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Analysis of metatranscriptomic and metagenomic datasets from the lower reaches of the Amazon River between Óbidos and the river mouth revealed microbial transcript and gene pools dominated by Actinobacteria, Thaumarchaeota, Bacteroidetes, Acidobacteria, Betaproteobacteria, and Planctomycetes. Three mainstem stations spanning a 625 km reach had similar gene expression patterns (transcripts gene copy−1) across a diverse suite of element cycling genes, but two tributary-influenced stations at the mouth of the Tapajós River and near the Tocantins River at Belém had distinct transcriptome composition and expression ratios, particularly for genes encoding light-related energy capture (higher) and iron acquisition and ammonia oxidation (lower). Environmental parameters that were useful predictors of gene expression ratios included concentrations of lignin phenols, suspended sediments, nitrate, phosphate, and particulate organic carbon and nitrogen. Similar to the gene expression data, these chemical properties reflected highly homogeneous mainstem stations punctuated by distinct tributary-influenced stations at Tapajós and Belém. Although heterotrophic processes were expected to dominate in the lower Amazon, transcripts from photosynthetic bacteria were abundant in tributary-influenced regions, and transcripts from Thaumarcheota taxa genetically capable of chemosynthetic ammonia oxidation accounted for up to 21% of the transcriptome at others. Based on regressions of transcript numbers against gene numbers, expression ratios of Thaumarchaeota populations were largely unchanged within the mainstem, suggesting a relatively minor role for gene regulation. These quantitative gene and transcript inventories detail a diverse array of energy acquisition strategies and metabolic capabilities for bacteria and archaea populations of the world's largest river system.
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INTRODUCTION

The Amazon River runs nearly 6,500 km across the South American continent before emptying into the Western Tropical North Atlantic Ocean, and is the largest riverine system based on both volume and watershed area (Coles et al., 2013). The rainforest of the Amazon Basin is responsible for nearly 10% of global primary production (Field et al., 1998), and much of the 8.5 Pg C fixed per year (Malhi et al., 2008) ultimately ends up in the river. The main channel is well mixed and highly turbid, and high levels of CO2 as well as poor light penetration support an environment assumed to be dominated by heterotrophic bacteria. These microbes remove, transform, and stabilize riverine organic matter during transit, with their activities leading to river outgassing of as much as 1,390 Tg C y−1 to the atmosphere (Richey et al., 2002; Sawakuchi et al., 2017)

Within the mainstem of the Amazon, heterotrophic bacteria rely on allochthonous input of carbon and nutrients from the surrounding rainforest and drainage basins. Humic and fulvic acids likely derived from lignin and other terrestrial plant components account for ~60% of riverine dissolved organic carbon (DOC) (Ertel et al., 1986). Recent work suggests that bacterial degradation of these terrestrially-derived organic compounds contributes significantly to river respiration and outgassing (Ward et al., 2013, 2016). In contrast, the clearwater tributaries along the lower river have reduced turbidity and may provide conditions suitable for the growth of photosynthetic microbes (Quay et al., 1995; Gagne-Maynard et al., 2017). In addition to the major roles of bacteria in carbon cycling in the river, these microorganisms also process and cycle nitrogen, phosphorus, sulfur, iron, and other elements.

Evidence of Archaea belonging to the phylum Thaumarchaeota has recently been found in metagenomic libraries of the upper reaches of Amazon River system (Ghai et al., 2011; Santos-Júnior et al., 2017). The presence of amoABC genes in these data (Ghai et al., 2011) raises the question of whether chemoautotrophic ammonia oxidation might also be occurring in the lower Amazon reaches. Other freshwater habitats have been found to host Thaumarchaeota cells in the water column, including lakes and rivers (Urbach et al., 2001; Lehours et al., 2007; Auguet et al., 2011; Liu et al., 2011), where they can account for up to 47% of prokaryotic cells (Callieri et al., 2009). The freshwater region of the Pearl River, another large-river system, has been found to support substantial and diverse Thaumarchaeota lineages based both on 16S rRNA and archaeal amoA gene surveys (Liu et al., 2011, 2014).

