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Abstract

:

The ecology of complex microhabitats remains poorly characterized in most tropical and subtropical biomes, and holds potential to help understand the structure and dynamics of different biodiversity components in these ecosystems. We assessed nutritional and metabolic parameters of two bromeliad species (Aechmea gamosepala and Vriesea platynema) at an Atlantic Forest site and used 16S rDNA metabarcoding to survey the microbial communities inhabiting their tanks. We observed that levels of some nutrients (e.g., nitrogen) varied across seasons consistently in both species, while others (e.g., phenolic compounds) presented considerable differences between the two bromeliads. In contrast, patterns of tank microbial diversity did not follow a similar temporal trend. There was extensive variation in microbial composition among samples, which included intra-specific differences but also some consistent differences between the two bromeliads. For example, Citrobacter, Klebsiella and Pantoea presented significantly different abundances in the two species. Interestingly, the dominant bacterial genera in both species included Pseudomonas and Enterobacter, which have been reported to include plant-beneficial species. Overall, our data contribute to the characterization of the nutritional status of Atlantic Forest bromeliads and the composition of their prokaryotic communities, laying the foundation for detailed investigations targeting the ecological interactions between these plants and their associated microbes.
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1. Introduction


Plants within the family Bromeliaceae have terrestrial and/or epiphytic growth habits [1] and bear a suite of anatomical, morphological, and physiological adaptations that allow them to cope with a fluctuating resource supply. Tank-forming bromeliads are capable of retaining water and catching nutrients from organic debris through specialized trichomes located on the inner surface of the leaves [1]. Although nutrient concentrations in these tank microhabitats (called phytotelmata) are rather low when compared to soil, they present a rich source for an epiphytic plant species [2]. Depending on its location, each bromeliad receives different amounts of litter and sunlight, which affect plant metabolism as well as microbial diversity in the tank [3]. In general, there is low nutrient availability in epiphytic habitats, with phosphorus (P) and nitrogen (N) representing the most limiting elements [4]. The levels of plant compounds such as nitrogen, lipids, carbohydrates and organic solutes are affected by the amount of organic debris in the tank, sunlight and leaf development phase [5,6]. Although many bromeliads live in humid environments, nearly 50% of the species exhibit Crassulacean acid metabolism (CAM) [7]. Among them, bromeliad epiphytes show high plasticity in photosynthesis, ranging from C3 to facultative CAM to full CAM [8]. This plasticity improves water-use efficiency and reduces the impact of variable levels of sunlight and water supply [9].



The retained water and nutrients in phytotelmata promote the development of complex aquatic environments [10]. Tank communities include vertebrates [11], invertebrates [12,13,14], as well as eukaryotic microorganisms [15,16,17,18] and prokaryotes [19,20,21,22,23,24,25,26,27,28]. However, given the diversity of bromeliads and the variety of habitats in which they occur, most of their phytotelmata communities remain poorly known or completely undescribed, precluding a complete understanding of their structure and dynamics.



In addition to its relevance in the context of characterizing biodiversity in poorly known habitats, identifying the prokaryotic communities of bromeliad phytotelmata has the potential of shedding light onto their interaction with the host plants’ metabolism of several compounds. For example, nitrogen is known to be intensively metabolized in bromeliad tanks [29,30,31], raising the hypothesis that microorganisms present in the tank may influence this process. Likewise, Goffredi and co-workers [23] suggested that the bromeliad tank might be the place to find microorganisms related to carbon cycling in tropical forests, such as methanogens. Brandt et al. [25] evaluated the effect of moisture levels on the archaeal community and methanogenesis in bromeliad tanks, concluding that the pathway of methane formation in these micro-ecosystems may be strongly susceptible to periods of drought in Neotropical forest canopies. Altogether, these previous studies indicate that characterizing the microbial communities of bromeliad tanks in different ecological contexts is a necessary first step to understand their roles in these physiological processes. Finally, unknown metabolic pathways of microorganisms are likely to be widely distributed in unexplored natural ecosystems—such as bromeliad tank waters—and may present attractive biotechnological potential [32].



Here we describe the nutritional status and phytotelmata bacterial composition of two tank bromeliad species, Aechmea gamosepala (with a CAM photosynthetic pathway) and Vriesea platynema (with a C3 photosynthetic pathway). Specifically, we aimed to investigate whether there were differences between the two bromeliad species with respect to (i) seasonal patterns of variation in the plant’s physiological parameters; (ii) the composition and seasonal variation of their phytotelmata microbial communities; and (iii) potential correlations between changes in plant physiological parameters and microbial community composition.




2. Materials and Methods


2.1. Sample Collection


Sampling was performed in a high-altitude (900 m a.s.l.) native forest within the Pró-Mata Center for Research and Nature Conservation (CPCN Pró-Mata) located in São Francisco de Paula, Rio Grande do Sul state, southernmost Brazil. The sampled area is located at the limit between the Araucaria (Brazilian pine) forest and the coastal Atlantic forest (29°27’ S to 29°35’ S and 50°08’ W to 50°15’ W) (Figure 1) and harbors a rich diversity of epiphytes. The region’s climate is classified by Köppen as Cfb, moist marine coast climate, with a mean rainfall of about 2250 mm per year, and an annual average temperature of 14.5 °C [33,34].



