compartments and forest type with nonmetric multi-dimensional scaling (NMDS) ordination, utilizing Bray–Curtis similarity distance matrix of multivariate data separated into two dimensions using a log10-transformed, relative abundance table. Quality control was performed on ASV and predicted metabolic pathway datasets for samples with low reads. The ASV dataset was prefiltered to exclude samples with less than 1,000 reads and the predicted metabolic pathways dataset was prefiltered to exclude samples with less than 3,600 reads. To test for statistical significance, the function adonis2 from the R vegan package (Oksanen et al., 2022) was used to conduct Permutational Analysis of Variance (PERMANOVA). Utilizing the Bray-Curtis method to calculate the distance matrix for PERMANOVA, the model design tested for the main effects of Site, Treatment, Compartment and their interaction terms, with 999 permutations. Due to an interaction between site and root compartment, additional PERMANOVA analyses was conducted on partitioned data of the two forest zones, fringe and scrub. The previously described procedure was used to test the effects of Treatment, Compartment, Lot and their interaction terms in each of the forest zones. To diminish potentially spurious results from the PERMANOVA analysis, the heterogeneity of dispersion between groups was tested. A one-way ANOVA of the distances to group centroids was performed to interpret the significance of the pseudo-F statistic (Anderson, 2006; Anderson et al., 2006). Multivariate dispersions were calculated with the betadisper function on the distance matrix previously created with each factor: Treatment, Compartment and Site. The resulting objects were then tested for significant variance with a one-way ANOVA.

To test the hypothesis that richness and evenness (alpha diversity) would be different among forest zones, treatments and root compartments, R package phyloseq (McMurdie and Holmes, 2013) was used to calculate alpha diversity via Shannon, Simpson, and Inverse Simpson indices (Supplementary Figures 1A–C). Alpha diversity with Inverse Simpson diversity index was analyzed for the significance of forest zone with the Wilcoxon test method, and the Kruskal-Wallis method was utilized to test root compartments and treatments, setting the alpha threshold to 0.05. Kruskal-Wallis is a nonparametric alternative to a one-way ANOVA and allows the comparison of three or more groups. Similarly, to test the hypothesis that the effect of treatments could be detected by a shift from oligotrophic to copiotrophic communities, bacterial signatures described as the means of maximal growth rate potential, genome size and RRN were analyzed.

Differential abundance (DA) analysis was conducted using R package DESeq2, which is based on the negative binomial/Gamma-Poisson distribution (Love et al., 2014). DA analysis was used to test the hypothesis that differences in community composition between treatments and compartments could be detected by divergently abundant ASVs and inferred metabolic pathways. When hypothesis testing for divergence in community structure for treatments and compartments, the log likelihood ratio test was used instead of the default Wald test due to the multiple levels present in the factors of our metadata. When analyzing the data for differences in compartments between forest zones, the Wald test was used because the factor of forest zone had only two levels. To minimize false discovery rates, the ashr log fold change shrinkage method was used to reduce noise and preserve large differences (Stephens, 2016; Zhu et al., 2018). DESeq2 adjusts p-values of significant ASVs for false discovery rate using the Benjamini-Hochberg adjustment (Love et al., 2014). The adjusted p-value threshold was set to 0.05 and the LFC threshold was set to 1. The ashr LFC shrinkage method was selected to allow usage of the contrast function in DESeq2 to compare levels within a factor to one another as well as to the set control.

For identifying differentially abundant ASVs between the treatments and the control, the DESeq matrix was calculated in which the model design tested for the main effect of Treatment, controlling for the effect of Compartment, with an interaction term of Treatment:Compartment. In the DA analysis for ASVs in compartments between forest zones, the data was partitioned by root compartment and a separate DESeq matrix was calculated for each compartment, setting the scrub forest as the control, testing for the main effect of Site, controlling for Treatments.

DA analysis was conducted on inferred metabolic pathways between compartments and the DESeq matrix was calculated for the scrub forest only, setting the bulk soil as the control. The model design tested for the main effect of Compartment, controlling for Treatment, with an interaction term of Compartment:Treatment. In the analysis for differentially abundant inferred metabolic pathways in compartments, contrasting forest types, data was partitioned by root compartment, setting the scrub forest as the control, utilizing a model design that tested the main effect of Site, controlling for the effect of Treatment.