There are an estimated 1.2 × 1024 prokaryotic cells in rivers globally, with average cell concentrations typically twice those in seawater (Whitman et al., 1998). Metagenomic- and metatranscriptomic-based gene and transcript inventories in freshwater environments have provided insights into the functions of these microbes (Rusch et al., 2007; Pope and Patel, 2008; Debroas et al., 2009; Ghai et al., 2011; Oh et al., 2011; Vila-Costa et al., 2013; Quaiser et al., 2014; Tsementzi et al., 2014). When normalized with internal standards (Gifford et al., 2011; Satinsky et al., 2013), metagenomic and metatranscriptomic datasets collected in parallel can be used to calculate expression levels for each gene (transcripts gene copy−1). This approach is particularly informative in comparisons of spatially or temporally dynamic environments where shifts in microbial gene regulation shape biogeochemical outcomes (Satinsky et al., 2014a,b).

In this study we present a quantitative assessment of bacterial and archaeal gene expression in the world's largest river ecosystem. Five stations were inventoried within the lower reaches of the Amazon River stretching from Óbidos to the three main discharge channels at Macapá and Belém (~150 km upstream of the river mouth). The river was surveyed during a period of high discharge in May 2011 using both metagenomic and metatranscriptomic methodologies benchmarked with internal standards. The analyses addressed three main questions: (1) Which microbial taxa are the largest contributors to the community transcriptome in the lower Amazon River? (2) What is the level of expression (transcripts gene copy−1) of key biogeochemical genes by the bacterial communities at the five river locations? (3) Does regulation of these biogeochemically-relevant genes change along the course of the lower Amazon River?

METHODS

Sample Collection

In May 2011, microbial cells in the free-living (FL; 0.2–2.0 μm) and particle-associated (PA; 2.0–297 μm) size fractions at 5 stations in the lower reaches of the Amazon River system (Figure 1B) were collected by filtration. Duplicate samples of each size fraction were obtained for both metagenomic and metatranscriptomic sequencing. All samples were collected from 50% of river depth by pumping water to the boat's deck using a Shurflo submersible pump fitted with a 297 μm stainless steel screen. Water collected into 20 L carboys was sequentially filtered through a 2.0 μm pore-size, 142 mm diameter polycarbonate (PCTE) membrane filter (Sterlitech Corporation, Kent, CWA) and a 0.22 μm pore-size, 142 mm diameter Supor membrane filter (Pall, Port Washington, NY). Filtration was completed within 30 min of collection for the metatranscriptomic samples. Following filtration all membrane filters were immediately submerged in RNAlater (Applied Biosystems, Austin, TX) in sterile 15 mL conical tubes and stored at 4°C until returned to shore, at which point the samples were frozen at −20°C until processing. Additional details are given in the announcement of the public release of this dataset (Satinsky et al., 2015).
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FIGURE 1. (A) Transcript inventories (transcripts L−1) for the ten most transcriptionally abundant bacterial and archaeal taxonomic bins at five river stations in May 2011. Circle fill indicates the microenvironment (free-living, open; particle-associated, closed). (B) Station locations in the lower Amazon River.