We collected leaf samples and phytotelmata water (including debris) from five individuals each of A. gamosepala and V. platynema (Figure 2). For analysis purposes, they were designated A1 to A5 for the A. gamosepala individuals, and V1 to V5 for the V. platynema individuals. All sampled individuals were epiphytic, placed under shade conditions below a dense canopy, and distributed along a steep forest trail spanning ca. 450 m from sampling point 1 to point 5 (see Figure 1 in [18]). Sampling was carried out in 2010, with one sampling campaign being performed per season. Water tank temperature ranged from 5 °C in winter samples to 20 °C in summer samples. The average pH in the water tank was 6 for all specimens and sampling times (Table 1).



For quantification of plant nutrients, such as macronutrients (nitrogen, phosphate, and potassium), reducing sugars (soluble pentoses and hexoses), total soluble proteins and phenolic compounds, bromeliad leaves were sampled and immediately stored at −20 °C. All collected leaves were from adult specimens of A. gamosepala and V. platynema, and two leaves from each plant (from the 4th to the 9th visible leaf in the rosette leaf arrangement) were used in the experiments. The leaves were divided into two main parts: the basal leaf portion, forming the tank structure, and the middle-apical ones, which receives more light. Only the middle-apical portion was sampled (>20 cm length) to avoid disturbing the tank. All five individuals from each plant species were investigated. Samples were analyzed in triplicate under the same conditions.



We assessed the total water volume present in the tanks including debris of each target bromeliad. About 2 mL of water and debris were collected using a Pasteur pipette and were mixed with 2 mL of Tris-EDTA SDS (TES) lysis buffer (see [18]). After collection, samples were stored at −20 °C for DNA extraction and microbial DNA metabarcoding analyses. To maximize the opportunity for within-species differences and thus allow a conservative comparison of the microbiota between A. gamosepala and V. platynema, we performed DNA metabarcoding analyses only for the two specimens located at opposite ends of the sampled trail (A1 and A5, V1 and V5, respectively). This strategy was supported by the plant physiological data for both species (see Results), since the only parameter that differed significantly among individuals of the same species sampled on the same day was sugar level between points 1 and 5. The same DNA extracts used here were employed in a separate study focusing on the eukaryotic microbial community [18].




2.2. Plant Nutritional Parameters


Leaf samples were oven-dried at 40 °C for 72 h and ground. Samples [100 mg dry mass (DM)] were then digested with sulfuric acid at 350 °C for 1 h, according to the Kjeldahl method [35]. After cooling, total nitrogen was evaluated by transferring the mixture to a new flask, adding sodium hydroxide (10 M) and titrating with sulfuric acid (0.025 M). Phosphorus and potassium were determined in the digested samples using a colorimetric reaction. Briefly, phosphorus was evaluated by a reaction with ammonium molybdate (0.38%) and chloridric acid (0.87 M). Then, the reaction was supplemented with 1-amino-2-naphthol-4-sulfonic acid, sodium sulfite and sodium metabisulfite. After 15 min, the solution absorbance was measured at 660 nm. The potassium content was determined directly in a flame photometer [36]. Results were expressed as total leaf potassium or phosphorus (%). To assess N/P limitation, we used a method based on critical values of N:P ratios in above-ground plant material, where N:P ratios > 16 indicate P-limitation, N:P ratios < 13.5 indicate N-limitation, and ratios between 13.5 and 16 indicate N/P co-limitation [37].



For plant sugar analyses, leaf samples [0.5 g fresh mass (FM)] were extracted with aqueous methanol (80%; v/v), centrifuged at 2500× g for 10 min at room temperature and the supernatant reserved. The total soluble sugars were determined by the colorimetric Anthrone method [38] and estimated via reading the absorbance (620 nm) of the resulting solution against a glucose standard curve.



Phenolic compounds were analyzed in a spectrophotometer, following Sávio et al. [39]. Briefly, 100 µL of the methanolic extract was mixed with 2.5 mL of Folin–Ciocalteau reagent and 0.7 M Na2CO3. Samples were incubated at 25 °C in the dark for 30 min, and absorbance was measured at 765 nm. Gallic acid was used as the standard. The content of total phenolic compounds was expressed as mg g−1 of DM.



To determine total soluble proteins, leaf samples (0.5 g FM) were ground in 5 mL of 50 mM sodium phosphate buffer (pH 7.0), supplemented with 2% (v/v) Triton X-100 and 1% (w/v) polyvinylpyrrolidone. Extracts were filtered and centrifuged at 2500× g for 15 min at 5 °C, and their supernatant was collected for determination of soluble protein content. The protein content was measured with Bradford’s [40] method, using bovine serum albumin as a standard.



The data were analyzed using ANOVA complemented by Duncan’s test, with alpha = 0.05. The occurrence of extreme values was determined by a BoxPlot assessment. The homogeneity of variances was determined with Levene’s test and, when necessary, data were transformed to adjust them to the normal distribution. Student’s t-test was employed to compare plant species within the same season for each nutritional parameter. Statistical analyses were performed with Statistical Package for the Social Sciences (SPSS) version 22.0 (IBM, Armonk, NY, USA).




