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Abstract

:

Altitude significantly affects vegetation growth and distribution, including the developmental stages of a forest. We used shotgun Illumina sequencing to analyze microbial community composition and functional potential in melojo-oak (Quercus pyrenaica Willd.) rhizospheric soil for three different development stages along an altitudinal gradient: (a) a low altitude, non-optimal site for forest maintenance; (b) an intermediate altitude, optimal site for a forest; and (c) a high altitude, expansion site with isolated trees but without a real forest canopy. We observed that, at each altitude, the same microbial taxa appear both in the taxonomic analysis of the whole metagenome and in the functional analysis of the methane, sulfur and nitrogen metabolisms. Although there were no major differences at the functional level, there were significant differences in the abundance of each taxon at the phylogenetic level between the rhizospheres of the forest (low and intermediate altitudes) and the expansion site. Proteobacteria and Actinobacteria were the most differentially abundant phyla in forest soils compared to the expansion site rhizosphere. Moreover, Verrucomicrobia, Bacteroidetes and Nitrospirae phyla were more highly represented in the non-forest rhizosphere. Our study suggests that rhizospheric microbial communities of the same tree species may be affected by development stage and forest canopy cover via changes in soil pH and the C/N ratio.
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1. Introduction


Forest soil is a highly complex ecosystem, due to both physical and chemical heterogeneity and strong nutritional influences both from falling leaves and root exudates [1,2]. The microbial communities of these soils have an essential role in nutrient cycles and ecosystem functionality [3,4] and are influenced by a large number of biotic and abiotic factors [5,6]. Habitat and soil type have been observed to have a stronger impact on microbial communities than the individual plant species [5], and soil pH, temperature, NH4+–N and vegetation diversity have been suggested to account for the majority (81.4%) of microbial community variations [6]. In Tibetan grasslands, evidence suggests that climate changes are likely to change soil microbial community functional structure [6].



Enhanced knowledge of biological altitudinal diversity patterns could facilitate a comprehensive understanding of the influence of climate change over ecosystems [7]. That is to say, the expansion pattern of plants along the altitudinal gradient and composition of microbial communities reflect the developmental stage and may mimic the biogeochemical dynamics of organic matter and ecosystem response to environmental changes [2]. In spite of the strong functional stability of soil microbial communities [8], they are able to respond more rapidly than plant communities to environmental changes [9]. Thus, it is of interest to integrate the knowledge of microbial community dynamics into the study of ecological succession. There are some studies that focus on trends of microbial richness or diversity along altitudinal gradients, which found that pH [10,11] and both pH and vegetation diversity [6,12] are the dominant factors influencing microbial community structure and composition. Moreover, tree composition has a great influence on microbial communities due to shifts in soil pH [13] produced by falling leaves and root exudates. But, the microbial functionality and phylogenetic relationships along the distinct development stages of a forest are poorly understood. In spite of the biases of the metagenomics approach by shotgun sequencing due to the presence of sequenced genomes in the databases only from cultivated bacteria [14], there is evidence for a positive link between soil microbial phylogenetic diversity and functional gene diversity in forest soils and also between the different microbial compositions in different forest types [15].



The Mediterranean region is a transition area between the arid climate of North Africa and the temperate and humid climate of Central Europe. In this ecotone, each small climate variation can lead to substantial changes, making the Mediterranean mountains a region potentially vulnerable to climate change [16]. The higher temperatures and reduced precipitation predicted for this region [17,18] will lead to significant changes in biogeographical vegetation patterns [19]. A protected area of Sierra Nevada, sited in the South-east of the Iberian Peninsula, is part of the UNESCO-MAB GLOCHAMOST project (Global and Climate Change in Mountain Sites). Mountainous regions harbor nearly 50 percent of the diversity hotspots of the planet [20]. These ecosystems present a high diversity of environmental conditions due to strong climatic gradients over a small spatial scale. Studies on the effect of climate change can be made via a strategy of space-for-time substitution as the climate variations with altitude are similar to latitudinal gradients [2,6] and can also reflect the development stages of the forest. The prediction of forest migration to higher altitudes forces us to have a better knowledge of ecosystem interactions and biochemical cycles of nutrients. The acquisition of this knowledge could be useful to design biological treatments to increase survival or improve development of trees at higher altitudes. It should be pointed out that there could be differences in microbial communities between optimal sites for forest development and non-optimal sites.



Notably, the melojo oak (Quercus pyrenaica Willd.) forest within the Sierra Nevada National Park has developed symptoms of a progressive migration along the slope, which may be due to limitations of water resources and elevated temperatures, especially at the lower altitude of the forest [21]. These oak forests show an advanced state of degradation [22], which could even be part of a general well-documented oak decline worldwide, spreading through Europe, Asia, North and South America [23]. Some recent studies indicate that there will be a decrease in the distribution area and an increase in altitudinal expansion [24], due to a predicted average temperature increase of about 4.8 °C by the end of the XXI century [24]. The work of Leverkus and colleagues [25], also performed in Sierra Nevada, supports this hypothesis of altitudinal expansion, since they found a higher survival and better growth of Q. pyrenaica and Quercus ilex L. seedlings above the upper forest limit than at its current site. However, a similar analysis of the tree- or seedling-associated microbial communities has not been done, though effective management of plant-microbe interactions could be useful to improve the survival and growth of Q. pyrenaica trees in future afforestation work.



In the present study, we conduct an analysis of rhizosphere melojo-oak microbial community structure, composition and functionality at three different altitudes in the National and Natural Park of Sierra Nevada. The Melojo-oak trees sampled were in different stages of forest development corresponding to: (a) lower altitude, possibly with incipient stress problems; (b) currently optimal mid-level altitude; and (c) higher altitude, possibly the future optimal area of distribution, where currently there are only some isolated or small clusters of trees amongst padded brushwood (Genista versicolor Boiss.) vegetation. Our study is based on metagenomic data obtained by Illumina shotgun sequencing. We analyzed the microbial groups and the main metabolic processes that might be occurring in this ecosystem within the biogeochemical cycles of methane, sulfur and nitrogen metabolism.




