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Abstract

:

The Acidobacteria is one of the most abundant phyla in most soil types. Fynbos plants are endemic to South Africa, and these soils provide the ideal habitat for Acidobacteria, because of its low pH and oligotrophic properties. However, little is known about their distribution in the fynbos biome and the impact of cultivation of plants on Acidobacterial diversity. Therefore, the aim of this study was to determine the effect of seasonal changes and cultivation on the relative abundance and diversity of Acidobacteria associated with Aspalathus linearis (rooibos) and Cyclopia spp. (honeybush). This study was based on rhizosphere soil. A total of 32 and 31 operational taxonomic units (OTUs) were identified for honeybush and rooibos, respectively. The majority of these were classified as representatives of subdivisions 1, 2, 3, and 10. Significant differences in community compositions were observed between seasons for both honeybush and rooibos, as well as between the cultivated and uncultivated honeybush. Acidobacteria had a significantly positive correlation with pH, C, Ca2+, and P. In this study, we have shown the effect of seasonal changes, in summer and winter, and cultivation farming on the relative abundance and diversity of Acidobacteria present in the soil of rooibos and honeybush.
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1. Introduction


The Cape Floristic Region (CFR) is internationally known for its plant species diversity endemic to the western and southwestern regions of South Africa [1]. This region is characterized by a warm-temperate climate with cool, wet winters and warm, dry summers [2], although some regions within the CFR might experience small but significant amounts of rainfall in the dry summer seasons [3]. The CFR has the richest temperate flora in the world as it contains almost 9000 plant species on just 4% of the surface area of South Africa [2]. Of the estimated 9000 species, about 7500 are fynbos (fine bush) species [1]. Two fynbos legume species, Aspalathus linearis and Cyclopia spp., belong to the Fabaceae family and are used to prepare herbal teas commonly known as rooibos, meaning “red bush” (Aspalathus linearis), and honeybush (Cyclopia spp.) [4]. Rooibos is distributed in the western region of South Africa and honeybush in the southwestern region (Figure 1). The cultivation of rooibos and honeybush occurs within proximity of uncultivated populations (Figure S1), where uncultivated plants are found in dense fynbos vegetation, and cultivated plants are more easily accessible for harvesting. Therefore, this unique environment makes it particularly interesting to study the effects of agricultural cultivation on bacterial diversity.



The cultivation of plants usually results in a change in soil microbial community structure and/or diversity. This is mainly because of agricultural practices, soil properties, and crop type [5,6,7]. Bacterial community structures are significantly correlated with the soil properties, which in turn are also influenced by agricultural practices [8,9]. Soil pH, for example, seems to be one of the main drivers in structuring bacterial communities. This could be because of the narrow pH range for optimal growth of most bacteria [10,11]. Seasonal changes in soil temperature and moisture are other contributors that can alter the bacterial community composition. As with pH, bacterial response to temperature is dependent on the optimal temperature range for growth. Soil moisture is vital for microbial activity, as well as for plant growth. The drying and rewetting of soils induce changes in the carbon and nitrogen dynamics, which triggers biological and biogeochemical transformations [12].



As for Cyclopia spp., a recent study has revealed highly similar bacterial communities between uncultivated and cultivated honeybush plants [13]. Similar results were observed for the rooibos bacterial communities [14]. However, seasonal variation between a wet winter and dry summer resulted in significantly different bacterial communities [13,14]. These differences in microbial composition suggest that bacteria also react to short-term changes in the environment, like seasonal variations, rather than the host plant. Some of the main reasons may be the difference in soil temperature during sampling periods, as well as the exudation of acids, polysaccharides, sugars, and ectoenzymes by plant roots that changes during the different developmental phases and growth cycles of the plant [15,16,17].



Acidobacteria is a dominant bacterial phylum commonly found in soil with a low pH and low nutrient content [18], although several Acidobacteria have also been found in alkaline habitats [19,20,21]. Other known habitats also include the deep sea [22], sponges [23], caves [24], and extreme habitats, such as the Yellowstone hot springs [25], acid mine lakes [26], and soil contaminated with uranium [27]. This group received phylum status in 1997 with only four known subdivisions (SDs), with each subdivision corresponding to the class level [28]. It has since increased to 26 subdivisions in 2007 [27], and then refined to 15 subdivisions in 2018 [29], of which subdivisions 1–4 and 6 are most commonly found in soil environments [30,31]. Although these bacteria are ubiquitous and abundant in soil, only a few representatives have been cultured and represents only a few subdivisions within this phylum [32]. Despite their dominant presence in several habitats, little is still known about their diversity, distribution, and how they respond to environmental changes and agricultural practices. A few studies have indicated a negative effect of agriculture on the relative abundance of Acidobacteria. For example, a conversion of forest soil to pasture for agricultural use saw a significant decrease in Acidobacteria [33]. A meta-analysis of more than 100 soil studies also revealed an Acidobacteria relative abundance that was greater in natural (or uncultivated) soils compared to agricultural soils in arid, continental, and temperate regions [7]. In most studies, there was a correlation between Acidobacteria and soil properties, particularly pH, which is influenced by agricultural practices with the addition of soil nutrients and chemicals [5,30,31,34,35].



The literature on the role of Acidobacteria in the rhizosphere have indicated contrasting results. Several studies have detected a higher relative abundance of Acidobacteria in the bulk soil, which agrees with the oligotrophic preference of the Acidobacteria [36,37]. However, other studies have challenged these findings by revealing an increase in relative abundance in the rhizosphere soil where nutrient availability (soil organic carbon) is higher [35,38]. The fynbos rhizosphere soil has a low pH as a result of plant exudates [39], providing an attractive niche for the Acidobacteria and an interesting environment to study.



To our knowledge, the relative abundance and diversity of Acidobacteria in fynbos soil has not yet been closely studied in an uncultivated and cultivated environment. Therefore, we aimed at comparing the diversity and relative abundance of Acidobacteria in the rhizosphere soil of two commercially important plants of South Africa, more specifically, Aspalathus linearis and Cyclopia spp. (Cyclopia subternata and Cyclopia longifolia). Furthermore, we also looked at the effect of seasonal changes on the Acidobacteria in these environments.