Sample Processing

For all metatranscriptomic samples, filters were thawed, removed from the RNAlater preservation solution, placed in Whirl-Pak® bags (Nasco, Fort Artkinson, WI), and flash-frozen in liquid nitrogen. Frozen filters in bags were crushed using a rubber mallet and transferred to a prepared 50 mL lysis tube containing 10 mL of Denaturation Solution (Ambion-Thermo Fisher, Waltham, MA, USA), 500 μL of RNA Plant Aid (Ambion), 2 mL of sterilized zirconium beads (OPS Diagnostics, Lebanon, NJ, USA), and internal standards (Satinsky et al., 2013). Tubes were vortexed for 10 min to lyse cells and contents were centrifuged for 1 min at 5,000 rpm. The lysates were transferred to sterile 15 mL conical tubes and centrifuged for 5 min at 5,000 rpm. Clarified lysates were transferred to sterile 50 mL conical tubes and 3.5 mL of saturated phenol (pH 4.3) was added and vortexed. The tubes were centrifuged for 8 min at 12,000 × g, the aqueous phase in each tube was transferred to a fresh 50 mL conical tube, and 3.5 mL of a phenol:chloroform solution (1:1, pH 5) was added and mixed. Following an 8 min centrifugation at 12,000 × g, the aqueous phase was transferred to a new 50 mL conical tube and mixed with 5 mL of chloroform:isoamyl alcohol solution. Tubes were vortexed and contents centrifuged for 5 min at 12,000 × g. The final aqueous phase was transferred to a new 50 mL conical tube, combined with an equal volume of 100% ethanol, and homogenized by passage through a 21 gauge needle. RNA purification was completed using the Zymo Direct-zol RNA MiniPrep kit (Zymo Research, Irvine, CA, USA) according to manufacturer's protocol. Following RNA extraction residual DNA was removed and rRNA was depleted. mRNA was linearly amplified and double-stranded cDNA was synthesized as previously described (Satinsky et al., 2014a, 2017) by poly-adenylating the end of the mRNA molecules and adding a T7 promoter for amplification (MessageAmp II-Bacteria Kit; Applied Biosystems, Austin, TX). For metagenomic samples, filters were processed as previously described with the inclusion of an internal standard consisting of Thermus thermophilus HB8 genomic DNA (Satinsky et al., 2013, 2014b).

Resulting cDNA and DNA preparations were sheared ultrasonically to ~200–250 bp fragments and libraries were constructed for paired-end sequencing (150 × 150) using the HiSeq 2500 platform (Illumina Inc., San Diego, CA). Following sequencing, reads were paired using PANDAseq (Masella et al., 2012) and filtered using the FASTX-Toolkit (Gordon and Hannon, 2010) with a minimum score cutoff of 20 over 80% of the read. From the paired, quality-controlled reads, internal standard sequences were quantified and removed. rRNA sequences were removed from the metatranscriptomes (Satinsky et al., 2014b).

Sequences are available from NCBI under accession numbers SRP039390 (metagenomes) and SRP037995 (metatranscriptomes). The NCBI sequences are fastq files from which internal standard sequences (metagenomes and metatranscriptomes) and rRNA sequences (metatranscriptomes only) were removed prior to deposition. Sequences are also available at iMicrobe under accession numbers 127-RCM1 to 127-RCM48.

Sequence Analysis

Protein encoding reads were identified and taxonomically assigned to public reference genomes through annotation against the RefSeq Protein database using RAPsearch2 (Zhao et al., 2012) with a score cutoff of 40, keeping only the best hit (Satinsky et al., 2015, 2017). Reads representing selected functional genes were also identified through annotation against a custom protein database (Table S1) consisting of reference sequences from diverse taxa as well as paralogs with sequence similarity to the genes of interest, with cut-off criteria determined by manual annotation. The 89 functional genes in this database represented steps in C, N, P, and S element cycling and several co-factors and vitamins (Table S2) (Satinsky et al., 2014a). Annotation was conducted using a blastx search with a bit score cutoff of 40, keeping only the top hit to non-paralogous sequences. Positive reads were then reanalyzed against the RefSeq protein database to assign taxonomy (Satinsky et al., 2014a, 2017; Zielinski et al., 2016).