2. Materials and Methods


2.1. Site Selection and Sample Collection


Soil samples were collected on the same sunny day in May 2009 along an altitudinal gradient in the distribution area of melojo oak (Quercus pyrenaica Willd.) in the Sierra Nevada Natural and National Park (South-east Spain). Three study sites were chosen with respect to the degree of forest development in the municipality of Cañar (Granada, Spain): the lowest altitude site of the forest (LAF), where there was detected water stress on the oak forest [21]; the highest altitudinal limit of the forest (HAF); and the expansion zone of forest (XZF), where there are isolated or small groups of melojo oak trees within a padded brushwood (Genista versicolor) vegetation (Figure S1). These correspond to altitudes of around 1482, 1823 and 1945 m above sea level for LAF, HAF and XZF, respectively. Three sampling plots were randomly chosen within each study site along transects of 1.0 km length. In each plot, three trees were sampled, each tree with a trunk diameter of at least 15 cm at breast height, and separated by at least 5 m from the others. The sampled trees were marked, and all locations were recorded with a Global Positioning System (Figure S1).



The rhizospheric samples were collected according to Cobo-Díaz et al. [26] by following the tree’s main roots until young, cork-free roots were found at a distance of less than 50 cm from the trunk, where we collected soil that was attached to the roots. These samples were used for DNA extraction. For physico-chemical analyses of soils, an extra 500 g of soil was obtained in the depth range from 5 to 25 cm close to the sampling point and under the influence of tree roots. In both cases, the soils were stored immediately at 4 °C. The elimination of the first 5 cm of the soil allowed us to discard minor roots from herbaceous plants and leaf litter, which ensured the influence of the tree root on the sample. The soil samples were sieved through a 2-mm mesh. About two kilograms of a homogenous mix of soils from each study site were processed for physico-chemical analyses with standardized procedures (Table S1) at the Laboratorio Agroalimentario from the regional government of Junta de Andalucía at Atarfe (Granada, Spain).




2.2. Sequencing of Environmental DNA


Extraction of environmental DNA from each rhizospheric sample (0.25 g of soil) was carried out by a direct method using the PowerSoilTM DNA Isolation Kit from MoBio Laboratories Inc. (Carlsbad, CA, USA), following the manufacturer’s recommendations, within 24 h after the sample collection. For shotgun sequencing, DNAs from all nine samples (3 plots per site and 3 trees per plot) of each study site were pooled together [8,27,28] in order to obtain a homogeneous representation of each site (circa 20 ng·μL−1 of DNA from each extraction, with a total of 100 μL), and the DNA was concentrated in a speed vacuum centrifuge (3000 rpm for 30 min) to a final volume of 10 μL. The quantity and quality of the DNA were evaluated by agarose gel electrophoresis and with a NanoDrop® ND-1000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA).



A total of 5 μg of each pooled DNA, from 9 rhizospheres per site, was sequenced using an Illumina HiSeq2000 at the Beijing Genomics Institute (Tai Po, Hong Kong, China) on one lane of paired-end 100 bp reads in order to obtain around 40 Gbp of information from each sampled site with an insert size of 170 bp. Sequences obtained were trimmed for quality using the Import Illumina Data of the GALAXY/JGI web server with the following parameters: MinSeqSize = 50 bp, and cutoff-quality = Q30. Paired sequences filtered were merged using the FLASH v1.0.3 web-tool from the GALAXY/JGI web server (https://galaxy.jgi-psf.org/) using default parameters. The obtained sequences were assembled using the SOAPdenovo program [29] using the k-mer sizes of 71, 75, 79, 83, 87 and 91, and performing a merger of the six assemblies. Non-redundant contigs obtained were uploaded to IMG/JGI [30] and MG-RAST [31] servers and made publicly accessible on MG-RAST under the codes 4508410.3, 4508411.3, and 4508412.3 for soil samples HAF, LAF, and XZF, respectively. Those contigs with similarity to prokaryotes were extracted and further processed.




2.3. Phylogenetic Assignment and Functional Analysis of Metagenomic Sequences


Phylogenetic assignment of contigs obtained was performed using BLASTX against the IMG genome database of IMG/JGI web server, using a cut-off e-value of 1e−10. The functional analysis was performed using BLASTX against the KEGG database of MG-RAST web server using a cut-off e-value of 1e−10. Annotation data files were processed with homemade scripts on Ruby with the following parameters: alignment length > 15 amino acids (aa), percentage of identity > 60, e-value < 10−5.



Statistical analysis of metagenomic profiles (STAMP) bioinformatics software v 1.0 [32] was used to compare community composition and functional gene abundance between the rhizospheric soil samples. This analysis was performed using pair to pair metagenomic samples (comparing one site to another individually), and statistical significance of the differences between samples was calculated using two-sided Fisher’s exact test, Newcombe-Wilson confidence interval method with 95% confidence interval, and Storey’s FDR method was used for multiple test correction. Biologically significant taxa were selected by filtering based on a q-value (0.05) and using only those categories that had at least a value of 1 for the difference between proportions or more than 2-fold ratio between proportions.



To compare the libraries, the ‘Vegan’ package of R (R Development Core Team 2016, http://www.R-project.org/) was used for a UPGMA clustering with the Euclidean distance matrix of the relative abundance of each taxonomic or functional group for each sample.




2.4. Taxonomic Classification of 16S rRNA Metagenomic Sequences


Perl homemade scripts were used for the taxonomic annotation of curated sequences obtained before the assembly. The rdp_classifier v2.3 (http://rdp.cme.msu.edu/classifier/classifier.jsp) with a pre-computed SILVA phylogenetic tree was used for the taxonomic annotation of the 16S rRNA sequences [33].





3. Results


3.1. Physico-Chemical Properties of the Soils


The soils from the study sites were sandy-loam (LAF and XZF) or loam (HAF), classified as haplic phaeozems of siliceous origin (Table S1). The pH was slightly acid in the expansion zone soil (XZF), while it was around neutral in forest soils. The HAF sample had the highest available water, and although the three samples were poor with respect to the organic matter content, HAF had a value twofold higher (Table S1). There were no significant differences in total nitrogen (N) between the sampled soils, but the carbon to nitrogen (C/N) ratio was significantly lower in the expansion zone soil (XZF) than in forest soils. HAF and XZF samples showed higher values of assimilable phosphorus compared with LAF (Table S1).




3.2. Taxonomic and Phylogenetic Analyses of the Metagenomes


Around 173, 171 and 192 million read pairs with an average length of 170 bp after merging were obtained for LAF, HAF and XZF samples, respectively. After a search for the SSU rRNA gene, 71,178 sequences were obtained from LAF reads, 65,286 from HAF and 135,237 from XZF, of which 59.6% to 65.7% were classified at family level at the RDP web-server. A total of 31 phyla was detected with the SSU rRNA sequences, although only 12 phyla had a relative abundance higher than 1% in one of the data sets (Figure 1a). Proteobacteria and Actinobacteria, the most abundant phyla, had significantly greater representation in forest soil samples (LAF and HAF) than in the soil sample from the expansion zone, while there were 4 phyla (Bacteroidetes/Chlorobi, Nitrospirae, Fusobacteria and Euryarchaeota) over-represented in the latter soil sample. Acidobacteria were more abundant in LAF than in XZF, and Planctomycetes in HAF than in XZF.