3 Results


3.1 Forest zone


3.1.1 Soil hydrology

Hydrological measurements indicated that the soil hydrology was markedly different at the two forest zones. Over a period of 8 months, sediments at the sampling depths were inundated at all times in the fringe zone, while scrub zone sediments experienced wet/dry cycles. The scrub zone sediments experienced drying episodes on a biweekly basis in conjunction with neap tide cycle. These dry episodes lasted on average 4.4 days. Overall, the sediments were dry (at or below field capacity) 26% of the time in the scrub forest zone and the fringe forest zone was dry 0% of the time (Figure 1B; Supplementary Datasheet 1). Porewater temperature and salinity were significantly higher in the scrub zone relative to the fringe (p < 2.2 × 10−16) (Figure 2A), averaging 62.36 and 50.35 ppt respectively, with an average temperature difference of 1.03°C (Figure 2B; Supplementary Dataheet 2).
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FIGURE 2
 Physicochemical properties and microbial alpha and beta diversity between forest zones: Fringe (F) and Scrub (S). (A) Average temperature and (B) salinity from groundwater wells located near sampling field in each of the forest zones. (C) Microbial alpha diversity in Inverse Simpson diversity index between forest types, (Kruskal-Wallis, p = 0.002). (D) Alpha diversity of inferred metabolic pathways between forest zones, (Kruskal-Wallis, p < 0.001). (E) Nonmetric Multidimensional scaling (NMDS) of Bray-Curtis (dis)similarity of log10- transformed relative-abundance data, stress = 0.149. Ellipses were set to a confidence level of 0.95, used to visualize microbial beta diversity tested with PERMANOVA, p = 0.001. (F) NMDS (stress = 0.1065) visualization of metabolic beta diversity (PERMANOVA) p = 0.001.




3.1.2 Diversity and bacterial signatures

Taxonomic and metabolic alpha diversity was significantly lower in the fringe forest zone compared to the scrub (p = 0.002, p < 0.001, Figures 2C,D, respectively). Separation of microbial community structure was observed in multidimensional scaling ordination (Figure 2E), which supported significant PERMANOVA results for beta diversity between forest zones (p = 0.001), explaining 5.53% of the variance (R2 = 0.055, Supplementary Table S1). There was an interaction between compartment and site explaining 3.06% (p = 0.001, R2 = 0.031) of the variance between samples (Supplementary Table S1) with significant dispersion in compartments and forest zone data (p = 0.000 and 0.039, respectively, Supplementary Table S2). Data partitioned by forest zone revealed a significant effect of Lot in fringe and scrub forests (p = 0.001, 0.008, respectively), explaining 5.7% of the variance in the scrub forest, and 6.7% in the fringe forest. Additionally, there were significant compositional differences in predicted metabolic pathways (p = 0.001, R2 = 0.035, Figure 2F) with a significant interaction observed between forest zone and root compartment (p = 0.002, R2 = 0.021, F = 2.538; values available in Supplementary Table S3).

Maximal growth rate predictions were significant among forest zones (p < 0.001, Supplementary Figure S2B). The fringe forest zone displayed higher maximum growth rate predictions, with an average value of 10.0, while the scrub forest exhibited a mean value of 8.5.




3.2 Root compartments


3.2.1 Diversity and bacterial signatures

The effect of root compartments on beta diversity of ASVs and predicted metabolic pathways were highly significant (p = 0.001, Figures 3A,B), explaining 18.6% of the variance among ASVs and 19.5% among predicted metabolic pathways (Supplementary Tables S1, S3, respectively). Data partitioned by forest type revealed a significant interaction between Compartment and Lot (p = 0.022) explaining 1.2% of the variance. Significant dispersion was found among ASVs in root compartment samples (p ≤ 0.001). A post-hoc Dunn pairwise comparison of bacterial and metabolic alpha diversity revealed Kruskal-Wallis test scores of 140.89 (p ≤ 0.0001) and 127.87 (p ≤ 0.0001) respectively, which demonstrated the endosphere root compartment with the lowest diversity (Figures 3C,D).
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FIGURE 3
 Microbial and metabolic diversity among root compartments. (A) NMDS ordination used to visualize of differences in microbial beta diversity (PERMANOVA p = 0.001) and (B) Metabolic beta diversity (p = 0.001). Bulk soil (red), endosphere (green), rhizosphere (blue) and rhizoplane (purple) are highlighted. (C) Microbial alpha diversity and (D) metabolic alpha diversity, utilizing Dunn pairwise test with Bonferroni p adjustment, p < 0.0001.