Per liter numbers of genes and transcripts were calculated based on internal standard recovery (Table S3) by comparing the abundance of internal standard reads in the Illumina libraries to the number of standards added at the initiation of nucleic acid extraction (Satinsky et al., 2014a,b). For cases in which transcripts were observed but corresponding gene counts were zero, minimum estimates of expression ratios were made by setting the gene count equal to the limit of detection; the detection limit differed among samples based on sequencing depth (Table S3). The average of biological duplicates was obtained by generating a Poisson distribution for the two independent samples of each gene in the metagenomic and metatranscriptomic libraries using the rpois function in R with the lambda parameter equal to the count of reads and 10,000 randomly sampled values returned (Satinsky et al., 2014a). The Poisson distributions were converted to normalized count distributions (copies L−1) and the distributions averaged together for the replicate samples. The mean and standard deviation of the combined distributions were then used for subsequent calculations of expression ratios, calculated as average transcripts L−1 divided by the average gene copies L−1 (Satinsky et al., 2013) (dx.doi.org/10.17504/protocols.io.ftgbnjw). Standard deviations were propagated through the calculations.

Homogenous populations were identified as described previously (Satinsky et al., 2017) using ribosomal protein-encoding reads from genome bins abundant in the metatranscriptomes. Ribosomal proteins were selected for this analysis because they are single copy genes with high read counts, yet have sufficient dissimilarity (13.1 ± 5.8%) to distinguish between bins. Ribosomal protein reads were first identified using a RAPsearch2 similarity search against the full NCBI RefSeq protein database with a bit score cutoff of 40. Using the ribosomal protein with the highest coverage in each genome bin, reads were pooled from all stations and size fractions and clustered at 95% nucleotide identity with a minimal alignment coverage of 50% for the shorter sequence using CD-HIT (Huang et al., 2010). Reads from each station and size fraction were then independently assigned to the clusters using blastn, requiring a minimum alignment length of 50 nt (Satinsky et al., 2017). Because the ~225 nt reads cover only a fraction of a ribosomal protein sequence, a completely homogenous population can produce multiple read clusters within each gene. However, the clustering pattern will be consistent across samples if the population structure is consistent. Singletons (clusters with only a single hit across all samples) were removed from analyses, as were any stations or size fractions with fewer than 20 reads across all clusters. A Bray-Curtis dissimilarity analysis of the distributions of read clusters at each station/fraction was used to identify homogeneous genome bins across samples, defined here as those with dissimilarity scores of <30%.

Environmental Parameters

River water constituents were determined as described in Ward et al. (2013), Ward et al. (2015), and Doherty et al. (2017). Temperature and pH were measured using a Thermo Orion 290Aplus meter with the probe immersed in an overflowing graduated cylinder. Conductivity was measured using an Amber Science 2052 meter and dissolved oxygen with a YSI 55 meter with the probes immersed in the same graduated cylinder. Concentrations of [image: image], [image: image], [image: image], [image: image], and Cl− were determined by flow injection analysis using a FFOSS FIAstar 5000 Analyzer following sample filtration through a Whatman cellulose acetate filter (0.45 μm pore-size) and preservation with thymol at −20°C. Major ions (Si, [image: image], Na+, K+, Mg+, Ca+) were measured using a HORIBA Jobin Yvon Ultimainductively coupled plasma-optical emission spectroscope. Dissolved inorganic carbon (DIC) concentration was measured on a Shimadzu total organic carbon analyzer (Model TOC-VCPH) following filtration through 0.45 μm cellulose acetate membrane filter (Millipore) into acid-washed 60 mL HDPE bottles with no headspace to avoid degassing and preservation with thymol. DIC samples were analyzed for total organic carbon before and after acidification with 6 N HCl and sparging to remove gas; DIC was calculated as the difference between non-acidified and acidified/sparged samples. Dissolved CO2 concentrations were calculated based on DIC, pH and temperature measurements.

The maximal information-based non-parametric data exploration program (MINE) (Reshef et al., 2011) was used to identify gene expression ratios having strong associations with environmental parameters. The program analyzes scatterplots of pair-wise datasets (in this case, each gene expression ratio against each environmental parameter) to find the grid with the most mutual information (i.e., when knowing one variable provides the most information about the other).