2.3. Analysis of Phytotelmata Microbial Communities


Total DNA was extracted from 250-μL phytotelmata water and debris samples using the DNeasy Blood & Tissue kit (Qiagen, Valencia, CA, USA), as described by Simão et al. [18]. Partial 16S rRNA gene sequences were amplified using universal primers 515F and 806R [41], with the addition of a barcode sequence and the required Illumina sequencing adapters [42]. Polymerase chain reactions (PCR) were prepared with 1U of Platinum Taq Polymerase (Life Technologies, Carlsbad, CA, USA), 10 μM of primers and 20 ng of template DNA in a 50-μL total volume reaction. PCR reactions included one initial denaturation step at 94 °C for 3 min, 20 cycles including denaturation for 45 s at 94 °C, annealing for 45 s at 53 °C, and extension for 90 s at 65 °C, with one final extension step for 10 min at 65 °C. PCR products were purified using the PCR Purification kit (Qiagen, Valencia, CA, USA) following the manufacturer’s protocol, except for eluting in sterile water. Amplified DNA was quantified with Qubit dsDNA High Sensitivity (Invitrogen, Carlsbad, CA, USA). Sequencing was conducted on an Illumina HiSeq 1000TM machine (Illumina, San Diego, CA, USA) with paired reads of 101 bp. The sequences obtained were trimmed for quality using a modified version of Trim2 [43,44], and the first 11 bases of the primer region of each paired read were removed to prevent biases due to the degenerate bases in the primer sequences. Since all samples were sequenced in a multiplexed Illumina run, barcode sequences were used to identify each sample from the total sequencing output.



The prokaryotic database used for 16S rRNA analysis was downloaded from the Ribosomal Database Project (RDP) website [45] and formatted using TaxCollector [46]. References for isolates and sequences of all sizes were included. Sequences were trimmed for low-quality bases and short reads and compared to the TaxCollector-modified RDP database using CLC Assembly Cell (version 3.11; CLCBio, Aarhus, Denmark) utilizing the paired reads and global alignment parameters. Two specific parameters were used in this step, a 98% length fraction and similarity values dependent on the desired taxonomic level, i.e., 80% for Domain/Phylum, 90% for Class/Order/Family, 97% for Genus (or corresponding operational taxonomic unit, OTU) and 99% similarity for Species (or corresponding OTU) [47]. Pairs that matched different references at a particular level were classified at the lowest common taxonomic level. Unresolved pairs (i.e. different classifications for the two reads) were discarded. Reads were also analyzed unassembled (i.e., only one read from each successful pair) using the Meta Genome Rapid Annotation of Sequence Technology (MG-RAST) server [48]. We initially focused on the relative abundance of taxa present at frequencies >1% in at least one sample and compared the observed patterns between A. gamosepala and V. platynema samples. We then performed the same assessment for genera of low abundance (relative frequencies 0.01–0.1% in ≥ 1 sample). Finally, we investigated patterns of variation in genera of both high and low abundance regarding potential features that could relate to plant physiology.



Student’s t-test was employed to determine differences among samples regarding proportions of microbial taxa, with alpha = 0.05, using the software SPSS version 22.0. Sequencing results were deposited in the National Center for Biotechnology Information (NCBI) database under BioProject PRJNA400159. To assess whether there were significant differences in the microbial community between plant species and seasons, relative abundance values were compared using paired t-tests. The similarity between communities was calculated using the Bray-Curtis similarity matrix and used in a principal coordinate analysis (PCoA). Diversity measure followed the criteria: a maximum e-value cutoff of 1 × 10−10, minimum percent identity cutoff of 95% and default minimum alignment length cutoff. Statistical analyses were performed with SPSS v.16.





3. Results


3.1. Physiological Parameters of V. platynema and A. gamosepala


We observed significant intra-specific seasonal differences in some nutritional parameters (nitrogen content, soluble proteins, sugars, and phenolic compounds) for both bromeliads (p < 0.05), and other physiological features that differed between the two species. The protein content in V. platynema samples (2.88 mg g−1 FM) was consistently higher than that observed for A. gamosepala (1.77 mg g−1 FM), independently of the season (p = 0.001), while the amount of nitrogen was similar in both species over time, except in the fall (p = 0.049) (Figure 3A). The nitrogen content in leaves of V. platynema showed no alteration (p = 0.16) among the seasons (Figure 3A), ranging from 1.07% to 1.38% in spring and summer, respectively. Samples from A. gamosepala showed a reduced amount of nitrogen (p = 0.04) in the fall and winter (1% and 0.96% DM, respectively). The highest level of protein (3.3 mg g−1 FM) was observed in the leaves of V. platynema collected in the spring (p = 0.01) and the lowest one in the winter (2.2 mg g−1 FM) (Figure 3B).



No significant interaction was observed between season and sampling point (p = 0.39) for reducing sugars. However, the seasons affected sugar production in both bromeliads. Sugar levels were drastically reduced (p = 0.0001) in V. platynema (5.1 mg g−1 FM) and A. gamosepala (p = 0.002) (8.5 mg g−1 FM) during the fall (Figure 3C). In general, A. gamosepala presented a higher level of sugars, compared to V. platynema (p = 0.001). An interesting observation was that this was the only parameter that exhibited, for both species, intra-specific variation within the same season, always involving sampling points 1 and 5 (Table 2).