Means of maximal growth rate predictions among root compartments were found to be significant (p < 0.001; Figure 4A), with the endosphere microbiome exhibiting the lowest growth rate mean. Comparisons of mean genome sizes and RRN among the root compartment microbiomes also yielded significant results (p < 0.001). Notably, the endosphere community exhibited the highest mean genome size, exceeding 6 × 106 bp, with approximately 3.5 RRNs (Figures 4B,C).
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FIGURE 4
 Boxplots of maximal growth rate potential, genome size and ribosomal RNA operon copy number (n16S) averages, between root compartments, and forest types, using Kruskal-Wallis test method. S = scrub and F = fringe forest zones. Bs = bulk soil samples, Rhs = rhizosphere samples, Rhp = rhizoplane samples and End = endosphere samples. (A) Maximal growth rate potential (p < 0.001), (B) Genome size (p < 0.001), (C) Ribosomal RNA operon copy number (p < 0.001).




3.2.2 Differential abundance analysis

Across both forest zones, 32% of the variance in differentially abundant microbiota between root compartments were explained on principle coordinate axis 1 (PC1), and 8% of the variance was explained along PC2 (Supplementary Figure 3A). In fringe forest samples, 36% of the variance in differential root microbiota was explained on PC1 and 8% was explained on PC2 (Supplementary Figure 3B). In the scrub forest samples, differentially abundant microbiota explained 35% variance on PC1, and 11% was explained on PC2 (Supplementary Figure 3C).

There was a total of 79 significantly enriched and depleted ASVs in rhizosphere samples. Forty-four taxa were significantly enriched in fringe forest rhizospheres while 35 taxa were significant in scrub forest rhizosphere samples. DA analysis of the rhizoplane identified a total of 59 significantly differential ASVs, 28 of which were enriched in the fringe and 31 in scrub forest samples. Pseudoanabaenales, and Halomonas sp. SS10-MC5 were most significant in the scrub rhizosphere and rhizoplane compartments while Sulfurovum and Sulfuriflexus mobilis were highly enriched in the fringe. The 10 most significant differential taxa of the rhizosphere and rhizoplane compartments (p < 0.001) are highlighted by their calculated z-scores (Figures 5A,B; all significant ASVs and specific p values are available in Supplementary Datasheets 3, 4). Additionally, the fringe and scrub endospheres revealed a total of 16 differentially enriched ASVs. Fourteen significant taxa were identified in fringe endosphere samples, with 2 significant taxa, Vibrio alginolyticus and Halomonas sp. SS10-MC5 in the corresponding scrub root compartment (Figure 5C; Supplementary Datasheet 5).
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FIGURE 5
 Heatmap of differentially abundant ASVs (DESeq2) and annotated for scrub (S) and fringe (F) forest types, among root compartments. Z scores were calculated from DESeq2 result matrix and the top 10–15 most significant differentially abundant ASVs between forest types. (A) Top 10 significant ASVs in rhizosphere root compartment. (B) Top 10 Significant ASVs in rhizoplane root compartment. (C) All significant ASVs in endosphere compartment. (D–F) MA plots from differential abundance analysis for divergent metabolic pathways (DESeq2), in root compartments, contrasting forest zones. The scrub forest was set as the control (Log2 fold change <0). Blue points represent significant differentially enriched pathways. (D) Rhizosphere, fringe vs. scrub. (E) Rhizoplane, fringe vs. scrub. (F) Endosphere, fringe vs. scrub.


Similarly, DA analysis was performed for potential metabolic pathways among root compartments, contrasting forest zones. A total of 70 significant differential metabolic pathways were observed between fringe and scrub rhizospheres, 11 of which were enriched in the fringe, while 59 significant processes were observed in the scrub. Enriched predicted degradative processes were identified in the rhizosphere for each of the forest zones (Table 1, see Supplementary Datasheet 6 for all significant metabolic pathway predictions). A total of 84 significant differential pathways were revealed in the rhizoplane (Supplementary Datasheet 7). Twenty-five were significantly enriched in the fringe and 59 were significant in the scrub forest. Among other processes, a highly significant pathway, ppGpp metabolism (p < 0.001), was enriched in the exterior scrub root compartments (Figures 5D,E).