2. Materials and Methods


2.1. Experimental Data


We obtained data from two previous studies from our research group, with GenBank accession numbers DRA003953 for Cyclopia spp. (honeybush) and DRA004000 for Aspalathus linearis (rooibos) [13,14]. The geographical locations of all sampling sites are illustrated in Figure S1. Sample locations were selected at random. The samples represented rhizosphere soil of 12 wet winter and 16 dry summer raw data sets from honeybush, and 12 dry summer and 13 wet winter raw data sets from rooibos. These samples also represented 12 cultivated and 16 uncultivated honeybush samples, and 11 cultivated and 14 uncultivated rooibos samples. Furthermore, additional data was obtained for the abiotic soil properties. This includes soil pH, phosphorous concentrations, total available soil carbon, as well as concentrations of nitrogen (in the form of nitrate and ammonium), calcium, potassium, hydrogen, sodium, and magnesium. Technical information regarding the sampling sites, sampling procedures, DNA extraction, and sequencing using Ion Torrent is largely discussed in [13] and [14]. In brief, soil surrounding the plants were removed to depths of 10–20 cm and root fragments, ±15 cm in length, together with about 200 g of soil closely surrounding the roots were collected in sterile plastic bags. Soil samples were stored on ice directly after sampling. The soil and root fragments were sieved to separate the soil from plant material and larger stones. DNA was extracted within 24 h of collection. The 16S rRNA gene was amplified with modified primers for one-way multiplex sequencing, targeting the variable V4 to V5 region. The PCR amplification consisted of an initial denaturing of the DNA at 95 °C for 5 min, followed by 98 °C for 20 s, 75 °C for 15 s, and 72 °C for 30 s for 35 cycles. A final extension was completed at 72 °C for 60 s. Sequencing of the gene products was done using the Ion PGM Sequencing 400 Kit (Ion Torrent, Life Technologies, Carlsbad, CA, USA).




2.2. Sequence Processing


For each comparison (uncultivated and cultivated; wet and dry) the same data processing procedures were followed. The raw data were analysed using MOTHUR (v.1.43.0), following the SOP tutorial (http://www.mothur.org/wiki/454_SOP), with some modifications [40,41]. The sequences were trimmed using the trim.seqs command and filtered to contain sequences with a quality score greater than 25, a minimum length of 400 bp, and homopolymers less than 8. Sequences were aligned against the SILVA v.132 reference database released on December 13, 2017 (http://www.arb-silva.de/). The aligned sequences were screened to include 97.5% of all sequences that overlap within the same alignment space. Further filtering of the sequences included a pre.cluster command to remove sequences with any errors, and chimeras were removed using the chimera.uchime command [42]. Sequences were then classified using a cutoff value of 80. A distance matrix was generated with a pairwise distance cutoff of 0.15 and sequences were clustered together into operational taxonomic units (OTUs), with a threshold of 0.03, with the cluster.split command. All sequence samples were normalized to contain the same number of sequences (11,108 and 12,335 sequences for honeybush and rooibos, respectively). The get.lineage command was used to obtain a file that contained only the acidobacterial sequences to be used for further analysis.




2.3. Statistical Analysis


A non-parametric Kruskal–Wallis H-test was performed in R (v.3.6.3, R Core Team 2013) for all abiotic soil properties, the Shannon diversity indices, and to compare the acidobacterial relative abundances between a dry summer and wet winter as well as between cultivated and uncultivated soil for both rooibos and honeybush. Due to data constraints, interactions between cultivated and uncultivated soil in the different seasons for both honeybush and rooibos was not considered.



The metastats command in MOTHUR was used to further describe which OTUs were significantly different between groups. Principle Coordinate Analysis (PCoA) were done in R using the Bray–Curtis distance matrix. The PCoA was based on the eigenvector approach. Further statistical evaluations of the PCoA were performed in MOTHUR using Analysis of Molecular Variance (AMOVA). AMOVA makes use of the distance matrixes generated in MOTHUR to determine if the center of the clouds that represent a group are more distinguished than the variation in the samples of the same group or treatment. A Canonical Correspondence Analysis (CCA) was performed in R, using the Vegan package, to identify the OTU abundances and abiotic soil properties that were most frequently related to acidobacterial community structures. The significance of the relationship between acidobacterial OTUs and soil abiotic properties obtained from the CCA ordination was tested with the Adonis function in the Vegan R package, using 999 permutations.





3. Results


Acidobacteria diversity in Aspalathus linearis (rooibos) and Cyclopia spp. (honeybush) soil was analysed based on the 16S rRNA sequences obtained from GenBank. In addition, the differences in subdivisions specific to each sample group and their soil characteristics were studied to identify the subdivision-specific distributions for each plant’s environment (cultivated and uncultivated) and season (wet winter and dry summer).



3.1. Abiotic Soil Properties


The selected abiotic soil properties and their values for both honeybush and rooibos are summarized in Table 1 and Table 2, respectively, for the wet and dry season, as well as for uncultivated and cultivated soil. The honeybush soil had a relatively low pH with averages ranging between 3.83 (± 0.46) and 4.75 (± 0.42). The pH of the rooibos soil ranged between 4.29 (± 0.24) and 4.81 (± 0.19). A significant difference in pH was observed between the honeybush cultivated and uncultivated soil, where the uncultivated soil had a significantly lower pH than the cultivated soil. In contrast, the rooibos cultivated soil had a significantly lower pH than the uncultivated soil. All soil types (cultivated, uncultivated, wet, or dry) had an acidic soil pH, which is consistent with the fynbos biome. For the most part, a significant difference was only observed between the cultivated and uncultivated abiotic soil properties, which included magnesium (Mg2+) and nitrate (NO3-N) in the honeybush soil, and phosphorus (P) in the rooibos soil. In the wet winter and dry summer, the carbon concentration in the honeybush and rooibos soil was significantly higher in the wet winter (11.31 ± 4.90 and 0.77 ± 0.60) compared to the dry summer (2.05 ± 0.73 and 0.31 ± 0.15).