We observed no significant interaction between season and potassium or phosphate contents for either A. gamosepala or V. platynema (potassium: p = 0.17 and p = 0.87, respectively; phosphate: p = 0.52 and p = 0.31, respectively) (Figure 3D,E). When both species were analyzed jointly across seasons, there was still no significant variation (p = 0.6 and p = 0.93 for potassium and phosphate, respectively). Nevertheless, a reduction in the level of phosphate was observed in the fall for both species (A. gamosepala: 0.074% DM; V. platynema: 0.067% DM). Also, potassium levels in A. gamosepala were higher (p = 0.006) than those in V. platynema in the spring (Figure 3D). Concerning phenolic compounds, V. platynema did not present significant changes across the seasons (p = 0.17) (Figure 3F), whereas A. gamosepala exhibited significantly higher levels of them (p = 0.002) in the summer and winter (19.2 and 18.2 µg g−1 FM, respectively).



Although N was drastically reduced (p = 0.049) in A. gamosepala in the fall and winter (Figure 3A), the N:P ratio did not change for this species (p = 0.059), showing rates of 12.66, 13.54 and 10.49 in the spring, fall and winter season, respectively (Figure 4). Differently, the observed N:P ratio for V. platynema changed over the seasons (p = 0.041), showing the highest value in the fall (16.68) and the lowest one in the spring (9.61). Interestingly, the N content in V. platynema did not change significantly (p = 0.164) along the one-year period (Figure 3A).




3.2. Microbial DNA Sequencing Data


All A. gamosepala and V. platynema individuals sampled in this study presented tanks filled with water across all the surveyed seasons. The total volume of water present in their tanks ranged from 5 to 29 mL (Table 1), without any detectable drought episode. From the initial 16 collected samples, only 12 yielded sufficient DNA sequencing reads to allow downstream analyses. After trimming low-quality bases and removing short reads, a total of 1,110,704 16S rDNA sequences (491,934 from A. gamosepala and 618,770 from V. platynema) was employed in the downstream analyses, representing an average of 100,973 sequences per sample after filtering.



Our data indicated that bacterial and archaeal domains in bromeliad tanks included 18 phyla, 31 classes, 53 orders, 103 families, 260 genera and 499 species. In general, the bacterial communities of bromeliads were overwhelmingly dominated by a few taxa, with median relative abundances greater than 1%. Analyzing the combined data from all bromeliad water samples, we observed five bacterial phyla (Acidobacteria, Actinobacteria, Bacteroidetes, Firmicutes, and Proteobacteria) presenting relative abundance values higher than 1% of the total reads, among which Proteobacteria was the most frequent (Figure 5A).



To assess the structure of prokaryotic communities of the surveyed bromeliad individuals, we investigated the results obtained for A1 and A5 (A. gamosepala), as well as for V1 and V5 (V. platynema) along one year. No statistical differences were observed among samples from each bromeliad specimen across time (p = 0.730). Therefore, to compare individuals from the same species, we used an average value from all seasonal samples for each specimen. For V. platynema, the results indicated an absence of significant differences between V1 and V5 for all taxonomic levels. Regarding the A. gamosepala individuals A1 and A5, the order Neisseriales presented higher relative abundance in A5 than in A1 (p = 0.048). At the family level, eight families were also significantly more frequent in A5 than in A1 (Table 3). All these bacterial families belonged to rarely observed taxa, being composed by less than 0.2% of the total reads. Four of them belonged to the phylum Actinomycetes (Acidimicrobiaceae, Frankiaceae, Micrococcaceae and Nakamurellaceae). At the genus level, 13 genera were significantly different in abundance between the A1 and A5 specimens. Of this total, only Cronobacter and Escherichia presented abundances higher than 1% in at least one specimen (Figure 5C). All the remaining genera belonged to the rarely observed taxa.




3.3. Differences in the Microbial Communities of A. gamosepala and V. platynema


Proteobacteria was the phylum with the highest relative abundance in both plant species, comprising an average of 86.6% of the total reads in A. gamosepala and 80.4% in V. platynema (Figure 5A). Within this group, there was a dominance of the class Gammaproteobacteria in both bromeliad species, comprising 77% of the total reads in A. gamosepala and 65% in V. platynema (Figure 5B). Among the reads identified at class level, it was followed by Alphaproteobacteria (4.5% and 3.6% of the total reads) and Betaproteobacteria (1.2% and 4.5% of the total reads) in A. gamosepala and V. platynema, respectively. Bacteroidetes was the second most frequent phylum in both bromeliads, representing an average of up to 5.5% of the total bacterial sequences in both bromeliad species (Figure 5A). The few detected archaeal sequences were classified at phylum level as belonging to Euryarchaeota and Crenarchaeota, jointly representing ≤ 0.04% of the total reads in A. gamosepala and ≤ 0.24% of the reads in V. platynema (data not shown).



Of a total of 260 detected genera, 20 presented a relative abundance higher than 1% in at least one sample (Figure 5C). The enterobacteria Citrobacter, Klebsiella, and Pantoea showed significantly higher abundances in A. gamosepala. The majority of the detected genera presented a low relative abundance (below 1% of the reads).