TABLE 1 Ten most significantly differential degradative metabolic pathways classified in the rhizosphere compartment, contrasting fringe and scrub forest zones (Meta-Cyc.org was utilized for classifications).
[image: Table1]

DA analysis of fringe and scrub endosphere revealed two significant differential pathways (both p < 0.001) observed in the fringe endosphere, degradation of a secondary metabolite, autoinducer 2, and the biosynthesis of molybdenum-containing cofactor biosynthesis (Figure 5F). There were no significant differentially abundant pathways observed in the scrub endosphere.

DA analysis contrasting root compartments to bulk soil samples in the scrub forest zone identified a total of 28 significantly differential predicted pathways associated with the rhizosphere root compartment. Out of the 28 significant pathways, 16 were enriched in the rhizosphere while 12 were depleted compared to bulk soil samples. In the rhizoplane, 128 significant differentially abundant metabolic pathways were uncovered, 40 of which were enriched and 80 were depleted. DA analysis results of the endosphere and bulk identified a total of 312 significantly differential predicted pathways. 126 pathways were significantly enriched while 186 were depleted in the endosphere, compared to the bulk soil. Significant nutrient metabolisms were identified within each root compartment of the rhizosphere, rhizoplane and endosphere (Figures 6A–C and Table 2, Supplementary Datasheets 8–10, respectively, for all significant metabolic processes in the root compartments).

[image: Figure 6]

FIGURE 6
 MA plots from differential abundance analysis for potential metabolic pathways, comparing root compartments of the scrub forest, setting the bulk soil as the control (Log2 fold change <0), (A) Rhizosphere vs. Bulk Soil. Nitrogen reduction (Nred), and sulfur (S) metabolisms are noted. (B) Rhizoplane vs. Bulk Soil. Nitrogen fixation (Nfix), Nred, phosphorus (P), and S metabolisms are noted. (C) Endosphere vs. Bulk Soil. Nfix, S, hydrogen (H) and P metabolisms are noted.




TABLE 2 Identification of inorganic nutrient metabolisms, contrasting root compartments to bulk soil samples in the scrub forest zone (Meta-Cyc.org was utilized for classifications).
[image: Table2]




3.3 Nutrient fertilization treatments


3.3.1 Diversity and bacterial signatures

Treatments did not have a significant effect on alpha diversity of ASVs in either of the forest zones (Supplementary Figures 1D,E). The effect of nutrient fertilization on microbial community composition (beta diversity) was significant (p = 0.022); however, the effect size was low, explaining only 1.2% of the variance among samples (R2 = 0.012) (Figure 7A; Supplementary Table S1). Nutrient enrichment (Treatment) in the scrub forest did not have a significant effect on microbial community structure (p = 0.094). In contrast, treatments in the fringe forest zone were found to have a significant effect on sample communities (p = 0.014, R2 = 0.026). Treatments had a significant effect on compositional differences in predicted metabolic pathways (Supplementary Table S3) from both forest zones combined, however was not detectable in either of the forest zones individually. Bacterial signatures were not significant among experimental treatments (Supplementary Figure S2A).

[image: Figure 7]

FIGURE 7
 Bacteria community composition and divergence among treatments. (A) NMDS visualization (stress = 0.1478) of microbial beta diversity (PERMANOVA, p = 0.022). Nutrient treatments are highlighted: C (red) = untreated control plots, Fe (green) = iron-amended plots, N (sky blue) = nitrogen-amended plots, and p (purple) = phosphorous-amended plots. Differential abundance analysis was performed among treatments, within scrub forest (B,C) and fringe forest (D-F) zones. Significantly enriched ASVs in treatments are shown in Log2 Fold Change > 0, untreated control is shown in Log2 Fold Change < 0. (B) Nitrogen vs Control in the scrub forest, (C) Iron vs Control in the scrub forest, (D) Nitrogen vs Control in the fringe forest, (E) Phosphorous vs Control in the fringe forest, (F) Iron vs Control in the fringe forest.




3.3.2 Differential abundance analysis

DA analysis on the effect of nutrient enrichment revealed a total of 7 significantly differential ASVs in the scrub forest zone (Figures 7B,C). Six ASVs were found differentially significant from DA analysis of scrub forest N-fertilized plots compared to control plots (Figure 7C). Rhodobacterales, Ectothiorhodospiraceae (both p < 0.001), and Allocoleopsis franciscana (p = 0.000) were enriched in N-fertilized plots. Thalassococcus sp. S3, Salinisphaera, and Salaquimonas pukyongi (all p < 0.001) were enriched in the control plots. Hymenobacter (p < 0.001) was significant in iron-fertilized soils.