Some differences were observed between plant soil types. For example, the hydrogen (H+), calcium (Ca2+), magnesium (Mg2+), and total carbon (C) concentration was higher for the honeybush soil compared to the rooibos soil. Lower concentrations of phosphorus (P) was observed for the honeybush soil compared to the rooibos soil.




3.2. Acidobacterial Community Composition


A total of 644,341 and 1,035,887 partial 16S rRNA gene sequences with a mean amplicon length of 410 bp were obtained from honeybush and rooibos, respectively, after quality filtering and the removal of chimeras (Table S1). Of these, a total of 50,788 and 45,189 were Acidobacteria-affiliated reads, with a relative abundance ranging between 2.6% and 12.3% and 0.2% and 15.9% in the different samples of honeybush and rooibos, respectively. These differences in relative abundances is often observed with biological replicates under the same conditions. The relative abundance of the Acidobacteria-affiliated reads between a wet winter and dry summer were consistently higher in the wet winter for both honeybush and rooibos (Table 3), although this was not significant in the honeybush. There was a higher relative abundance of Acidobacteria in the honeybush cultivated soil (9.4%) compared to the uncultivated soil (7.0%), although this was not significant (p > 0.05). The relative abundance was similar between the cultivated (4.2%) and uncultivated (4.5%) rooibos soil.



Figure 2 illustrates the Acidobacteria community composition based on the 16S rRNA gene sequence analysis. Distinct differences were observed between the honeybush (Figure 2a) and rooibos (Figure 2b) communities. In the honeybush samples, the community was dominated by representatives of SD1, indicated as Acidobacteriaceae SD1, Acidobacteriales SD1, and Koribacteraceae SD1. The Acidobacteriales SD1 contain as-yet-undescribed representatives of the class Acidobacteria that make up SD1. Other SDs also represented in these soils included representatives of SD3, Solibacteraceae SD3, and as-yet-undescribed representatives of SD 2, indicated as Unclassified SD2. Some SDs also detected but with relative abundances below 1% included SDs 4 (Pyrinomonodaceae), 5, 8 (Holophagae), 10 (Thermoanaerobaculaceae), 11, 12, 13, and 15. Subdivisions 5, 11, 12, 13, and 15 included as-yet-undescribed representatives.



In the rooibos samples, the community was dominated by representatives of SD3 (Solibacteraceae), followed by representatives of SD1 (Acidobacteriaceae, Acidobacteriales, and Koribacteraceae), and not-yet-cultured representatives of SD2 (Unclassified SD2). Other SDs also detected but with a relative abundance below 1% included SDs 4 (Blastocatellia), 5, 8 (Holophagae), 10 (Thermoanaerobaculaceae), 13, and 15. Subdivisions 11 and 12 were not detected in any of the rooibos samples.



The operational taxonomic units (OTUs) were classified into 32 and 31 phylotypes for honeybush and rooibos, respectively (Table S2). There were three major taxonomic groups identified throughout all samples of honeybush and rooibos. These included SDs 1, 2, and 3. Subdivision 10 is also a major taxonomic group within the rooibos samples. Subdivisions 1 and 3 contain several cultured and characterized representatives, a number of which have been identified within these samples. These included from SD1 Acidipila, Granulicella, Candidatus Koribacter, Occallatibacter, Edaphobacter, Terracidiphilus, Acidicapsa, Terriglobus, and Bryocella, and from SD3 Bryobacter and Candidatus Solibacter. However, a large proportion of the OTUs were of as-yet-uncultured representatives and are indicated as Unclassified, or by their available taxonomic classification at the family, order, or class level.



The distribution of the OTUs identified and their relative abundances was different for some groups between a wet winter and a dry summer, as well as between the cultivated and uncultivated soils (Table 4 and Figure S2). During the dry summer, the relative abundance of SD1 Acidipila and Granulicella, SD2, and SD10 was significantly higher compared to the wet winter, where the relative abundance of the two unclassified OTUs of SD1 was significantly higher in the wet winter compared to the dry summer. Between the uncultivated and cultivated honeybush soil, a significant difference was observed in the relative abundance of SD1 Acidipila, Bryocella, and Granulicella, where it had a significantly higher relative abundance in the uncultivated soil, and the relative abundance of SD5 was significantly higher in the cultivated soil. At the SD level, a significant difference was only observed for SD5 and SD10, but not for the dominant SDs 1, 2, and 3.



There was no significant difference observed between the uncultivated and cultivated OTU relative abundances in the rooibos soils. Between the wet winter and the dry summer, an unclassified SD1 OTU (Acidobacteriaceae) had a significantly higher relative abundance in the wet winter compared to the dry summer. No significant differences were observed at the SD level.



In all comparisons of honeybush and rooibos, the most prominent presence of SDs of the Acidobacteria are SD1 and SD3. These subdivisions are among the most commonly found SDs in soil. A large group of OTUs affiliated with SD1 (order Acidobacteriales), SD3 (order Solibacterales), SD2, and SD10 (family Thermoanaerobaculaceae) were classified as belonging to the as-yet-uncultured representatives. These OTUs accounted for between 44 and 51% of the honeybush relative abundances, and 34–44% of the rooibos relative abundances.




3.3. Alpha-Diversity


Overall, the alpha-diversity in the honeybush and rooibos soils were similar between samples and no statistically significant differences (p ≤ 0.05) were observed between sample groups (Figure 3). The average Shannon diversity indices for the rooibos (2.7 ± 0.4–3.3 ± 0.2) was slightly lower than the honeybush (4.1 ± 0.2–4.3 ± 0.1).




3.4. Beta-Diversity


The Principal Coordinate Analyses (PCoA) revealed distinct acidobacterial communities corresponding to the different sample groups (Figure 4). However, there was no clear distinct acidobacterial communities for the rooibos cultivated and uncultivated samples (Figure 4c). The observed separation in the honeybush cultivated and uncultivated (Figure 4b), as well as honeybush (Figure 4a) and rooibos (Figure 4c) wet and dry samples was statistically significant (p ≤ 0.05).