Assembly of the reads generated 205,779, 205,095 and 246,663 contigs for LAF, HAF and XZF, respectively (Table 1). That is to say, there were 20% more contigs produced from the XZF sample than from the forest samples, possibly due to the larger number of reads obtained for XZF. The contig mean lengths were 320, 351 and 343 bp for LAF, HAF and XZF, respectively, while the longest contig of each sample was 6579, 18,521 and 91,563 bp, respectively. The annotated contigs against KEGG database were 184,352, 184,881 and 193,696 for HAF, XZF and LAF samples, respectively. From the sequences annotated, 70,027, 64,778 and 66,320 contigs for LAF, HAF and XZF, respectively, passed the quality filter of the annotation (KEGG Orthology annotation with e-value < 10−5, % identity > 60 and alignment length > 15 bp). Similar patterns were observed for the phylogenetic annotation of the total contigs with consistent homology to at least one gene of the KEGG Orthology (KO) database (data not shown). All the phyla, except Verrucomicrobia, Planctomycetes and Euryarchaeota, showed the same differences (Figure 1b) between samples for SSU rRNA data and for total KO data obtained, although some differences for abundances within a phylum were observed depending on the data set analyzed (Figure 1). Within the phylum Proteobacteria, class Alphaproteobacteria had greater abundance in forest soil (LAF and HAF) than in the expansion zone sample (XZF), both for SSU rRNA and total KO datasets. The same occurred with Betaproteobacteria and Gammaproteobacteria, but only for total SSU rRNA datasets, since Betaproteobacteria had higher abundance in HAF and XZF than in LAF for KO datasets (Figure 1a). Thus, the taxonomic (SSU rRNA gene) and phylogenetic analyses of the sequences and contigs showed a similar distribution pattern of phyla.




3.3. Functional Analysis of the Metagenomes


Metabolism was the most abundant functional group, at level 1 of hierarchical classification using the KEGG Orthology database (Data not shown), with similar values for the 3 samples: 37.83%, 37.63% and 37.93% of the total contigs annotated for LAF, HAF and XZF, respectively. Within level 1 of the Metabolism functional group, the level 2 most abundant groups were Amino acid metabolism, Carbohydrate metabolism and Energy metabolism (Figure 2a). In addition, within this latter group, there were significant differences for relative abundances of contigs for Nitrogen metabolism (p < 0.01) and Sulfur metabolism (p < 0.001) between HAF and XZF, and for Methane metabolism (p < 0.001) between the expansion zone soil (XZF) sample and forest rhizosphere soil samples (Figure 2b). Thus, these metabolic pathways with statistically significant differences were further analyzed.




3.4. Functional Analysis of Methane, Sulfur and Nitrogen Metabolism Genes


A total of 64 genes related to methane metabolism was detected (Figure S2), with formate dehydrogenase major subunit as the most abundant and with significant differences between HAF and XZF (Figure 3); and acetyl-CoA synthetase the second most abundant (10.33–10.58%) but without significant differences among samples. Significant differences between samples were observed for 23 genes (Figure 3). The four subunits of both formate dehydrogenase and carbon-monoxide dehydrogenase had greater representation in rhizospheric forest soil samples (LAF and HAF) than in the rhizospheric samples of the expansion area, while Pyruvate ferredoxin oxidoreductase, also formed by four subunits, and methane/ammonia monooxygenase showed the opposite pattern, with more abundance in the expansion area sample than in rhizospheric forest soil samples (Figure 3). An overall view of methane metabolism showed that formate oxidation (formate → carbon monoxide) accounted for the majority of sequences related to methane metabolism, and this metabolic pathway was over-represented in forest soil samples (Figure 3 and Figure 4a).



A total of 26 genes related to sulfur metabolism were detected, with major representation of those related to assimilatory sulfate reduction, although the most abundant gene for all the samples was cysteine synthase A (9.54–15.86%), related to cysteine and methionine metabolism (Figure S3). There were 5 sulfur metabolism genes with significant differences between samples, always between XZF and forest soil samples. Cytochrome c and cysteine synthase A had greater representation in both forest soil samples while sulfate adenylyltransferase subunit 1 and o-succinylhomoserine sulfhydrylase were more abundant in XZF than HAF and adenylylsulfate kinase in non-forest soil sample than in forest soil samples (Figure 3). Sulfate assimilation (sulfate → adenylylsulfate → sulfite → sulfide) accounted for the most sequences within sulfur metabolism, followed by genes for the production of acetate from methane (Figure 4b). However, because no sequences were obtained for the 2.8.1.5 (thiosulfate-dithiol sulfurtransferase) enzyme mediating the conversion of thiosulfate to sulfide, the relationship between the two pathways in these communities is unclear.



A total of 32 genes related to nitrogen metabolism was detected (Figure S4) with an abundance of genes from the ammonification and ammonium assimilation, related to glutamate metabolism, such as glutamine synthetase (29.47%–30.13%), glutamate synthase (NADPH/NADH) large chain (11.76%–15.51%), glutamate dehydrogenase (4.06%–11.95%), glutamate synthase (ferredoxin) (4.74%–9.60%) and glutamate synthase (NADPH/NADH) small chain (6.39%–7.70%). Significant differences between samples were detected for 8 nitrogen metabolism genes, always between the rhizosphere of forest soil sample (LAF or HAF) and the expansion zone sample (XZF, Figure 3). These findings indicate that there were differences in ammonia assimilation, ammonification and nitrification genes between forest soil samples and the expansion area sample, while there were no significant differences between the two forest soils. With respect to the inorganic part of nitrogen metabolism, the nitrate assimilation (NO3− → NH4+) pathway had the highest number of sequences, followed by the nitrite obtained from nitroalkane. These pathways of N assimilation were significantly increased in the XZF sample. However, there were few sequences for other metabolic functions such as denitrification and nitrification, and nitrogen fixation was not detected (Figure 4c). Also, it should be noted that while nitrate assimilation had around 10% of the sequences related to nitrogen metabolism, the ammonia assimilation and ammonification together accounted for around 70% of sequences, being the most represented function for the nitrogen cycle (Figure S4).