Significant ASVs observed in fringe control plots included Spiribacter curvatus, Desulfatibacillum aliphaticivorans, Muriicola soli, Rhodobacterales Aquirufa, Roseivivax marinus, Hyphomonas sp. Mor2 and Sulfurovum lithotrophicum (all p ≤ 0.001), and Thalassotalea crassostreae and Erythrobacter (both p = 0.000). There were no significant ASVs enriched in the N-fertilized plots (Figure 7D). A total of 9 significant ASVs were observed between the P-fertilized and control plots. Cylindrospermopsis (p < 0.001) was significantly enriched in the P-fertilized plots compared to 8 significant ASVs identified in the controls, which included Bulleidia sp. Zg-1006, Aureimonas sp. SA4125, and Thalassococcus sp. S3, (all p < 0.001) (Figure 7E). Thalassotalea sp. PS06, and Microbulbifer hydrolyticus (both p < 0.001) were significantly enriched in Fe-fertilized soils. Erythrobacter (p < 0.001) was significant in the controls compared to Fe-fertilized plots (Figure 7F).





4 Discussion

Microbial community structure, metabolic potential, and diversity varied significantly among mangrove forest zones and root compartments. Physicochemical properties such as temperature and salinity of mangrove sediments and variable hydrologic connectivity across the intertidal landscape are contributing factors in microbial community structure and diversity (Alongi et al., 1993; Zhou et al., 2014; Langenheder and Lindstrom, 2019; Zhuang et al., 2020). At the field site in Exmouth Gulf, microbial community composition and diversity differed between fringe and scrub forest zones, likely influenced by the differential groundwater connectivity related to intertidal position. Intermittent hydrologic connectivity in the scrub forest zone facilitated desiccation and increased salinity, fostering environmental heterogeneity conducive to diverse taxa that exhibit survival adaptations to harsh conditions. In contrast, environmental conditions in the fringe forest zone of the field site were subjected to homogenization and dispersion by tidal inundation (Thrush et al., 2006; Hewitt et al., 2010; De Santana et al., 2021; Junkins et al., 2022) and continual groundwater connectivity.

Bacterial communities of the rhizosphere and rhizoplane compartments displayed overall similarity in their 15 most significantly enriched taxa within each of the forest zones; however, the scrub forest zone was distinct from the fringe with its regime of highly diverse taxa and ecological roles reflecting its environmental niches. These taxa included halophilic or halotolerant species, such as those belonging to the genus of Halomonas (Kim et al., 2013), which have been identified to promote plant growth through its production of exopolysaccharide production during abiotic stress such as increased salinity (Mukherjee et al., 2019). Other bacterial members included fermenters such as Roseilatalea porphyridii (Hyeon et al., 2017) and Thermotoamaculum hydrothermale, also capable of sulfur reduction (Izumi et al., 2012).

Diverse ecological roles were further indicated by the enriched presence of Candidatus Uabmicrobium amorpheum, which is known for its predation on community bacteria and microeukaryotes via phagocytosis (Shiratori et al., 2019). Reugeria was another significant community member contributing to the functional diversity observed in the exterior root compartments of the scrub forest. It has been described to possess a unique combination of amino acid metabolism and sulfur oxidation, along with the ability to upregulate gene expression when subjected to high carbon concentrations in culture, a quality indicative of copiotrophic growth strategies (Su et al., 2023). These overlapping bacterial community members reflect the functional diversity likely recruited to the rhizoplane from the rhizosphere.

The scrub rhizoplane compartment was distinct from the rhizosphere with the presence of Stella humosa and Gemmataceae, which belong to the Planctomycetes, Verruomicrobiae and Chlamydiae (PVC) superphylum. Members within the PVC group play important roles in the global carbon and nitrogen cycles (Rivas-Marín and Devos, 2018). S. humosa exhibits oligocarbophilic characteristics, thriving in environments with low nutrient concentrations while utilizing organic carbon and amino acids (Vasilyeva, 1985). These community members are collectively indicative of the low nutrient availability in the scrub mangrove forest zone and have roles as beneficial nutrient-cycling mangrove root microbiota.