To identify the abiotic factors likely affecting the acidobacterial community composition, a CCA was carried out with the OTU table (Table S2) and soil abiotic properties. Of the 10 soil abiotic properties measured, pH, phosphorus, calcium, and carbon appeared to be significantly correlated to acidobacterial structure in the honeybush soil samples (p ≤ 0.05) (Figure 5a and Table S3), of which pH was the most important soil parameter (p < 0.001). For the rooibos soil samples, calcium was significantly related to the acidobacterial structure (p ≤ 0.05) and pH was only weakly related (p = 0.058) (Figure 5b and Table S3).



In the honeybush soil samples, several representatives of SD1 (OTU1, 11, 12, and 14–16) and SD3 (OTU2 and 27) correlated with soil pH, as well as SD5 (OTU17), SD10 (OTU18), and SD11 (OTU31). Representatives of SD1 (OTU6 and 8–11) and SD3 (OTU2) correlated with phosphorus, some representatives of SD1 (OTU6, 8, and 24) and SD3 (OTU3 and 25) also correlated with calcium, and SD1 (OTU7 and 24), SD3 (OTU13), and SD13 (OTU20) correlated with soil carbon. In the rooibos soil samples, several representatives of SD1 (OTU9, 10, 13, 14, and 21) and SD3 (OTU7) correlated with calcium. As for pH, SD1 (OTU4, 5, 12, 16, and 19), SD3 (OTU3 and 31), and SD10 (OTU15) had a weak correlation with pH.





4. Discussion


The Acidobacteria phylum is highly diverse and ubiquitous. This phylum has been detected in high abundance in various environments with the application of molecular techniques [18,30]. However, few have been successfully cultivated and little is known about this phylum and how it reacts to changes in the environment. All previous knowledge of Acidobacteria in fynbos soil refers only to the phylum and some subdivision-specific representations, but none have looked at the specific Acidobacteria representation between seasons or cultivation farming practices [13,14,43,44,45]. In this study, we have shown the effect of seasonal changes (in summer and winter) and plant cultivation on the relative abundance and diversity of Acidobacteria associated with Aspalathus linearis (rooibos) and Cyclopia spp. (honeybush). Both these plants are fynbos plants that occur in oligotrophic soils with a low pH [1]. Acidobacteria is known to prefer soils with oligotrophic properties and previous studies have indicated a relatively high abundance of Acidobacteria in these types of soils [9,31,34,46,47,48].



Some differences were observed in terms of the soil abiotic properties between honeybush and rooibos (Table 1 and Table 2). There were higher concentrations of hydrogen (H+), calcium (Ca2+), magnesium (Mg2+), and total carbon concentration (C) observed in the honeybush samples, together with lower concentrations of phosphorus (P). More significantly was the increase in total available C in the wet winter season compared to the dry summer season in the honeybush soil. The Mediterranean-type ecosystem that is the fynbos biome, is usually susceptible to stresses caused by the drying and rewetting of the soil, as rainfall events are not frequent and the drying of the soil can be rapid [12]. The mineralization of carbon generally increases after the rewetting of dry soil [49]. Previous studies have indicated that this could be due to several reasons. First, the sudden change in the water potential after rewetting may cause the microorganisms present in the soil to undergo osmotic stress, leading to microbial cell lysis and the release of intracellular solutes [50]. Soil aggregates can also break apart during the rewetting of the soil, resulting in the exposure of soil organic matter that was otherwise physically protected [12]. However, even though there were changes in values for some abiotic properties, the acidobacterial alpha-diversity and composition within these samples remained similar throughout all sample groups (Figure 2 and Figure 3). All rooibos sample groups had a slightly lower Shannon diversity index compared to the honeybush samples. This could be because of lower concentrations available of the abiotic soil properties in the rooibos soil, especially the low carbon availability, as a direct result of a lower frequency of rainfall during the dry summer seasons. The honeybush regions experience a small but significant amount of rainfall during the dry summer seasons within the CFR [3].



The relative abundance of Acidobacteria increased in the wet winter season for both the honeybush from 7.0% to 9.9%, and more drastically and significantly (p < 0.01) for the rooibos from 2.1% to 9.6% (Table 3). As previously stated, some regions within the CFR experience small but significant amounts of rainfall during the dry summer seasons [3]. Therefore, it could be that the small increase in relative abundance in honeybush samples between the summer and winter is due to the few rainfall events that this region experiences in their summer seasons, compared to the rooibos region. However, these findings are in stark contrast to previous research that suggest that Acidobacteria is negatively influenced by soil moisture [51,52,53,54]. For example, a study indicated the preference of SDs 1, 2, and 3 for low soil moisture, compared to SDs 5, 11, and 17 preferring high soil moisture [53]. Even though soil moisture is important in several ways to the survival and function of microorganisms, more than one factor may influence the shift in microbial abundance and diversity. These include seasonal shifts in soil temperature, or it could be seasonal carbon inputs to the soil, periodic plant life cycles, and litter production [55,56]. The most likely explanation for the increase in relative abundance of Acidobacteria in a wet season, for both honeybush and rooibos, is soil temperature. The mean daily maximum and minimum temperatures for February (summer) and July (winter) ranges between 27.0 and 27.3 °C and 2.9 and 4.2 °C, respectively, in the honeybush region, and between 28.4 and 30.2 °C and 4.0 and 6.1 °C, respectively, in the rooibos region [1]. The majority of cultured Acidobacteria are classified as psychrotolerant mesophiles or mesophiles [32]. Therefore, the lower temperatures in the wet winter seasons could be advantageous for the Acidobacteria.



There was no effect of land use on the relative abundance of Acidobacteria, which is in stark contrast to previous studies. Several studies have indicated a decrease in the relative abundance and diversity of Acidobacteria in cultivated (or agricultural) soils [5,16,35]. In some regions, the relative abundance of Acidobacteria was up to three times higher in uncultivated soils [7]. However, this increase in relative abundance was not significant (p > 0.05) for the honeybush soils. The rooibos relative abundance (4.5%) within the uncultivated soil was slightly higher than the cultivated soil (4.2%). However, this too was not significant. These results suggest that the cultivation farming practice of honeybush and rooibos does not influence the relative abundance of the Acidobacteria. However, seasonal changes do have a significant influence on the relative abundance in the rooibos soil and might be the key factor influencing the Acidobacteria.