3.5. Phylogenetic Analysis of Methane, Sulfur and Nitrogen Metabolism Sequences


The phylogenetic affiliation of the contigs related to methane, sulfur and nitrogen metabolism showed similar patterns of abundances within each metabolic pathway analyzed at the phylum level (Figure 5). This analysis showed that Proteobacteria and Actinobacteria were the most represented phyla for the three metagenomes and for the three metabolic cycles. Proteobacteria had significantly higher abundance in forest soil samples than in the expansion area soil for all three metabolisms, while Actinobacteria had greater representation in LAF and XZF than in HAF, but it was only significant for methane metabolism (Figure 5a). There were significant differences between samples in the other 8 phyla for methane metabolism, 7 for sulfur metabolism and 6 for nitrogen metabolism, considering only those phyla with abundances higher than 1%. Acidobacteria had higher abundance in LAF than in the other samples for the three metabolic cycles, while Chloroflexi were greater in HAF than in XZF. Some phyla showed higher representation in the oak rhizosphere of the expansion area, including Verrucomicrobia, Bacteroidetes and Nitrospirae, for methane, sulfur and nitrogen metabolism. Finally, Gemmatimonadetes were more abundant in forest soil samples for methane metabolism sequences, while Firmicutes had higher representation in XZF than LAF for sulfur metabolism (Figure 5b). Within the phylum Proteobacteria, there were some significant differences at the class level between the expansion area and the two (LAF and HAF) forest soil samples (Figure 5), and for all three metabolic cycles studied. Alphaproteobacteria were more abundant in the oak rhizosphere forest soil than in the expansion area sample, while the opposite occurs with Betaproteobacteria, Gammaproteobacteria and Deltaproteobacteria, which had more representation in the XZF rhizospheric soil sample than in forest soil samples (Figure 5).



The assembled sequences annotated on KEGG Orthology database for methane, sulfur and nitrogen metabolism were phylogenetically assigned to the level of family. Bradyrhizobiaceae (Alphaproteobacteria) and Mycobacteriaceae (Actinobacteria) were the main detected families among the sequences, with significant differences between forest soil samples and the expansion site (Figure 6). For the three metabolic cycles, Bradyrhizobiaceae was relatively more abundant in LAF and HAF samples compared to Mycobacteriaceae, which was more abundant in the XZF soil sample. Moreover, another 36, 22 and 19 families had significant differences for methane metabolism, sulfur metabolism and nitrogen metabolism, respectively, among the three sampled sites. There were families with higher representation in the LAF sample than in the other samples, such as Pseudonocardiaceae, Acidobacteriaceae, Micromonosporaceae and Caulobacteraceae for the three metabolic cycles, Xanthobacteraceae for methane metabolism only, and Sphingomonadaceae for nitrogen metabolism. Nocardioidaceae were also over-represented in HAF for all the metabolic cycles presented in this study, while Methylobacteriaceae was for sulfur metabolism. Others families had higher relative abundance in HAF and XZF than in LAF, as Burkholderiaceae for methane metabolism sequences. Conversely, Burkholderiaceae had greater representation in the non-forest soil sample for nitrogen metabolism but no significant difference in sulfur metabolism. Another family over-represented in the non-forest soil sample XZF was Oxalobacteraceae for methane metabolism. Conversely, the family Conexibacteraceae was more abundant in forest soil samples for methane and sulfur metabolism (Figure 6).



The analysis by agglomerative hierarchical clustering with Euclidean distance of these sequences at the family level showed remarkable differences depending on the use of a presence/absence (P/A) data matrix versus a relative abundance data matrix. The use of a P/A matrix resulted in clustering primarily by the type of metabolism rather than by sampling site (Figure 7a). However, the use of a relative abundance matrix resulted in clustering by the sampling site (Figure 7b), showing that the forest soil samples were closer to each other than to the XZF soil sample. The same results were obtained with Bray-Curtis dissimilarity (data not shown). This means that the same microbial families are involved in each metabolic cycle across all sites, but the environment of the sampling site determines the relative abundance of each taxa, which could reflect the relative importance of each metabolic cycle at each specific sampling site.





4. Discussion


Major differences in biological variables were found between the expansion area (XZF) and the other (LAF and HAF) soil samples, which suggests that the altitudinal gradient is not the main cause of these differences, as opposed to the developmental status of melojo-oak forest, the tree canopy coverage, climate conditions and/or some other biotic or abiotic parameters included or not included in the sampling procedure. The physico-chemical analyses of soils showed lower values of pH and the C/N ratio at the highest sampled site XZF, where there are only some isolated or small clusters of trees within padded brushwood vegetation but without a real forest canopy. In mountains ecosystems, the highest areas have less developed soils with shallower horizons, which together with the absence of tree canopy, could affect the nutrients available in the rhizosphere. An increase in the C/N ratio has been previously correlated with a decrease in nitrogen decomposition and mineralization [34], meaning that forest soil works better as a carbon and nitrogen reservoir than non-forest soil, despite being under the influence of the same tree species, as in the case of XZF. However, microbial community structure and composition have also been correlated with physico-chemical parameters, such as pH [6,10,11,35,36] and the C/N ratio [36,37], rather than the altitudinal gradient per se. Therefore, the differences in microbial community composition and functionality between forest soils and XZF (non-forest) may be caused by the distinct pH and C/N values existing for these soils.



Differences due to methodology, such as the database used [38], must be taken into account when comparing taxonomical data between different studies, or even between 16S rRNA gene sequences and all the annotated sequences [38,39] for the same dataset. It is also important to note that taxonomic assignment based solely on protein encoding genes currently generates an artificial bias against groups with few sequenced genomes, due to the uneven taxonomic composition of protein and nucleotide databases [14], as can be observed in the results of Figure 1. This likely explains the differences in abundance of unclassified sequences between the 16S rRNA set and the phylogenetic analysis of the annotated sequences set. Another kind of bias could be due to the sequencing of single samples. The deep-sequencing of 16S rRNA amplicons from oak rhizosphere in another study showed that 1 out of 3 samples could offer a dissimilar result [40], but the conclusions obtained with the full set of sequences were similar to the results of the individual analysis of the majority of the samples. Thus, the authors suggested that a single pyrosequencing run would be needed for a comprehensive description of the bacterial communities [40]. The sequencing of 9 tree samples per site, with 20 million reads per rhizosphere, would have allowed us intra-site comparisons but with a very low coverage and scarce representation of the metabolic pathways. Therefore, one single run of 180 million reads with DNA obtained by the pooling of 9 samples from 3 plots per site was the best option in order to obtain a homogeneous representation of the oak rhizosphere in the context of the altitude, diversity of soils, geographic distribution and minimizing the effect of spot perturbations, and in agreement with current methodology [8,27,28].