At the species level, 34 OTUs were found at abundances higher than 1% in at least one bromeliad specimen. Most of these OTUs were identified as belonging to species from the families Enterobacteriaceae and Pseudomonadaceae. Of them, Enterobacter sp., Enterobacter asburiae, Erwinia sp., Erwinia tasmaniensis, Klebsiella sp., Klebsiella pneumoniae, Kluyvera ascorbata, Pantoea agglomerans, Salmonella sp. and Salmonella enterica were significantly more frequent in A. gamosepala than in V. platynema. Conversely, Escherichia coli and Pseudomonas sp. were significantly more prevalent in V. platynema than in A. gamosepala (Table 4). As was observed at the genus level, the majority of the detected species had low relative abundances. The number of classified bacterial OTUs shared between the two bromeliad species was 459, while 130 were observed solely in V. platynema and 119 only in A. gamosepala (Figure 6A).



Regarding the taxa of low abundance (relative frequencies 0.01–0.1% in ≥ 1 sample), only a few sequences were classified at genus or species level (less than 0.001%). Nevertheless, 133 genera were observed in both bromeliad species. Half of these genera presented members that have been described as plant-growth promoting bacteria. Among the rare OTUs at the genus level, five were found exclusively in A. gamosepala, and ten in V. platynema. At the species level, 22 OTUs were observed solely in A. gamosepala, and 18 in V. platynema.



The PCoA revealed a separation between the overall profile of Aechmea and Vriesea samples from all seasons, which is an indication that the bacterial community is distinct in each of the bromeliad species (Figure 7). The number of OTUs shared among seasons varied between A. gamosepala and V. platynema (see Figure 6B,C). In V. platynema, 45 bacterial OTUs were observed in all seasons, a pattern seen in 204 OTUs for A. gamosepala. Moreover, A. gamosepala presented a more homogeneous pattern of shared OTUs among seasons relative to V. platynema, which presented a more distinct pattern of OTU diversity for each season. For both species, spring and winter were the seasons that most shared OTUs, with V. platynema presenting much more sharing (168) than A. gamosepala (35).





4. Discussion


In this study, we evaluated nutritional parameters and the structure of bacterial communities from the water tanks of two bromeliad species (A. gamosepala and V. platynema) in different seasons within a one-year interval. Analyses of plant physiology indicated that some nutritional aspects varied according to season and plant species, although unexpected stability in the levels of potassium and phosphate was observed over the sampled period. The high content of sugars and the low amount of soluble proteins found in A. gamosepala leaves may be attributed to CAM photosynthesis. The CAM strategy allows intracellular CO2 to be used more effectively by plants with less catalytic protein [49]. When sugar levels were compared, V. platynema (a C3 plant) reached the same level presented in A. gamosepala only in the summer season. Although CAM photosynthesis represents an adaptation to arid habitats, in a humid forest the CAM strategy is more related to overall carbon gain than for the improvement of water-use efficiency [49]. Moreover, Pierce et al. [50] demonstrated that the CAM pathway in Aechmea dactylina from wet cloud forests might compensate for the low CO2 assimilation in wet leaves.



The bromeliad epiphytes evaluated here presented tanks filled with water and organic debris throughout the seasons, without any drought period recorded at the site during sampling campaigns. These results indicate that stress factors such as drought and pH of the water tank (Table 1) did not play an important role in our data set. In this context, Louca et al. [31] investigated the structure of bacterial and archaeal communities inhabiting the tanks of Aechmea nudicaulis and Neoregelia cruenta from a Brazilian dune forest. In that study, CO2 reducers (oxygenic and anoxygenic phototrophs, as well as methanogenic species) were detected at high abundances, indicating an intense primary production occurring within these communities, which may directly or indirectly contribute with organic carbon supply to the host plant.



In tank bromeliads, the leaf is considered a vital vegetative organ since it uptakes and assimilates the nutrients for the plant [51]. Although natural fluctuations in the supply of K and P were expected, their levels did not change for either plant species along seasons. However, the nitrogen level was drastically reduced in A. gamosepala during fall and winter (Figure 3). These results indicate that K and P are available in a similar amount for both plant species regardless of the season. Interestingly, the N:P ratio indicated that P and N were limiting the growth of V. platynema and A. gamosepala during the summer. Furthermore, the N:P ratio stated that P was also limited in V. platynema during the fall, while N was limited in the spring. Nitrogen and phosphorus availability limit plant growth in most terrestrial ecosystems. In terrestrial N-deficient plants, there is uptake compensation, increasing the rate of N uptake and reducing the P uptake, while in P-deficient plants the opposite occurs [52]. The tank in bromeliads generally presents low contents of nutrients due to fast absorption of these elements [2], since they take up both N and P in a highly efficient manner. Approximately 90% of the phosphorus is withdrawn from the Aechmea fasciata tanks within 12 h, and about 97% of this element reappears in the plant tissue, especially in distal leaf segments [53].