Although cultivation farming practices might not affect the relative abundance of Acidobacteria, it might affect the community composition within the honeybush and rooibos soils. There was a significant difference (p ≤ 0.05) between community compositions for the honeybush dry and wet, honeybush cultivated and uncultivated, as well as rooibos dry and wet soil (Figure 4). No significant difference (p > 0.05) was observed between the rooibos cultivated and uncultivated soil. A closer look at the different compositions revealed subdivision-specific adaptations for both honeybush and rooibos communities (Figure S2). The honeybush community was dominated by SD1 and the rooibos was dominated by SD3. Representatives of SD1, including the genera detected within these soils, are known to degrade polysaccharides derived from plants and microorganisms [57,58,59]. With the rewetting of the soil during the wet winter, plant material is degraded more rapidly [60] and some microorganisms are subject to cell lysis due to the osmotic stress [50,61], resulting in a greater availability of polysaccharides. This increase in available polysaccharides can lead to the increase in relative abundance of SD1 during the wet winter, as was seen in this study. Previous studies have also reported these changes in relative abundance within acidobacterial SDs in savanna, Arctic tundra, grassland, and forest soils [47,62,63]. The characteristics of the representatives of SD1 include genera that are acidophilic to mildly acidophilic, aerobic bacteria. Representatives of this SD are mesophiles and are able to withstand low temperatures [32], which allows them to thrive at the low temperatures of the wet winter seasons of the fynbos biome [2]. This could also explain why there is an increase in the relative abundance of SD1 in the wet winter, compared to other SDs also detected within these samples. Whole genome sequencing has revealed that representatives of SD1 are able to form biofilms in the soil environment with the production of exopolysaccharides (EPS), allowing it to adhere to its surroundings and reduce stresses caused by the environment in terms of nutrient and moisture fluctuations [46,64]. Their ability to survive these harsh conditions during the warm dry summers may be related to the production of large amounts of EPS [65]. The functional importance of representatives of SD3 is vastly understudied. Representatives of this subdivision that have been described are psychrotolerant and either aerobic or facultatively anaerobic [32]. Their relatively slower metabolism allow them to grow at lower temperatures than the mesophiles, although it is unclear why this subdivision is the most dominant in the dry summer season for rooibos soils, as summer temperatures can rise well above 30 °C and rainfall is low during the summer [1]. It is also important to consider the plant nutritional status between the different seasons, as this could affect the concentration of nutrients and the pH of the soil surrounding the roots of the plants. Several studies have indicated a decrease in the relative abundance of Acidobacteria in the rhizosphere compared to the bulk soil [36,37,66]. The fynbos rhizosphere is unique as the plant exudates decrease the soil pH surrounding the roots [39], which might be the attracting factor for Acidobacteria. Other studies have also indicated a higher relative abundance and metabolically active Acidobacteria in the rhizosphere [38,67,68]. A recent study that looked at acidobacterial genomes from Mediterranean soils, which are similar to fynbos soils, revealed that some SDs (mostly SDs 1, 2, and 3) encode for enzymes for the degradation of complex carbohydrates [69]. Several genomes also have the gene capacity to use inorganic and organic nitrogen sources [65]. These traits are ideal in environments where nutrient availability fluctuates between seasons.



The community composition between the honeybush cultivated and uncultivated soil differed significantly (Figure 4b). As previously mentioned, members of SDs 1, 2, and 3 possess the capability to degrade complex carbohydrates and could use inorganic and organic nitrogen sources. With the addition of nutrients and chemicals to cultivated soils, it is possible that these Acidobacteria have adapted and can thrive in the farming environment. There is a larger representation of Unclassified SD1 within the cultivated soil. Without cultured representatives of SD1, 2, 3, and 10, it is difficult to speculate on the functional importance of these subdivisions. Currently, SD1 has the most cultured representatives, followed by SD3, while SD2 and SD10 have no cultured representatives [32]. A large percentage of sequences that were identified as acidobacterial are unclassified representatives of this phylum (Table S2 and Table 4). Acidobacteria are known to be difficult to culture, and despite more than 20 years of culturing efforts, only about 50 species have been successfully cultured and described [32], none of which were isolated from the fynbos biome. On average, more than 40% of the acidobacterial sequences from the honeybush and rooibos samples were from unclassified sequences. This relatively high percentage indicates a niche that is unique and can provide opportunities to isolate novel species. Some subdivisions of interest include SDs 2, 3, and 10, since these subdivisions are in high abundance but underrepresented in culture collections.



The key factors that influenced the Acidobacteria community composition and structure, according to the CCA analysis, was pH, P, Ca2+, and C in the honeybush soil, and pH and Ca2+ in the rooibos soil (Figure 5 and Table S3). Of these, soil pH was the most significant indicator within the honeybush soil samples (p < 0.001). In this study, we have shown that the response of Acidobacteria SDs 1, 3, 5, 10, and 11 correlated to soil pH. This agrees with several other studies that have indicated a strong correlation of Acidobacteria to soil pH; although, the reports on the effect of soil pH has been inconsistent, where some studies indicated a negative correlation [5,30,31,34] and others a positive correlation [70,71,72]. It is possible that the Acidobacteria have adapted to better fit the fynbos environment compared to other soil environments. As one study revealed, some Acidobacteria were better adapted to more acidic environments, such as those with a pH between 2 and 3, than Acidobacteria from other environments [26]. Despite the strong correlation with pH (positive or negative), it is still unclear whether pH has a direct effect on the Acidobacteria, or if this is the result of other environmental factors that covary with pH.



This study has also shown the response of Acidobacteria to other soil abiotic properties, like C, Ca2+, and P. Acidobacteria was initially described as oligotrophic. However, this can create a misconception as recent studies have revealed that not all SDs, or even OTUs in the same SD, are oligotrophic [36,66,71,72]. Not all Acidobacteria will, therefore, have the same biological strategy and variations could occur within the Acidobacteria phylum. This was observed in this study, where a high relative abundance was measured within these rhizosphere soils where nutrient availability fluctuates; SDs 1, 3, and 13 positively correlated to soil C; and SDs 1 and 3 correlated with P and Ca2+ in the honeybush soils (Figure 5a). Considering these soil properties (pH, Ca2+, P, and C) as key factors (Figure 5) and their measured values (Table 1 and Table 2), a significant difference was observed only in soil pH between the cultivated and uncultivated soil as well as for soil C between the wet winter and dry summer in the honeybush soils. With an increase in soil C in the wet winter, the relative abundance of Acidobacteria increased. With an increase in soil pH in the cultivated soil, the Acidobacteria relative abundance also increased.