The high abundance of sequences associated with amino acid, carbohydrate and energy metabolism, and also metabolism of cofactors and vitamins, indicates the presence of essential features for competitive microbial life within the forest soil [41,42]. It has been suggested that the terrestrial CH4 flux could be controlled by microorganisms and that methanotroph microorganisms are particularly active in temperate forest soils [43]. Formate degradation to carbon monoxide makes up the highest percentage of sequences for methane metabolism, and its increase in forest soils could reflect a trend of higher methane oxidation in this kind of soil as compared to the XZF soils. For example, the carbon-monoxide dehydrogenase is over 15% of total methane sequences in forest soils, while in XZF soils, it is below 8% (Figure 3). Previous studies showed that afforestation or reforestation of aerobic soils can enhance soil methane oxidation by influencing the composition and activity of soil methanotrophs [44]. Thus, this result suggests that the forest soil may be a better methane sink than the shrubland (XZF) soil with isolated trees, in agreement with previous results [44]. On the other hand, the major abundance of sequences for pyruvate synthesis and minor for formate degradation to carbon monoxide in the XZF soil sample could be an indication of an alternative pathway for carbon fixation, which supplements the scant carbon supply by litter decomposition and from methane.



Sulfate assimilation (from sulfate till sulfide) is the most prominent pathway for sulfur metabolism in all three soils. The difference in the number of sequences of the sulfate adenylyltransferase could reflect a real incorporation of sulfur from the environment in the XZF rhizospheric soil. Ammonium assimilation and nitrate ammonification are the main functional groups for nitrogen metabolism, meaning that it is a developed ecosystem for the nitrogen cycle [45], because the ammonia generated by degradation of organic compounds is probably taken up, preventing its loss. That is to say, there is a strong use of organic sources of nitrogen at the three sampling sites mainly by the EC: 1.4.1.2 (glutamate dehydrogenase) enzyme in forest soils, and by enzymes EC: 1.4.1.3 [glutamate dehydrogenase (NAD(P)+)] and EC: 1.4.7.1 (glutamate synthase) in the XZF soil. Moreover, in XZF soil, the higher amount of sequences for nitrate reductase (narG and narH genes) could reflect an extra incorporation of N from inorganic sources. Taken together, and in spite of the similar metabolic pathways, it seems that in the XZF soil, there is a higher use of inorganic N and S sources.



Proteobacteria and Actinobacteria were the dominant phyla in the SSU sequence analyses, as is usually the case for soil microbial communities [14,46,47,48]. The same result was obtained for total protein-coding sequences within the three metabolic pathways analyzed. Proteobacteria play a key role in C, N and S cycling [49], and their dominance in rhizospheric forest samples shows the copiotrophic conditions therein. The high presence of Actinobacteria in all the sampled sites may be an indicator of the presence of aromatic compounds in oak leaves [50] or of low carbon availability, as Actinobacteria are described to be adapted to these environmental features [51]. Verrucomicrobia, Bacteroidetes and Nitrospirae were more abundant in the XZF sample than in forest soils for both SSU rRNA sequences and for methane, sulfur and nitrogen metabolism protein-coding sequences. Verrucomicrobia and Bacteroidetes have been described as oligotrophic phyla [52], and a decline of Verrucomicrobia sequences due to nitrogen fertilization has been observed elsewhere [53], thereby highlighting the oligotrophic features of this phylum. Therefore, the over-representation of these phyla in XZF soil could be an indicator of oligotrophic conditions, due in part to a lower intake of nutrients through leaf fall. The higher relative abundance of Bacteroidetes, Betaproteobacteria and Gammaproteobacteria in the XZF sample is similar to that observed in another study on Retama sphaerocarpa shrubs [54], suggesting the influence of the surrounding padded brushwood vegetation on the rhizospheric microbial communities of the isolated trees. The greater abundance of Acidobacteria at the low elevation forest sample agrees with some studies of altitudinal gradient [10,35], although the opposite has been seen in other studies [48,55]. In some cases, the relative abundance of Acidobacteria is negatively correlated with pH [10] or positively with carbon inputs [55]. Fierer et al. [56] observed that the differences along an altitudinal gradient are due more to changes in pH than the altitudinal gradient itself. It appears that, as was observed by Defossez et al. [57], abiotic factors have a strong influence on microbial communities, which at the same time have an influence on and are influenced by the plant community. In the XZF area, the edge effect of a forest ecosystem is strong since it receives more light and wind, producing drier conditions and more extreme temperatures than found in forest interiors [58]. Therefore, changes in the soil microbial community structure and activity can be expected, and these changes may influence litter decomposition rates and nutrient cycling in the ecosystem [59].



At the class level, the relative increases in Beta- and Gammaproteobacteria, and decreases in Alphaproteobacteria, along the altitudinal gradient for SSU sequences correlates with another study that demonstrated the influence of pH and vegetation type on bacterial community structure and composition along an altitudinal gradient on Changbai Mountain [35], as pH and the C/N ratio were also lower in the padded brushwood vegetation without a forest canopy. The more represented families for protein-coding sequences were Bradyrhizobiaceae (phyla Proteobacteria) and Mycobacteriaceae (phyla Actinobacteria), which have also been two of the most represented families in other forest soils [46,47]. But in our case, there was a higher representation of Bradyrhizobiaceae in forest soils, while Mycobacteriaceae were more abundant in the expansion site. Among the Bradyrhizobiaceae is the genus Bradyrhizobium, a well-known Nitrogen-fixing bacteria within root nodules of leguminous plants, including trees [60] and Tardiphaga, which has also been isolated from nodules of tree roots [61]. Thus, different genera of this family may interact with tree roots and may be involved in the N cycle, both in plant symbiosis and in association to the roots. Other genera in the Bradyrhizobiaceae family, such as Bosea (involved in the sulfur cycle), Nitrobacter (oxidation of nitrite) or Oligotropha (fixation of carbon monoxide), could be important in the described metabolic pathways. However, the deep sequencing approach used in this study, with short reads, does not allow us to know the exact genera that are involved in these processes. The Mycobacteriaceae family is composed of genera Mycobacterium and Hoyosella. Mycobacteria are generally free-living saprophytes but are very well known as agents of human diseases [62]. However, there is accumulating evidence to suggest that the genus Mycobacterium can be associated with forest soils [46,62,63]. Unfortunately, information about its functional role in these ecosystems is minimal since these studies were focused on natural reservoirs of human pathogens. Based on recent evidence, the role of Mycobacteria in wild soils and as plant-associated bacteria should be investigated.