RESULTS

Samples for metagenomic (DNA) and metatranscriptomic (mRNA) analyses were collected in May 2011 from the lower reaches of the Amazon River at five stations stretching from Óbidos to the river mouth (Table 1). The Óbidos station (OB) was the furthest upriver, above which ~90% of the Amazon's water enters the mainstem (Figure 1B). Downriver, the Tapajós station (TAP) captured the major input of the Tapajós River into the mainstem, characterized by much clearer water than found in the river proper. Further downriver the Macapá north channel (MCPN) and Macapá south channel (MCPS) stations represented two of the major outflows of the Amazon mainstem into the ocean (30 and 50% of the discharge; Ward et al., 2015), while the Belém (BLM) station to the south represents the third outflow (20%) and captures the input from the Tocantins River. Thus, among the five stations, three represented well-mixed mainstem stations (OB, MCPN, MCPS) and two represented tributaries or had major tributary inputs (TAP, BLM). All stations had salinities less than 0.05 psu (Table 2).


Table 1. Metagenome and metatranscriptome data summaries for five Amazon River stations in May 2011 sampled at 50% depth (10–33 m).
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Table 2. Environmental conditions at five Amazon River stations in May 2011.
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Two operationally defined microbial size fractions were sampled [free-living (FL), 0.2–2.0 μm; particle-associated (PA), 2.0–297 μm] at 50% river depth, which ranged from 10 to 33 m depending on the station (Table 2). Duplicate samples were collected at each station for each analysis type (metagenome, metatranscriptome) and size fraction (FL, PA), generating a total of 20 metagenomes and 20 metatranscriptomes and more than 500 million paired, quality controlled reads, amounting to 10–30 million potential protein encoding reads per library (Table 1). Here we detail the gene inventories and gene expression patterns of bacterial and archaeal communities based on functional and taxonomic analyses.

Transcript Inventories

Bacterial and archaeal genes were present in higher numbers than transcripts at all stations (Table 1). This finding is consistent with other natural microbial communities (Church et al., 2010; Moran et al., 2013; Satinsky et al., 2017) as well as laboratory-grown bacterial cultures (Neidhardt and Umbarger, 1987; Taniguchi et al., 2010; Gifford et al., 2016) and reflects a small and dynamic mRNA pool in Bacteria and Archaea (Moran et al., 2013). There was an average of 1.1 × 1011 prokaryotic transcripts L−1 (Table 1) at the five Amazon River stations, with about 25% contributed by the 10 most dominant taxonomic bins at each station. The taxonomic composition and rank order of contribution to the transcript pool varied among stations, but several taxonomic bins dominated the transcriptome at multiple stations. The Actinobacterium SCGC AAA027-L06 genome, for example, was the highest recruiting bin at four of the five stations (OB, TAP, MCPN, BLM), accounting for 2–11% of the prokaryotic transcript pool (Figure 1A). Multiple highly-recruiting Thaumarchaeota bins (reference genomes Nitrosopumilus maritimus SCM1, Candidatus Nitrosoarchaeum limnia, Candidatus Nitrosopumilus sp. AR2, Candidatus Nitrosoarchaeum koreensis, Candidatus Nitrosopumilus salaria, and Candidatus Nitrosopumilus koreensis AR1) were present at all stations except TAP (Figure 1A). At the three stations near the river mouth (MCPN, MCPS, BLM), Thaumarchaeota bins accounted for as much as 21% of the total transcriptome. Transcripts binning to heterotrophic bacterial genomes representing Betaproteobacteria, Planctomycetia, Verrucomicrobia, and Sphingobacteria were abundant at multiple stations. The dominant autotrophic taxonomic bins were Synechococcus sp. CB0101 at the clearwater TAP station and Microcystis aeruginosa at BLM. Typically, more transcripts were present per liter in the particle-associated size fraction of the bacterial and archaeal community than the free-living size fraction; the extreme case was at MCPN where transcripts were an order of magnitude more abundant in the particle-associated community compared to the free-living. TAP was the only station where the pattern was reversed; here, transcripts were 4-fold more abundant in the free-living community (Figure 1A).