5. Conclusions


Although Acidobacteria is one of the most dominant phyla in soil communities, few species have been described and little is known about their function. In this study, we have shown that the relative abundance of Acidobacteria was significantly higher in the wet winter seasons compared to the dry summer seasons in the rooibos soil, but the increase was not significant in the honeybush soil. A decrease in soil temperature could be contributing to this increase, as most Acidobacteria are either classified as mesophiles or psychrotolerant with a slow metabolic activity. The community composition was also significantly different between the honeybush cultivated and uncultivated soil. Although the distribution of SDs was not specific to the season or land use, the dominant SD represented for each plant was different. SD1 was the dominant SD in the honeybush soil and SD3 in the rooibos soil. Soil pH, C, Ca2+, and P are also important indicators that influenced acidobacterial community composition and structure within these biomes. Despite the differences observed, this study only focused on the Acidobacteria, which represents only a portion of the total bacterial community. Therefore, these differences could also be influenced by the presence of other microorganisms and their interactions, whether directly or indirectly, with the Acidobacteria. Our understanding of Acidobacteria and how they survive in these harsh conditions of acidic soils with low nutrient and water availability is far from complete. More research is needed to isolate new species, determine their function, and determine why they are so abundant in the soil environment.
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Figure 1. The distribution of rooibos (A) and honeybush (B) within the Cape Floristic Region of South Africa. 
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Figure 2. Acidobacteria community composition based on the 16S rRNA gene sequence analysis for (a) honeybush and (b) rooibos. Taxonomic classification at the order or family level is according to the Silva 132 database. Subdivisions with no taxonomic classification are indicated as Unclassified. Lines beneath graphs: purple—dry; blue—wet; red—cultivated; and green—uncultivated. 
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Figure 3. Box-and-whisker plot of the Shannon diversity index for each plant (honeybush and rooibos), where HC—honeybush cultivated; HN—honeybush uncultivated; HD—honeybush dry; HW—honeybush wet; RC—rooibos cultivated; RN—rooibos uncultivated; RD—rooibos dry; and RW—rooibos wet. 
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Figure 4. Principal Coordinate Analyses (PCoA), using the Bray–Curtis dissimilarity index, of the Acidobacteria community composition represented in samples of this study, where (a) is honeybush wet and dry; (b) is honeybush cultivated and uncultivated; (c) is rooibos wet and dry; and (d) is rooibos cultivated and uncultivated. A confidence level at p ≤ 0.05 is considered significant. Blue—wet; purple—dry; red—cultivated; green—uncultivated. 
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Figure 5. Canonical correlation analysis (CCA) of acidobacterial OTUs and the significant soil abiotic factors of (a) honeybush and (b) rooibos. Red—SD1; turquoise—SD2; green—SD3; blue—SD4; brown—SD5; purple—SD8; light blue—SD10; orange—SD11; dark green—SD12; grey—SD13; pink—SD15; and yellow—unclassified. OTU taxonomic identification is available in Table S2. 
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Table 1. The abiotic properties of the soil surrounding honeybush for both the wet and the dry season, as well as for the cultivated and uncultivated soil. Values are the means ± SD.






Table 1. The abiotic properties of the soil surrounding honeybush for both the wet and the dry season, as well as for the cultivated and uncultivated soil. Values are the means ± SD.





	Soil Properties
	Dry 1
	Wet 1
	Cultivated 2
	Uncultivated 2





	pH
	4.15 ± 0.67
	4.37 ± 0.61
	4.75 ± 0.42 *
	3.83 ± 0.46 *



	H+
	3.03 ± 2.61
	2.31 ± 2.11
	1.42 ± 1.40
	3.80 ± 2.55



	P
	3.76 ± 2.63
	5.00 ± 2.63
	5.23 ± 2.83
	3.50 ± 2.31



	K+
	52.18 ± 14.23
	69.17 ± 33.29
	56.69 ± 28.75
	61.25 ± 22.20



	Na+
	0.18 ± 0.07
	0.17 ± 0.09
	0.12 ± 0.04
	0.21 ± 0.08



	Ca2+
	1.88 ± 0.87
	1.51 ± 0.79
	1.41 ± 0.77
	1.99 ± 0.84



	Mg2+
	1.27 ± 0.65
	1.03 ± 0.63
	0.92 ± 0.58 *
	1.38 ± 0.63 *



	C
	2.05 ± 0.73 *
	11.31 ± 4.90 *
	6.88 ± 5.74
	5.08 ± 5.52



	NO3-N
	1.28 ± 1.27
	1.48 ± 1.78
	2.26 ± 1.85 *
	0.63 ± 0.20 *



	NH4-N
	7.08 ± 1.50
	7.59 ± 1.38
	7.28 ± 1.75
	7.30 ± 1.21







A significant difference at a confidence level of * p ≤ 0.05 is indicated for 1 between a wet and a dry season, and 2 between cultivated and uncultivated soil.
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Table 2. The abiotic properties of the soil surrounding rooibos for both the wet and the dry season, as well as for the cultivated and uncultivated soil. Values are the means ± SD.






Table 2. The abiotic properties of the soil surrounding rooibos for both the wet and the dry season, as well as for the cultivated and uncultivated soil. Values are the means ± SD.