5. Conclusions


This study has shown that there are phylogenetic differences in the rhizospheric microbial communities of the same tree species, which may depend on the existence of forest canopy as well as the soil pH and C/N ratio. Furthermore, despite the existence of some taxonomic specificity for methane, sulfur and nitrogen metabolism, the same taxa were represented in each of these metabolic pathways. In addition, the major difference was due to the relative abundance of each taxon at the different altitudinal points without a dramatic change in the nature of the microbial community. Future research with more extensive sampling and replication, greater depth of sequencing and direct assessment of metabolic rates is necessary to have a better knowledge of the functioning of these ecosystems.
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Figure 1. Taxonomic and phylogenetic assignment of reads at the phylum and class levels. (a) Taxonomic classification of SSU rRNA sequences by BLASTN against the SILVA database using Classifier v2.3 software; (b) Phylogenetic classification of the total contigs datasets annotated on the KO database, performed by BLASTX analysis against the Greengenes genome database using the IMG/JGI web server. The Y axis represents the relative abundance of each taxon expressed as a percentage. Phyla and Proteobacteria classes with more than 1% relative abundance on at least one of the datasets are plotted. Taxonomical groups with statistically significant differences between samples are marked with an asterisk. 
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Figure 2. Percentage of contigs for functional groups within level 1—Metabolism (a) and Level 2—Energy metabolism (b), according to the KEGG Orthology classification of the MG-RAST web-server. Functional groups with statistically significant differences between samples are marked with asterisks. 
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Figure 3. Percentage of genes involved in methane, sulfur and nitrogen metabolism with statistically significant differences (p < 0.05) between sampled sites. 
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Figure 4. Partial pathways of methane metabolism (a), sulfur metabolism (b) and nitrogen metabolism (c). Total sequences per sample are indicated by discontinuous line boxes. Sequences obtained for each protein or protein group are indicated under the continuous line boxes, separated between dashes for each sample (always in the order LAF–HAF–XZF). 
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Figure 5. Phylogenetic classification and relative abundance at the phyla level for methane metabolism (a), sulfur metabolism (b) and nitrogen metabolism (c) sequences, performed by BLASTX analysis against the Greengenes genome database using the IMG/JGI web server. The Y axis represents the relative abundance of each taxon expressed as a percentage. Phylogenetic classification of the Proteobacteria is also shown at the class level. Functional groups with statistically significant differences between samples are marked with asterisks. 
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Figure 6. Phylogenetic classification at the family level for methane metabolism (a), sulfur metabolism (b) and nitrogen metabolism (c) sequences, performed by BLASTX analysis against the Greengenes genome database using the IMG/JGI web server. The Y axis represents the relative abundance of each taxon expressed as a percentage. Those families with more than 2% abundance in at least one of the datasets are shown. Functional groups with statistical significant differences between samples are marked with asterisk. 
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Figure 7. Agglomerative hierarchical clustering for the presence/absence (a) and relative abundance (b) of sequences grouped by phylogenetic families for both the total and the metabolic cycles analyzed of each sampled site. Euclidean distance matrix and UPGMA algorithm were used for this analysis. 






Figure 7. Agglomerative hierarchical clustering for the presence/absence (a) and relative abundance (b) of sequences grouped by phylogenetic families for both the total and the metabolic cycles analyzed of each sampled site. Euclidean distance matrix and UPGMA algorithm were used for this analysis.



[image: Forests 08 00390 g007]







[image: Table] 





Table 1. Main values of the assembly process with the number of reads, contigs and annotated genes. LAF, lowest altitudinal forest; HAF, high altitudinal forest; and XZF, expansion zone forest.
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	Parameter
	LAF
	HAF
	XZF





	Number of reads
	173,277,220
	171,236,955
	192,242,088



	Number of contigs after assembly
	205,779
	205,095
	246,663



	Contig average length (bp)
	319.85
	350.92
	342.55



	Number of annotated genes in KEGG database
	193,696
	184,352
	184,881



	Size of largest contig (bp)
	6529
	18,521
	91,563











© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
-
Jrep—

Eucidoan distanco






media/file4.png
a)

Metabolism of other amino acids

*

W XZF

Metabolism of terpenoids and polyketides m HAF

M LAF
Xenobiotics biodegradation and metabolism

Biosynthesis of other secondary metabolites

*

*

Nucleotide metabolism

Glycan biosynthesis and metabolism

*

Lipid metabolism

*

Metabolism of cofactors and vitamins

*

Energy metabolism

Carbohydrate metabolism

*

Amino acid metabolism

*

10 15 20 25 30

Relative abundance (%)

o
(O

b)

Carbon fixation in photosynthetic organisms

[PATH:ko00710] W XZF
Carbon fixation pathways in prokaryotes m HAF
[PATH:ko00720] B LAF

Photosynthesis [PATH:ko00195]

Photosynthesis - antenna proteins
[PATH:ko00196]

_
*

Sulfur metabolism [PATH:ko00920]

*

Nitrogen metabolism [PATH:ko00910]

*

Methane metabolism [PATH:ko00680]

*

Oxidative phosphorylation [PATH:ko00190]

10 20 30 40 50 60
Relative abundance (%)

o





nav.xhtml


  forests-08-00390


  
    		
      forests-08-00390
    


  