Gene Expression Ratios

Expression ratios (transcripts gene copy−1) were calculated for the 89 biogeochemically-relevant genes for each size fraction at each station (Tables S2, S4). Among the heterotrophic carbon metabolism genes surveyed, a polyhydroxyalkanoate synthase involved in carbon storage (phaP) had the highest per-gene expression averaged across all samples (Figure 2 and Table S4). Expression of genes linked to C1 metabolism (methane monooxygenase mmoB and formaldehyde activating enzyme fae) was also high, while expression of the three genes implicated in lignin and tannin processing (pcaH, vanA, and tannase) was low (Figure 2). Genes encoding autotrophic processes had the highest levels of expression overall. These included photosystem II genes psbA, psbB, and psbC encoding light capture, RuBisCO genes rbcL(IA) and rbcL(IB) encoding carbon fixation enzymes, and ammonia oxidation genes amoA and nirK mediating chemoautotrophy (Figure 2). High expression of genes encoding key steps in chemoautotrophy, including amoA, have been found previously (Franck et al., 2008; Gifford et al., 2011; Hollibaugh et al., 2011). Among the genes representing phosphorus acquisition, high-affinity phosphate transporter components were the most highly expressed across the stations and size fractions (pstACS and phoU), while those involved in phosphonate transport and metabolism (phnEGHM) were among the lowest (Figure 2). cysK and cysI, encoding the reduction of sulfite and incorporation of sulfide into cysteine, were the most highly expressed of the sulfur cycle genes (Figure 2 and Table S4).
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FIGURE 2. Expression ratios (transcripts gene copy−1) for 89 biogeochemically-relevant genes averaged across all stations and size fractions. Off-scale values are indicated to the right of the truncated bar. Expression dynamics by individual station and size fraction are shown in Figure 3.



At the microenvironment scale, per-gene expression levels were consistently higher in the free-living fraction compared to the particle-associated fraction at both OB (81 of 89 genes) and MCPS (77 of 89 genes), but consistently higher in the particle-associated fraction at MCPN (87 of 89) and BLM (89 of 89) (Figure 3 and Table S4); the TAP station had no size fraction bias (43 genes had higher expression in the particle-associated fraction and 44 had higher expression in the free-living fraction; Figure 3 and Table S4). Within the specific functional categories, phaP peaked at 1.6 transcripts gene copy−1 in the particle-associated fraction at BLM, mmoB at 0.1 transcripts gene copy−1 in the particle-associated fraction at MCPN, and psbA and rbcL-IA at 5.2 and 1.7 transcripts gene copy−1 in the particle-associated fraction at BLM. Considering all 89 biogeochemical genes, the gene with the highest production of transcripts per gene copy in any sample was amoA in the particle-associated fraction at BLM, at 14 transcripts gene copy−1 (Figure 3 and Table S4).
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FIGURE 3. Expression ratios (transcripts gene copy−1) of 89 biogeochemically-relevant genes for two microbial size fractions at five river stations normalized to the median value for each gene. Genes are grouped according to broad functional categories and colored based on subcategories. Circle fill indicates microenvironment (free-living, open; particle-associated, closed). The scale bar at the left indicates the log2 deviation from the median value for all plots on that row. The ring drawn with a bold line in each plot indicates the median value (where log2 = 0).



How Important Is Gene Regulation?