The fringe rhizoplane and rhizosphere also shared significant overlap, again highlighting the ecological continuity between these two microenvironments. In addition to this overlap, we observed enrichment of Desulfobulbus oligotrophicus, a novel and strict anaerobic sulfate reducer and propionate oxidizer. This unique metabolic profile suggested the presence of sulfur and carbon cycling processes specific to the fringe forest ecosystem (El Houari et al., 2017). Additionally, the most enriched community members of the rhizosphere and rhizoplane within the fringe forest were predominantly characterized with sulfur metabolism, specifically sulfur oxidation, which is associated with low oxygen levels (Brune et al., 2000). Prominent taxa in this context included Sulfurovum, Sulfuriflexus mobilis, and Sulfurimonas. Mycobacterium pallens was a highly significant taxa found in our fringe forest samples, classified for its rapid growth, a copiotrophic bacterial signature, coupled with its ability for nitrate reduction. However, it has been previously described as having limited tolerance to salinity (Hennessee et al., 2009), and its enrichment could be attributed to the continuous groundwater connectivity observed in the fringe zone, where salinity was observed to be significantly lower than the scrub and also highly variable.

The exterior root compartments of the scrub forest zone were enriched with a higher number of ecologically diverse taxa compared to the corresponding compartments in the fringe zone. This distinction suggested that a broader range of microbial diversity was supported by the multifarious environment of the scrub forest zone and could ultimately influence nutrient cycling, ecosystem stability, and overall ecological dynamics (Langenheder and Lindstrom, 2019). However, the endosphere compartment did not follow this pattern, with a higher number of significant ASVs observed in the fringing mangroves. The scrub endosphere was significantly enriched with two halophilic taxa. Halomonas sp. SS10-MC5l possesses genes for denitrification, assimilation, and stress response, strategies necessary to survive the extreme environmental conditions. Vibrio alginolyticus is capable of proteolysis and considerable phosphate solubilization (Mamangkey et al., 2021). Although identified as a pathogen of humans and marine animals commonly found in estuaries and coastal ecosystems (Mustapha et al., 2013; Zhou et al., 2021, its enrichment in the scrub endosphere is likely dictated by the increased salinity and recruitment for nutrient metabolisms rather than a biproduct of reduced mangrove health or function.

We expected that the endosphere compartment would contain taxa with the smallest mean genome size and lowest RRN content, given streamlined genomic features typically associated with endosymbionts and insect symbionts (Pini et al., 2011). However, our findings revealed the contrary, with the endosphere exhibiting the largest predicted mean genome size in comparison to the exterior root compartments. Of note, the endosphere can select for a diverse range of function found in both obligate and facultative symbiotic bacteria (Mitter et al., 2013). In our data, significantly differential taxa partially making up the seaward fringe mangrove endosphere community had a range of bacteria capable of a free-living lifestyle, such as taxa belonging to Helleaceae (Li et al., 2023), Mycobacteria pallens (Hennessee et al., 2009), and Desulfourivibrio alkaliphilus AHT2 (Melton et al., 2016). Taxa known for nitrogen-fixation in plant-associated symbiosis, such as Rhizobium (Díez-Méndez and Menéndez, 2021) were also found significant in the fringe endosphere. Subsequently, higher maximal growth rate predictions were observed in the exterior root compartments, compared to the endosphere. This would be expected with higher concentrations of carbon sources in the immediate root exterior, to which copiotrophic taxa belonging to Alpha-, Beta- and Gamma- proteobacteria and Actinobacteria phyla would congregate (Fierer et al., 2007; Chen et al., 2016).

Significant differences in degradative pathways between fringe and scrub rhizospheres were identified. The fringe rhizosphere was highly enriched with degradative processes of aromatic compounds, in particular phenols, which are produced by plants as defense against pathogens (Liao et al., 2020) and more specifically, biphenyls have been reported to be produced when the plant is under pathogenic attack (Zhou et al., 2016; Li et al., 2017; Wang Y. et al., 2022). Rhizoplane compartments in the fringe forest zone were depleted of inorganic nutrient metabolisms such as phosphonate degradative processes and nitrogen fixation compared to the scrub zone. Instead, the fringe was highly enriched in biosynthesis of vancomycin resistance, and degradation of heme, which are present in many pathogens and mycobacteria (Chim et al., 2010). Significant degradative processes shifted from predominantly aromatic compounds in the fringe rhizosphere to more diverse processes such as degradation of sugars and alcohols in the rhizoplane, suggestive of stronger plant root influence on microbial community structure. Two pathways enriched in the fringe endosphere included degradation of a secondary metabolite autoinducer, which is responsible for cell–cell communication, and quorum sensing (Pereira et al., 2013). Together, these two pathways are likely indicators of high cell density in the fringe endosphere compartment (Compant et al., 2021).