  





media/file2.png
*

* I
I n

w XZF

* '
w—__w——

3

H HAF

W LAF
t 3
E 3
b ww

dm

*

J

*

*

*

5 '
0

*

o wun O
Mm N

Axv Jduepunge aAlle|oy

N
i

o
i

elI91oeg paljisse|pun
IX3]}0401YD
ejoaeydseAuny
e11910eqosn4
S91NJ1WI4
S9}9peuowIlew w0
e11910eqopIoYy
s9192Awoloue|d
B10OJIIWOINIIDA
aeJidsoaIN
1g0J0|YyD/Sa19pl0oia1deg
e11910eqOUuIldY
e119}0e(0310.d
el191oeqoaloldela
el191oeqoalosdewwen
el14910eqoaloidelag

el4930eqoalosdeyd|y

B HAF W XZF

H LAF

o
(N

o
LN

o
4

(%) @d2uepunqe anne|ay

o
o™

o
(@

o
—

o)

el191oeg paljisse|oun

IX3]4040]YD

| ej09eydieding
% | Eelaleqosn4
- S91NdIWI4
_— S9}9peuowilewwan
el1910eqopI1oy

| se192Aworueld
B1QOJDIWOINLIDA
QelldsoJN
1g0J0|y)/sa1aploialoeg
B11910EqOUdY
e149108(0310.d
e11910eqoajosde}|a(
e14910eqoaloidewwen
el1910eqoajoldelag

el1a1oeqoaloideyd|y





media/file5.jpg
thrs; phosphoserine/ homoserine phosphotransierase [€€:3.13.32.7.1.39)
L, o el e ochome ) bt [(C1127]
P smot,mevan ot mocoonensie b C

[T war
44110,k phospromiacirs e (4419 v
o e ——————"T i

e e 17
19, g o s st (€33 1)
it mal Cok e EC41324
Methane s, o s s e (C31.35)
4 2315, o e st £C23.15]
metabolism [ m———
o, ok ot e e (62732
o fmae deyiogese €C1.212]
0, o s bhosphte s, s N (41213
ot ct; caron e cerogens s st (12992
00 o bphospate ks, s [€41.2.15)
erC, AT, pshostn ot 6264521
s b moncde cerogere sl b (12992]
0, cra o A 21.11]

o, ;b ronside deyogens s et £C1299] m—
o0, e serogenemfor bt (€1 12] —

e

oG sdepisoie e (C3T13]

—
Sulfur [ s
L o v ———t}
oot A 251] —
T i s e LT A T
Nitrogen e e e s £C17528)
et 1723
MetaboliSm o erpinc vt ettt ML) e
—_—

55145 ormid (35191
0.2 g8 st deegese (RO} (C1413]
€147, gtamar ytae o) G171 ———
.10, gt deyropese 1141] —
Selative shumdanen 0)





media/file3.jpg
a)

[ ——— i
[ ————— o

Senobiotcs ioderdnion et [ +
omptnessof b scondrymessbores [ ©
[
Gheanosytess and metbolsn [T
Undmetasotsr P *
[ —

[y =0

b)

Cobon fationinghotosyiveticorgansms

PATHA00OT0] war
Cobon ation ot i prianores s
PAHic00720] e

R

ATR00019]

Sulr metsbols (PATH1000920

[R—— "

OO ==
Pr—





media/file1.jpg
U ©2108 payssepun § euseg paysssepun

5 Lo
1 ewoaeupieting - er09egoiehing
H of o 2 § s
& sowpesounewwos " i sopeuounewwsy
3 B (e . - ey
5 - Ho H | muooued
T rooormonung ot s
- i &
I SR . s S o -
Bt s g U . s
8 wooneaonoeno - (MRS O
N~ Enammns i e
| v Sl i
- — iisaed I - iimaion)
ad 828 2R 2 °

() 9ouepune snneroy

=





media/file7.jpg





media/file10.png
o
(Yo}

—

qv)

 XZF

m HAF
*
wll

H LAF

o O O O o o
n < o

(%) @2uepunqe anile|ay

L
L * e
_ %,
T %%
N * o @A\ .M\\%
< “on <, X
*J O Re
[ ] %\Q 2 %«A\ 2
L .\+® .\NA\ )
LL W\O OO
5 *q %, 9, X
- %, 0
*J p r.v\&\
% %
*ll 9 %
$
.A\@ va \mv\O
%> \m.v\c A
& & B X
A\Q 0Nv 2
* 4 e «.\A\o ¢
%, o,
& 2
.«\@& va@ (v
®) \O
o, % R
* I, . %, 0
8 00@ %
O O o o o o %. 0, e
LN < (90] N i OONN mw\@ O
O.\omo &
(%) @duepunge annejay v&
b

w XZF

m HAF
j *
ffl =

50
40
0
0
0
0





media/file12.png
N ]
= ¥
- —
W *
- -
*
< el
N %0 e%eo - *j
= ©
: * o v\\v
N o emu@ | L %ouc ,.\\Q *
N e %,
: ot . o iy
| @Q@ vag M o rv@\ NA\O .
% . % = * ol . R %,
< ecmu o@ o) o oao.\o mwvo w\O,m, -
l 0% 5 SR N
O Vo %) — *l S % 0&\ 2, -
*L , % L - %,
= *I_ % @@& 00«0 d *L eﬁe x.v\o\\o @0\0 Z, * 1
- @ o (V o o V\
o) ¢, 0, ) 3
. *‘ K mv,.\\O\ 0@0 0\\? . . R, o *
o X Qy &, A
o0, . % 3
Y o % %, %,
l\ of
*. 0%@ N QOQ - @\e.,\owO\ w@ » .
OIS 5 '
7 .
*J ; A\Q c.\\,v% *L @% mwvo w\m.\\ *
&@0 \0\0 mvoA\ eoo.u @&0 \vav .
* el & .\o«@ @v\v 7 * . % «eé@ ., —
) %) o y g
2 % %0, %
* ‘ ®®®Q \0,\@ Amvkv@\ *l @%@O AmszQ \QANV. ,_werv J
o % !
—— ..- % @e&o 2 .\,mwv % @eé c.\\e&v %
. S, 7. X ] . ) )  —
Gﬁo 9, o, ¢ N % Jr@ | ’
R 5, Y, 0, O  — % e
e, 'O (0% . ;
Oy %) yo) o o, 5 -
* OAO\Q, %QO 0.“\\9 o un m ﬁ m \WQ\\@ A.x.v INA—
M \\\00\ 2 —~ (%) @2uepunq
(%) @2uepunqe annejay © .

© o
O

.