	Soil Properties
	Dry 1
	Wet 1
	Cultivated 2
	Uncultivated 2





	pH
	4.65 ± 0.38
	4.48 ± 0.29
	4.29 ± 0.24 *
	4.81 ± 0.19 *



	H+
	0.57 ± 0.30
	0.50 ± 0.22
	0.58 ± 0.30
	0.49 ± 0.22



	P
	6.67 ± 2.10
	5.54 ± 5.06
	8.00 ± 4.13 *
	4.31 ± 2.75 *



	K+
	49.58 ± 34.08
	24.62 ± 9.00
	48.42 ± 34.26
	25.69 ± 11.18



	Na+
	0.10 ± 0.07
	0.05 ± 0.03
	0.09 ± 0.08
	0.06 ± 0.03



	Ca2+
	0.65 ± 0.36
	0.81 ± 0.54
	0.40 ± 0.20
	1.04 ± 0.41



	Mg2+
	0.32 ± 0.05
	0.34 ± 0.24
	0.25 ± 0.08
	0.41 ± 0.20



	C
	0.31 ± 0.15 *
	0.77 ± 0.60 *
	0.39 ± 0.20
	0.70 ± 0.64



	NO3-N
	1.30 ± 0.75
	0.84 ± 0.72
	1.49 ± 0.87
	0.66 ± 0.29



	NH4-N
	7.76 ± 1.83
	8.01 ± 0.85
	8.09 ± 1.57
	7.71 ± 1.21







A significant difference at a confidence level of * p ≤ 0.05 is indicated for 1 between a wet and a dry season, and 2 between cultivated and uncultivated soil.
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Table 3. Sequencing results of both honeybush and rooibos and their average relative abundances for each Group ID.






Table 3. Sequencing results of both honeybush and rooibos and their average relative abundances for each Group ID.





	
Group

	
Group ID

	
Filtered Reads 1

	
Acidobacteria Reads

	
Average Relative Abundance (%)

	
p-Value 2






	
Honeybush Cultivated

	
HC

	
238,526

	
22,518

	
9.4 ± 5.1

	
0.09




	
Honeybush Uncultivated

	
HN

	
405,815

	
28,270

	
7.0 ± 2.4




	
Honeybush Dry

	
HD

	
451,358

	
31,591

	
7.0 ± 2.5

	
0.19




	
Honeybush Wet

	
HW

	
192,983

	
19,197

	
9.9 ± 4.9




	
Rooibos Cultivated

	
RC

	
514,844

	
21,691

	
4.2 ± 5.4

	
0.14




	
Rooibos Uncultivated

	
RN

	
521,043

	
23,498

	
4.5 ± 3.9




	
Rooibos Dry

	
RD

	
717,981

	
14,811

	
2.1 ± 2.0

	
0.006 *




	
Rooibos Wet

	
RW

	
317,906

	
30,378

	
9.6 ± 2.8








1 Filtered reads are the number of reads excluding low-quality reads and chimeras. 2 A significant difference in relative abundance is observed at * p ≤ 0.05, using the non-parametric Kruskal–Wallis H-test.
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Table 4. Differences in relative abundances (%) detected in the different sample groups, where HC—honeybush cultivated; HN—honeybush uncultivated; HD—honeybush dry; HW—honeybush wet; RC—rooibos cultivated; RN—rooibos uncultivated; RD—rooibos dry; and RW—rooibos wet.






Table 4. Differences in relative abundances (%) detected in the different sample groups, where HC—honeybush cultivated; HN—honeybush uncultivated; HD—honeybush dry; HW—honeybush wet; RC—rooibos cultivated; RN—rooibos uncultivated; RD—rooibos dry; and RW—rooibos wet.





	
Taxonomic Classification

	
HC

	
HN

	
HW

	
HD

	
RC

	
RN

	
RD

	
RW




	
Subdivision

	
Family

	
Genus

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD






	
SD1

	
Acidobacteriaceae

	
Acidicapsa

	
1.3

	
1.5

	
2.2

	
1.8

	
1.2

	
1.5

	
2.2

	
1.7

	
0.5

	
0.6

	
0.3

	
1.0

	
0.5

	
1.1

	
0.3

	
0.6




	
Acidipila

	
3.0 *

	
2.0

	
9.4 *

	
5.0

	
4.6 *

	
5.0

	
7.5 *

	
5.3

	
8.3

	
9.0

	
7.7

	
5.2

	
9.1

	
8.7

	
7.5

	
5.1




	
Unclassified

	
0.1

	
0.2

	
0.1

	
0.2

	
0.1

	
0.2

	
0.1

	
0.2

	
0.1

	
0.1

	
0.2

	
0.4

	
0.2

	
0.2

	
0.1

	
0.4




	
Unclassified

	
10.1

	
5.5

	
13.8

	
6.0

	
11.5

	
5.2

	
12.5

	
6.3

	
12.8

	
6.3

	
11.6

	
8.9

	
9.6 *

	
5.4

	
13.1 *

	
9.2




	
Bryocella

	
0.1 *

	
0.1

	
0.4 *

	
1.0

	
0.4

	
1.1

	
0.2

	
0.3

	
0.6

	
3.5

	
0.8

	
1.2

	
1.0

	
3.4

	
0.6

	
1.2




	
Edaphobacter

	
2.3

	
2.4

	
1.4

	
1.8

	
1.5

	
1.2

	
2.0

	
2.6

	
1.5

	
2.1

	
1.4

	
2.1

	
2.3

	
2.8

	
1.1

	
0.8




	
Granulicella

	
2.1 *

	
0.9

	
4.4 *

	
3.3

	
2.7 *

	
1.9

	
3.7 *

	
3.5

	
4.3

	
2.6

	
4.1

	
4.3

	
5.1

	
4.3

	
3.8

	
2.8




	
Occallatibacter

	
1.3

	
1.0

	
1.4

	
0.9

	
1.5

	
0.8

	
1.2

	
1.0

	
0.6

	
0.7

	
1.0

	
1.8

	
0.9

	
2.0

	
0.8

	
0.6




	
Telmatobacter

	
-

	
-

	
-

	
-

	
-

	

	
-

	