In contrast to the fringe zone, carbohydrate degradative processes were most significant in the scrub forest. However, the single most significant pathway overall was a metabolic regulating pathway associated with ppGpp nucleotides (guanosine 3′-diphophate 5′-diphosphate). The ppGpp pathway upregulates gene expression with bacterial stringent response, and is a global regulator activated during nutrient or energy starvation and environmental stress (Traxler et al., 2008). Additionally, biosynthesis of glutathione, which plays an important role in the detoxification of ROS stress (Wongsaroj et al., 2018), was significantly enriched in the scrub forest zone. These inferred metabolic pathways are indicators for divergent environmental stressors characterizing physicochemical differences between forest zones, particularly that higher temperatures and hypersaline conditions that are associated with oxidative stress (Lee and Park, 2012).

Since there are not many existing studies describing root metabolic function of a scrub mangrove forest zone, we sought to contribute to this knowledge. Significant divergence of predicted metabolic function was observed among the root compartments with some overlap of nutrient metabolisms observed. Compared to bulk soil samples, the rhizosphere and rhizoplane compartments were differentially enriched with sulfur and nitrate compound metabolisms for DMS degradation, dissimilatory sulfate reduction to thiosulfate, and nitrate reduction. Our results are comparable to other studies (Edwards et al., 2015; Liao et al., 2020; Zhuang et al., 2020), where sulfate reduction was found more enriched in the rhizosphere and bulk soil. These findings are reflective of an oxygen gradient characterized by mangrove soil conditions, in which redox potentials can facilitate sulfate reduction. Among other significant nutrient metabolisms, the rhizoplane was additionally enriched with two component alkanesulfonate monooxygenase, which has been associated with Beta- and Gammaproteobacteria and plays a protective role as controllers of the sulfur cycle against oxidative stress in sulfur-limited environments (Park et al., 2020). Our results differed from other earlier studies (Edwards et al., 2015; Liao et al., 2020; Zhuang et al., 2020), which showed enrichment of methanogens and methanotrophs in Kandelia obovata and Arabidopsis thaliana endospheres. However, decreased methanogen and methanotroph presence has been correlated to higher saline conditions (Chen S. et al., 2020), which is congruous with the physicochemical conditions in the scrub forest zone of the experimental site in Exmouth Gulf.

Bacterial signatures of maximal growth rate predictions, genome size and RRN were not significant among treatments. Even in nutrient-available systems and optimal growth conditions, such as absence of competition, variations in maximal potential growth rates are dependent upon cell machinery capabilities (Bledsoe et al., 2020). It has been thought that intermittent nutrient availability strongly selects for taxa capable of upregulating their growth rate to transfer the energy source into biomass (Westoby et al., 2021). Therefore, it is difficult to detect overall shifts in trophic strategies due to the episodic availability and usage of nutrients and are more likely to be represented by a spectrum (Westoby et al., 2021). In our study, nutrient treatments did not have a significant long-term effect on trophic strategies within each of the forest zones; however, bacterial beta diversity was significantly affected in the fringe forest zone. As ground porewater is another source of nutrients (Wang F. et al., 2022), the continual hydrologic connectivity in the fringe forest zone could be a contributing factor to these findings; however, it is not well understood and further research would be needed. Other contributing factors could include the homogenizing forces of tidal variation characteristic of the intertidal fringe forest zone, which selected for taxa with faster growth rates and metabolic flexibility (Junkins et al., 2022; Ngugi et al., 2023), while the lower growth rates observed in the scrub forest zone were selected for extreme and adverse environmental stressors.