0





media/file9.jpg
o l a-|InJ.-_. Y
ARSI

S
.;’3’;" «" g

[Rme—

[Rme—
58

—_—

)

£

—_—

—

tl‘--"hJ_.Jn_-

rrxf#g,y;f«wi
fi{ﬂf 5
f, ff f{.f

[Rm—
5





media/file0.png





media/file14.png
XZF _total
LAF_total
HAF _total
XZF_sulfur
LAF_sulfur
HAF_sulfur
XZF _nitrogen
LAF_nitrogen
HAF _nitrogen
XZF_methane
LAF_methane

HAF_methane

b)

XZF _sulfur
XZF_nitrogen
XZF _total
XZF_methane
HAF_nitrogen
HAF_methane
HAF _total
HAF_sulfur
LAF_sulfur
LAF_nitrogen
LAF_total

LAF_methane

Euclidean distance

5 10
| |
Euclidean distance
5 10 15 20 25






media/file8.png
v
MfbA Methane <€ Methyl-CoM
MtB L | 2.84.1 l
L4325 | o o L ¥
MiiC L1183 |\,
2-2-0
Methanol 12-8-14 5,10 Methyl THMPT
1.1.1.13 1.11.1.6 T 1.5.99.9
_ Coenzyme F420 (H2)
1.1.2.7 1.11.1.7 l 1.12.98.1
Glycerone 0-1-6
¥ S-Hidroxy-methyl- 5,10 Methenyl THMPT
lutatione
Formaldehyde g
3.5.4.27
| 111284 |
Methylamine 68— 91 — 81 T
v
1.2.1.46 M
3%-13-13 S-Formyl- N5 Formyl THMPT
glutetione
| 31212 | e
v 7-14-10 ¥
Trimethylamine-N-Oxide Formate <€ Formyl-MFR
669 | Total sequences:
1.14.13.148 456-477-336 \ LAF — HAF - XZF !
bl 12992 | 2483 - 24102088
v 1.2.7.4 2.3.1.169 bommmmmmmmmmmmmmmee '
——— Trimethylamine cO, —> CO > Acetyl-CoA
376 - 427 - 166 |
Corrinoid
b)
Methane metabolism 2.7.1.5
2774
Sulfate > Adenylylsulfate
140 - 111 - 180
A A
2.3.1.30
33-26-37 2.7.1.25
1.8.99.2
1.8.3.1 1.8.4.8
1.8.2.1 93-64-99
Jf 1-10-3 vv
O-Acetyl-L serine Sulfur €—— Sulfite
!
2.5.1.47 1.8.1.2
———> Thiosulfate
2.5.1.65 - 1.8.7.1
3.12.1.1
146 — 139 - 105 - 1.8.99.1
Triothionate 86-70-69
v v
Acetate > Sulfide
+  Total sequences: |
! LAF — HAF - XZF !
. _7_2_5: _6_5_2___ .7_0_2_ o Methionine metabolism
c) Nitrite <€ Hydroxylamine
1.7.2.6 'y
2-0-3
[ 17000 ]| |[ 1149939
6-0-17
Nitroalkane
40 - 44 -36
A 4 4 v
Nitrate > Nitrite > Ammonia
1.7.7.2 1.7.1.4 1.7.7.1 T
1.7.1.1 1.7.1.15 1.7.2.2
1.7.99.4 96-103-105
P [ |
1-2-9
------------------ 1 Jf

Total sequences: |
LAF - HAF - XZF !
1096 — 1159 — 1208 |

Nitric oxide

> Dinitrogen oxide —————> Nitrogen

1.7.1.14

1.7.2.4

1.7.2.5

1-0-2

0-4-6





media/file11.jpg
QlJliﬂ]iiljiiian
7

Y /4

) »
§W ] e ae
-] M _

HN | | FIFTH e Taa T
ylli

Y 7%

iJ[lelldi]i[[[JﬁJ

Y 7 &





media/file6.png
thrH; phosphoserine / homoserine phosphotransferase [EC:3.1.3.3 2.7.1.39]

mdh1, mxaF; methanol dehydrogenase (cytochrome c) subunit 1 [EC:1.1.2.7]
pmoC-amoC; methane/ammonia monooxygenase subunit C

porG; pyruvate ferredoxin oxidoreductase, gamma subunit [EC:1.2.7.1]

E4.4.1.19, comA; phosphosulfolactate synthase [EC:4.4.1.19]

pmoB-amoB; methane/ammonia monooxygenase subunit B

porA; pyruvate ferredoxin oxidoreductase, alpha subunit [EC:1.2.7.1]

porB; pyruvate ferredoxin oxidoreductase, beta subunit [EC:1.2.7.1]

FBP, fbp; fructose-1,6-bisphosphatase | [EC:3.1.3.11]

mcl; malyl-CoA lyase [EC:4.1.3.24]

MEtha ne serB, PSPH; phosphoserine phosphatase [EC:3.1.3.3]
. E2.3.1.8, pta; phosphate acetyltransferase [EC:2.3.1.8]

meta bOI ISmM fdoH; formate dehydrogenase iron-sulfur subunit
pps, ppsA; pyruvate, water dikinase [EC:2.7.9.2]

FDH; formate dehydrogenase [EC:1.2.1.2]

FBA, fbaA; fructose-bisphosphate aldolase, class Il [EC:4.1.2.13]
coxM, cutM; carbon-monoxide dehydrogenase medium subunit [EC:1.2.99.2]
ALDO; fructose-bisphosphate aldolase, class | [EC:4.1.2.13]

serC, PSAT1; phosphoserine aminotransferase [EC:2.6.1.52]

coxS; carbon-monoxide dehydrogenase small subunit [EC:1.2.99.2]

ENO, eno; enolase [EC:4.2.1.11]

coxL, cutL; carbon-monoxide dehydrogenase large subunit [EC:1.2.99.2]
fdoG, fdfH; formate dehydrogenase major subunit [EC:1.2.1.2]

cysC; adenylylsulfate kinase [EC:2.7.1.25]

SU |fu r cysN; sulfate adenylyltransferase subunit 1 [EC:2.7.7.4]
. CYC; cytochrome ¢

meta b0|lsm metZ; O-succinylhomoserine sulfhydrylase [EC:2.5.1.-]
cysK; cysteine synthase A [EC:2.5.1.47]

narG; nitrate reductase alpha subunit [EC:1.7.99.4]

N itrogen narH; nitrate reductase beta subunit [EC:1.7.99.4]
arcC; carbamate kinase [EC:2.7.2.2]

napA; periplasmic nitrate reductase NapA [EC:1.7.99.4]

E3.5.1.49; formamidase [EC:3.5.1.49]

GLUD1_2, gdhA; glutamate dehydrogenase (NAD(P)+) [EC:1.4.1.3]
E1.4.7.1; glutamate synthase (ferredoxin) [EC:1.4.7.1]

gudB, rocG; glutamate dehydrogenase [EC:1.4.1.2]

metabolism

o

U

10
Relative abundance (%)

m XZF
m HAF
u LAF

'

[EY
(92

20