	
<0.1

	
0.1

	
-

	
-

	
-

	
-

	
<0.1

	
0.1




	
Terracidiphilus

	
2.2

	
1.3

	
1.6

	
1.0

	
1.7

	
1.2

	
1.9

	
1.3

	
1.4

	
1.2

	
1.3

	
1.4

	
1.0

	
1.7

	
1.5

	
0.8




	
Terriglobus

	
0.6

	
1.7

	
0.3

	
0.5

	
0.4

	
0.4

	
0.5

	
1.5

	
0.2

	
0.3

	
0.2

	
0.4

	
<0.1

	
0.4

	
0.3

	
0.3




	
Unclassified

	
0.9

	
0.6

	
0.4

	
0.5

	
1.1 *

	
0.6

	
0.3 *

	
0.4

	
1.0

	
0.6

	
1.4

	
1.1

	
0.6

	
0.5

	
1.4

	
0.9




	
Unclassified

	
Unclassified

	
0.1

	
0.2

	
-

	
-

	
-

	

	
<0.1

	
0.2

	
-

	
-

	
0.1

	
0.1

	
-

	
-

	
<0.1

	
0.1




	
Unclassified

	
Unclassified

	
2.5

	
1.1

	
1.6

	
2.0

	
2.6

	
1.9

	
1.7

	
1.5

	
3.0

	
1.7

	
5.3

	
4.0

	
2.3

	
1.7

	
5.0

	
3.8




	
Koribacteraceae

	
Candidatus Koribacter

	
2.9

	
1.4

	
2.7

	
1.9

	
3.3

	
1.8

	
2.5

	
1.6

	
1.6

	
1.0

	
2.0

	
1.3

	
1.1

	
0.9

	
2.1

	
1.0




	
Unclassified

	
Unclassified

	
20.3

	
7.2

	
13.7

	
6.7

	
23.2 *

	
6.9

	
13.1 *

	
5.4

	
8.9

	
5.6

	
8.9

	
5.1

	
6.8

	
5.4

	
9.7

	
5.0




	
Unclassified

	
Unclassified

	
0.1

	
0.1

	
-

	
-

	
0.1

	
0.1

	
-

	
-

	
0.1

	
0.1

	
0.1

	
0.1

	
<0.1

	
0.1

	
0.1

	
0.1




	
SD2

	
Unclassified

	
Unclassified

	
13.2

	
9.2

	
9.7

	
4.6

	
9.0 *

	
3.5

	
12.7 *

	
8.3

	
3.9

	
4.7

	
1.9

	
1.7

	
1.7

	
1.8

	
3.2

	
4.2




	
SD3

	
Solibacteraceae

	
Unclassified

	
0.1

	
0.3

	
-

	
-

	
0.1

	
0.3

	
-

	
-

	
-

	

	
-

	
-

	
-

	
-

	
-

	
-




	
Bryobacter

	
13.3

	
1.8

	
14.8

	
4.2

	
14.2

	
3.9

	
14.0

	
3.1

	
23.2

	
10.4

	
21.0

	
7.3

	
23.8

	
10.6

	
21.3

	
6.8




	
Candidatus Solibacter

	
18.0

	
4.7

	
16.4

	
6.7

	
16.5

	
4.0

	
17.5

	
7.2

	
16.6

	
8.4

	
16.8

	
10.8

	
19.8

	
13.4

	
15.5

	
5.4




	
Unclassified

	
<0.1

	
0.1

	
-

	
-

	
<0.1

	
0.1

	
-

	
-

	
-

	
-

	
<0.1

	
0.1

	
-

	
-

	
<0.1

	
0.1




	
Paludibaculum

	
<0.1

	
0.1

	
<0.1

	
0.1

	
<0.1

	
0.1

	
<0.1

	
0.1

	
-

	
-

	
0.1

	
0.2

	
0.1

	
0.2

	
-

	
-




	
Unclassified

	
3.4

	
1.5

	
4.7

	
3.0

	
3.0

	
2.1

	
4.8

	
2.7

	
9.5

	
5.9

	
12.0

	
4.9

	
10.4

	
5.7

	
11.1

	
4.9




	
Unclassified

	
<0.1

	
0.1

	
-

	
-

	
-

	
-

	
<0.1

	
0.1

	
<0.1

	
0.0

	
<0.1

	
0.1

	
-

	
-

	
<0.1

	
0.1




	
SD4

	
Pyrinomonadaceae

	
Pyrinomonas

	
-

	
-

	
<0.1

	
0.2

	
<0.1

	
0.2

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Unclassified

	
Unclassified

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.1

	
0.3

	
<0.1

	
0.1

	
0.1

	
0.3

	
<0.1

	
0.1




	
SD5

	
Unclassified

	
Unclassified

	
0.9 *

	
0.8

	
0.2 *

	
0.4

	
0.7

	
0.7

	
0.4

	
0.7

	
0.4

	
0.4

	
0.3

	
0.3

	
0.4

	
0.4

	
0.3

	
0.3




	
SD8

	
Unclassified

	
Unclassified

	
0.1

	
0.2

	
0.1

	
0.3

	
0.1

	
0.2

	
0.1

	
0.3

	
<0.1

	
0.1

	
0.3

	
0.5

	
0.1

	
0.1

	
0.2

	
0.5




	
SD10

	
Thermoanaerobaculaceae

	
Unclassified

	
0.6

	
0.8

	
0.3

	
0.7

	
0.2 *

	
0.3

	
0.5 *

	
0.9

	
1.3

	
2.3

	
1.2

	
1.6

	
2.6

	
2.5

	
0.7

	
1.0




	
SD11

	
Unclassified

	
Unclassified

	
<0.1

	
0.1

	
-

	
-

	
-

	
-

	
<0.1

	
0.1

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
SD12

	
Unclassified

	
Unclassified

	
0.1

	
0.1

	
0.1

	
0.3

	
0.1

	
0.1

	
0.1

	
0.3

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
SD13

	
Unclassified

	
Unclassified

	
0.5

	
0.6

	
0.3

	
0.4

	
0.4

	
0.4

	
0.4

	
0.5

	
<0.1

	
0.1

	
0.1

	
0.1

	
-

	
-

	
0.1

	
0.2




	
SD15

	
Unclassified

	
Unclassified

	
0.1

	
0.2

	
<0.1

	
0.1

	
0.1

	
0.2

	
<0.1

	
0.1

	
0.1

	
0.1

	
0.1

	
0.1

	
<0.1

	
0.0

	
0.1

	
0.2








* A significant difference in relative abundance was observed at * p ≤ 0.05, using metastats.
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