In bromeliads, nutrient uptake is adapted towards the capture of short pulses, and such a combination of high uptake of nutrients and slow growth may lead to accumulation of reserves [54]. The quality of organic matter may also affect the litter decomposition in the tank, resulting in microbial P immobilization and a further decrease in P availability to plants [55]. In general, the diagnostic value of N:P ratios is regarded as much more reliable than that of single nutrient critical values for terrestrial ecosystems [56]. The N:P ratio < 13.5 indicates that N limits the growth of V. platynema (11.37) and A. gamosepala (10.49) in the winter. However, the N:P ratio observed in A. gamosepala (15.15) and V. platynema (15.2) in the summer suggest that plant growth was co-limited (N:P 14 to 16) by N and P together [37,56,57]. According to Wanek & Zotz [4], high foliar N:P ratios (>12) in Vriesea sanguinolenta represented a comprehensive P limitation (or co-limitation by N and P) in this bromeliad. These data suggest that the growth of V. platynema may be limited by the lack of P in the fall. On the other hand, our results indicate that this bromeliad increased the P uptake in the spring.



Using a DNA metabarcoding approach, we identified a diverse set of microbial groups in the bromeliads’ phytotelmata, with considerable homogeneity in some individual microbiomes along the year. Nevertheless, substantial differences in the structure of microbial communities were observed between the bromeliad species, as well as among individuals of the same species. Differences in prokaryotic communities have already been revealed among individuals and species in other bromeliads from the Brazilian Atlantic forest, such as Aechmea nudicaulis, A. lingulata, Vriesea neoglutinosa, and N. cruenta [27,31,58,59]. These studies reported differences in the composition of microbial communities among bromeliad individuals, with some differences occurring among plant species, a similar result found in the present study.



In tanks of V. platynema, the bacterial genera Pseudomonas, Yersinia, Serratia, Escherichia, and Enterobacter presented the highest relative abundance (average higher than 5% of the total sequences). There are many plant-inhabiting Pseudomonas capable of positively interacting with their hosts, producing molecules that promote plant health [60], which indirectly help increase the absorptive surface of the plant [61]. Moreover, Pseudomonas has been reported as the most frequent genus in the leaf epiphytic community in Arabidopsis plants [62]. In the genus Escherichia, the species E. coli has been broadly found in different soil and water bodies in which human fecal contamination is an unlikely source. Some researchers suggest that, in tropical conditions, these bacteria may have originated from animals that lived in the area and persisted in the environment, developing mechanisms to maintain populations of viable cells for extended periods [63].



Our results demonstrated that the genera Enterobacter, Klebsiella, Yersinia, Pseudomonas and Salmonella presented a high relative abundance in the water tank of A. gamosepala. Species of Enterobacter have been reported in beneficial associations with a large number of plant species, such as Chinese cabbage, cowpea, wheat, and maize [64,65]. Also, they can increase the concentration of phosphorous in soybean and wheat [65] and may have contributed to the stability of P levels observed in both bromeliads over time.



Although different studies reported a high diversity of methane-producing archaea in tanks of many bromeliads [23,25,28,31,66], we found few reads (<0.13% of the total) belonging to the genus Methanobacterium, a methanogen archaeon. Goffredi et al. [23] have found archaeal communities dominated by methanogens in different bromeliad species in Costa Rica rainforest using specific archaeal and methanogen primers. Their data and those from Brandt et al. [25,28] indicated that bromeliad-associated methanogen taxa might play an essential role in the cycling of carbon in Neotropical forests. Thus, the low frequency of archaeal sequences obtained in our study may be explained by some bias in the amplification spectrum of the primers used. Although these oligonucleotides were designed to be universal for bacterial and archaeal taxa, they were initially tested for soil archaea, dominated by Crenarchaeota species [41], whereas in bromeliad tanks Euryarchaeota has been described as the most frequent archaeal group [23]. Thus, the primer bias may have driven our data to an underestimated value of the actual archaeal diversity of the investigated bromeliad tanks.



The taxa occurring at low abundance are important in studies on prokaryotic communities since they are typically composed of a high number of relatively rare species. Recent studies have demonstrated that rare microbial species can have crucial roles in biogeochemical cycles and often behave as hidden drivers of microbiome function [67]. Our results revealed that half of the rare genera detected for both bromeliads are described as containing members that express at least one plant growth promotion trait, such as nitrogen fixation, phosphate solubilization, siderophore production, manganese oxidation, or auxin biosynthesis [68]. Bradyrhizobium, Bacillus, Ferruginibacter, Variovorax, and Sphingomonas are examples of genera with plant growth promotion traits that were found at very low abundance in our bromeliad water samples. The ability to promote plant growth might not be detected when these genera are at low abundance, but their growth-promoting properties may be important to plant growth in response to environmental changes [67,69]. Thus, the data from our bromeliad samples indicate that, while most of the bacteria with abundance >1% (such as those from the families Enterobacteriaceae and Pseudomonadaceae) are not usually recognized as beneficial to plant growth, the microbiota with relative abundance below 0.1% was primarily constituted by plant-beneficial species.