Differentially enriched taxa capable of thriving in harsh, desiccated environments were observed in N-fertilized plots compared to untreated control plots in the scrub forest zone. Interestingly, cyanobacteria Allocoleopsis franciscana from the family Coleoasciculacea is not capable of nitrogen fixation, but rather, reported to be a pioneer of biological soil crust formation. In contrast, the control plots relative to N-fertilized plots, were enriched with nutrient cycling taxa characteristic of oligotrophic mangrove microbiomes, such as nitrogen-fixing plant symbiont belonging to Hyphomicrobiales and Thalassococcus, belonging to Rhodobacteraceae, a family entrenched with sulfur and carbon biogeochemical cycling species (Pujalte et al., 2014). The family of Phyllobacteriaceae of the order Hyphomicrobiales, characterized by nitrogen cycling and as beneficial plant root-associated taxa (Willems, 2014), were found significantly enriched in control soils. Significant differential enrichment of denitrifiers or nitrate-reducers were not observed when comparing N-amended to untreated mangrove soils and further conclusions could not be made on the long-term effects of nitrogen fertilization. In previous studies where N addition has impacted microbial community composition, higher relative abundance in taxa possessing nitrate-reducing and ammonium-oxidizing metabolic pathways were observed (Palacios et al., 2021).

Few taxa were significantly enriched in treatment plots compared to the control plots in the fringe forest zone, indicating depletion of nutrient-cycling taxa. Significant ASVs enriched in fringe forest control plots consisted of marine and mangrove-associated microbes included in genera from Alpha-, Delta-, Gamma- and Epsilon- Proteobacteria. Oligotrophic nitrate reducing Hyphomonas, a member of the Hyphomonadaceae family (Abraham and Rohde, 2014), were identified in addition to other oligotrophic taxa from the Rhodobacteraceae family (Simon et al., 2017) in fringe zone control plots. Additionally, nitrogen-fixing Aureimonas sp. SA4125 (Sakai et al., 2021) and several taxa involved in sulfur cycles were observed, including Spiribacter curvatus (León et al., 2015), Roseivivax marinus, a sulfur oxidizer (Simon et al., 2017), and sulfur-reducing Desulfobacticillus aliphaticivorans (Cravo-Laureau et al., 2004).

Thalassotalea SP06 was enriched in fringe Fe-fertilized plots and are known to contribute to the biodegradation of hydrocarbons. Additionally, Thalassotalea possess gene repertoires for assimilatory nitrate and sulfate reduction (Kim et al., 2020). It has been suggested that Thalassotalea SP06 is capable of adapting to habitat changes or evolutionary challenges and are predicted to be metabolically flexible, a characteristic that has been correlated with requisite bacterial lifestyle strategies of the intertidal fringe zone (Junkins et al., 2022; Ngugi et al., 2023).

The long-term effect of nutrient enrichment was clearly indicated in P-amended soils located in the fringe forest zone. The differentially abundant Cylindrospermopsis is a harmful algal bloom-forming cyanobacteria associated with eutrophication (Burford et al., 2016), placing it on the spectrum of copiotrophy. Studies conducted on Cylindrospermopsis revealed C. raciborskii has become widely distributed and globally invasive (Antunes et al., 2015), with toxin-producing strains isolated in Australia and Asia (Piccini et al., 2011).

DA analysis suggested long-term nutrient fertilization have altered community structure to some extent. The results of this study were partially consistent with our hypotheses that community divergence would be driven by the enrichment of particular taxa associated with nutrient pollution such as copiotrophs, nitrate reducers or ammonia oxidizers, resulting in reduced diversity (Erazo and Bowman, 2021). While there was not a clear signal of the aforementioned variety of taxa observed across all treatments, beta diversity in the fringe forest zone was slightly affected by nutrient enrichment. Coupled with reduced alpha diversity and the presence of metabolic pathways associated with pathogenicity, these results could collectively suggest reduced health and stability.

Overall, our study indicated the effects of root compartment mechanisms and physicochemical properties of forest zones outweighed the long-term effects of nutrient enrichments. DA analysis provided insights into the microbial communities inhabiting these distinct ecosystems, shedding light on their diverse ecological roles and functional adaptations within their respective forest zone-related environmental characteristics. The observed differences in community structure and functional diversity between forest zones highlight the need for deeper understanding of ecosystem-specific microbial interactions. Our data indicated abiotic and biotic interactions are shaping microbial community composition. In the context of climate change and rising sea levels, environmental changes are implicated to drastically influence the mangrove’s microbiome. These adverse environmental factors and long-term nutrient stress could have a negative impact on beneficial root-microbial partnerships in mangrove ecosystems, as well as diminish mangrove ecosystem function.
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