Organic N derived from trapped litter and inputs by animals constitutes the most important N source for epiphytes [70]. Moreover, litter accumulated in the tank may favor atmospheric N2 fixation by cyanobacteria that significantly enhance bromeliad nutrition concerning nitrogen [71]. Interestingly, samples collected from the bromeliad tanks presented few cyanobacterial reads (<0.03% of the total) of nitrogen-fixing species, which were detected as belonging to the family Frankiaceae. The well-known nitrogen-fixing genus Frankia occurs mainly in root nodules on actinorhizal plants and occasionally in soil [72]. Nevertheless, the nitrogen content in leaves of A. gamosepala and V. platynema was similar to the levels described for other angiosperms (1% to 5%) [73] and higher than the amount reported for different species of Aechmea and Vriesea, which ranged from 0.68% to 1% DM [4,71,74]. Although few reads from nitrogen-fixing cyanobacteria were identified, the high nitrogen levels in leaves from both bromeliad species may be explained by the occurrence of other nitrogen-fixing bacteria in the water tanks. The genus Pseudomonas has already been reported as including different nitrogen-fixing species [75,76,77,78]. Our data revealed the presence of Pseudomonas reads in all the surveyed bromeliad specimens, across all seasons, with high frequencies, particularly in V. platynema. Other bacterial genera, such as Burkholderia and Enterobacter, can fix atmospheric nitrogen in various plants [64,65,79] and were found at high frequencies in our bromeliad water samples. Thus, the species from these genera that occur in the water tanks may be involved in the nitrogen balance in these phytotelmata. Moreover, a previous study indicated that in detritus from bromeliad tanks, the microbial communities presented a metabolic network adapted to oxygen-limited conditions, including all denitrification steps and the ammonification process [31]. Thus, different microbial functional groups related to N cycling may also contribute to providing nitrogen directly for the plant leaves.



Secondary metabolism plays an important role in the adaptation to different environments and the promotion of plant defense. Phenolic compounds are found in most plant cells and can be considered as a chemical interface between plants and the surrounding environment. Phenolic compounds in A. gamosepala were most abundant in summer and winter, whereas in spring and fall, during the blooming period, the levels of these compounds were significantly lower. Accumulation of phenolic compounds is a distinctive characteristic of plant stress and serves various physiological functions for plants to adapt to environmental disturbances, such as antioxidant protection [80]. For example, individuals of Baccharis dentata revealed a seasonal antioxidant activity, which was high in winter and summer [81]. Phenolic compounds increase significantly in summer when plants are subjected to higher temperatures and light incidence. Moreover, during winter, the combination of cold and lower sunlight conditions can result in excess energy capture relative to processing, photo inhibition of photosynthesis, the formation of reactive oxygen species, and higher photo oxidative damage [80]. In contrast, the levels of phenolic compounds in V. platynema were similar over time, suggesting a different metabolic strategy for stress relief. Such strategies may also be influenced by the microbial composition of the tank water in these bromeliads. As an example, the genus Pseudomonas, which was found in both bromeliad species but mainly in V. platynema, includes species capable of producing phytohormones, biosurfactants, and inhibitors of ethylene [60]. Moreover, some species of the genus Enterobacter (which was also detected in our bromeliad tanks) can produce the phytohormone auxin [65]. Such molecules can interact with the host plant and participate in metabolic routes related to the stress response.



In conclusion, our analyses indicated that the microbial community was different between A. gamosepala and V. platynema. We also observed differences in OTU composition across seasons for both plants, which was most pronounced for V. platynema. Nevertheless, interesting similarities within individuals of each plant species were observed across seasons, mainly in A1 and V1 plants, which were from the same sampling point. This may indicate a trend for microbial stability in the tanks of both bromeliad species, which may be determined by the location of the plant host within the forest. The season seems to be critical to define the plant nutrition status in relation to the abundance of a specific group of bacteria. Thus, it is difficult to identify a specific dependency between prokaryote community and host plant nourishment in native and spontaneously growing bromeliads in the forest. Although the bacterial taxa with the highest relative abundances (>1%) have not been described as belonging to classic plant-beneficial groups, some species have been reported playing a role in nitrogen fixation and production of phytohormones and biosurfactants. Moreover, bacterial genera well known to promote plant growth were found in the phytotelmata of A. gamosepala and V. platynema, but at low abundances.



There are few studies on the prokaryotic and eukaryotic communities from phytotelmata of Southern Brazilian bromeliads [18,24,82]. Our survey presents the description of bacterial communities from bromeliad phytotelmata using DNA metabarcoding, the seasonal physiological changes of the host plants and some of their possible interactions in the Atlantic Forest in southern Brazil. Our results reveal the complexity of these ecological systems and highlight the challenges that lie ahead in terms of establishing detailed connections between the composition of the microbial communities inhabiting the tanks of bromeliads and the various dimensions of the host plant’s physiology. Characterizing these interactions should help lay the foundations for in-depth assessments of their dynamics across space and time, as well as their broader role in the community ecology of their threatened Atlantic Forest biome.
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Figure 1. Sampling site (white star) at the Center for Research and Nature Conservation Pró-Mata, northeastern Rio Grande do Sul state, southernmost Brazil. 
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Figure 2. The two species of tank-forming bromeliads sampled in the Center for Research and Nature Conservation Pró-Mata. (A) Aechmea gamosepala (Wittm.); (B) A. gamosepala (Wittm.) flower detail; (C) Vriesea platynema (Gaud.); (D) V. platynema (Gaud.) flower detail. Photos: CPCN Pró-Mata Collection. 
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Figure 3. Nutritional parameters in leaves of Aechmea gamosepala and Vriesea platynema sampled in different seasons: (A) nitrogen; (B) proteins; (C) sugars; (D) potassium; (E) phosphate; (F) phenolic compounds. Different letters indicate significant differences within species between seasons (ANOVA, Duncan’s test, p ≤ 0.05). Asterisks indicate significant differences between bromeliad species within a given season (Student Test, p ≤ 0.05). Bars represent standard errors of the mean. 
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Figure 4. N:P ratio in leaves of Aechmea gamosepala and Vriesea platynema sampled in different seasons. The ratio was calculated from the percentages of the elements N and P present in the dry mass (DM). Bars represent standard errors of the mean. 
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Figure 5. The relative abundance of prokaryotes present in Aechmea gamosepala and Vriesea platynema tank at frequencies higher than 1%. (A) Microbial abundance at phylum level for different specimens of A. gamosepala (A1 and A5) and V. platynema (V1 and V5) along the different seasons (numbered according to the month of sampling: 1—summer; 5—fall; 8—winter; 10—spring). (B) Average abundance of Proteobacteria classes in A. gamosepala and V. platynema. (C) Microbial abundance at genus level for the same samples depicted in (A). Boxes indicate genera with significant differences (p ≤ 0.05) in abundance between the bromeliad species. 
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Figure 6. Venn diagrams showing the unique and shared bacterial operational taxonomic units (OTUs) (A) between the two bromeliad species, A. gamosepala and V. platynema; (B) different seasons for V. platynema and (C) different seasons for A. gamosepala. 
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Figure 7. Two-dimensional projection of the DNA metabarcoding analysis using principal coordinate analysis (PCoA) based on a Bray–Curtis distance matrix (A). The axes represent two of the synthetic variables (PCo1 and PCo3), with the percentage of the total variance explained by each of them in parentheses. Each point represents the microbial community from one specimen, colored according to the bromeliad species: red dots indicate A. gamosepala (A1 and A5) and blue dots indicate V. platynema (V1 and V5, delimited by ellipse), in a specific season (01—Summer; 05—Fall; 08—Winter; 10—Spring). 
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Table 1. Field data from the sampled bromeliads and their water tanks.
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Bromeliad species

	
Plant ID

	

	
Season

	
Air Temperature

(°C)

	
Plant Height at Tree Stem (m)

	
Water Tank




	

	
Sample

	
pH

	
Temperature (°C)

	
Volume Collected (mL)






	
Aechmea gamosepala

	
A1

	
A1-1

	
Summer

	
20

	
2.8

	
6.5

	
20

	
20




	
A1

	
A1-5

	
Fall

	
13

	
6

	
14

	
13




	
A1

	
A1-8

	
Winter

	
10

	
6

	
5

	
5




	
A1

	
A1-10

	
Spring

	
17

	
5.5

	
16

	
17




	
A5

	
A5-5

	
Fall

	
13

	
2.4

	
6

	
14

	
13




	
A5

	
A5-8

	
Winter

	
10

	
6

	
5

	
5




	
A5

	
A5-10

	
Spring

	
17

	
5.5

	
16

	
17




	
Vriesea platynema

	
V1

	
V1-1

	
Summer

	
20

	
2.5

	
6.5

	
20

	
29




	
V1

	
V1-8

	
Winter

	
10

	
6

	
5

	
5




	
V1

	
V1-10

	
Spring

	
17

	
5.5

	
16

	
17




	
V5

	
V5-8

	
Winter

	
10

	
2.4

	
6

	
5

	
5




	
V5

	
V5-10

	
Spring

	
17

	
5.5

	
16

	
17
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Table 2. Levels of reducing sugars in leaves (mg/g FM) of Aechmea gamosepala and Vriesea platynema sampled in different sites (1 to 5) and seasons. Different letters in the column indicate significant differences within species and season (ANOVA, Duncan’s test, p ≤ 0.05).
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Seasons

	
Sites

	
A. gamosepala

	
V. platynema






	
Spring

	
1

	
10.236 c

	
11.399 a




	
2

	
15.641 b

	
9.673 a




	
3

	
18.324 a

	
11.450 a




	
4

	
19.839 a

	
6.910 a




	
5

	
19.424 a

	
5.810 b




	
Summer

	
1

	
15.139 a

	
na




	
2

	
16.02 a

	
14.602 a




	
3

	
na

	
na




	
4

	
18.887b

	
na




	
5

	
na

	
12.721 a




	
Fall

	
1

	
15.954 a

	
1.380 c




	
2

	
6.250 bc

	
2.813 c




	
3

	
7.061 b

	
2.558 c




	
4

	
4.819 c

	
5.499 b




	
5

	
7.624 b

	
12.099 a




	
Winter

	
1

	
16.208 c

	
20.817 a




	
2

	
19.143 b

	
10.528 b




	
3

	
18.795 b

	
6,928 c




	
4

	
18,569 b

	
8.736 cd




	
5

	
22.813 a

	
11.454 b








na—Sample not available.
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