We investigated the extent to which riverine microbes regulate genes as they are carried downriver through the lower mainstem. Genome bins with homogeneous population structure at multiple stations were identified in order to rule out shifting taxonomic composition as the explanation for differences in gene expression; otherwise expression level variation due to regulatory changes could not be distinguished from those due to population shifts. To identify these homogenous populations, transcripts mapping to highly expressed ribosomal protein genes were analyzed by hierarchical clustering (see Methods) for eight reference genome bins representing abundant taxa (three Bacteria and five Thaumarchaeota). The three bacterial reference bins (actinobacterium SCGC AAA027-L06, planctomycete Schlesneria paludicola, and verrucomicrobium Pedosphaera parvula) generated fingerprints with little similarity between stations (Figure 4), indicating that these populations would not be informative for assessing the extent of gene regulation. The five Thaumarchaeota reference bins, however, had similar populations at all four stations where they were quantitatively important: OB, MCPN, MCPS, and BLM (Figure 4).
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FIGURE 4. OTU fingerprints and hierarchical clustering of transcripts from a highly-expressed ribosomal protein for eight reference genome bins with high coverage in the metatranscriptomes. Individual samples identified as containing the same population structure at different locations (clustering at <30% dissimilarity) are marked with red circles in (A–E). In (F,G), Actinobacterium AAA027-L06 and Schlesneria paludicola ribosomal proteins met the cut-off criteria for different fractions at the same station, but not across different stations. In (H), Pedosphaera parvula populations were different for every size fraction and station. The ribosomal protein used in the clustering analysis is indicated after “rp” in the plot title.



We examined patterns of gene regulation in these five homogeneous Thaumarchaeota bins by plotting transcripts L−1 against genes L−1 (n = 8 for each analysis; 2 size fractions at each of 4 stations) (Figure 5). A high coefficient of determination of the linear regression (R2) was expected if transcription levels were constant for a given gene regardless of river location (that is, if each copy of a gene in a Thaumarchaeota reference bin produced a similar number of transcripts at all stations). For statistically significant relationships, the slope of the regression line provided an estimate of the average expression ratio (transcripts gene copy−1) for that gene. Of the nine genes examined (Figure 5), those with regression parameters most consistent with unchanging expression were ammonia transporter amtB and vitamin B1 biosynthetic gene thiC, for which an average of 68 and 55% of the variation in transcript counts was explained by a simple linear model against gene counts; transcripts gene copy−1 averaged 3.2 and 0.04 for these genes based on regression slopes. The gene for which regression parameters were most consistent with differential regulation was nitrous oxide reductase nosZ, for which an average of only 14% of transcript counts was explained by a linear model. Overall, 18 of 40 analyses (5 genome bins by 8–9 genes each) suggested that gene expression was being differentially regulated within Thaumarchaeota populations positioned at different locations in the Amazon mainstem; 22 of 40 analyses suggested constant rates of gene expression regardless of location (Table 3).


[image: image]

FIGURE 5. Plot of transcripts L−1 vs. genes L−1 for nine highly expressed element cycling genes in five homogeneous archaeal genome bins at stations OB, MCPS, MCPN, and BLM. An R2-value of 1.0 would indicate constant expression levels (transcripts gene copy−1) across stations and size fractions. Symbols on the Y axis titles show which genes are plotted on each scale. See Table 3 for regression analysis details.




Table 3. Regression statistics for plots of transcripts L−1 against genes L−1 for nine biogeochemically relevant genes in homogeneous genome bins.
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Relationships with Environmental Conditions

The maximal information-based non-parametric data exploration program (MINE; (Reshef et al., 2011) was used to detect associations between environmental properties and gene expression ratios. This analysis measured associations between data pairs (an environmental parameter paired with a gene expression ratio), assigning a normalized maximum information coefficient (MIC) value between 0 (no relationship) and 1 (strongest relationship). Of the 1,958 parameter-gene pairs examined for each microenvironment (22 parameters by 89 genes; Table S5), 73 high scoring linear relationships emerged for genes in free-living cells (defined as MIC >0.90 and Pearson correlation coefficient ≥0.90) and 35 emerged for genes in particle-associated cells (Table S6).

For bacteria and archaea in the free-living community, the most prominent pattern involved environmental parameters that were low at tributary-influenced stations TAP and BLM, but high at mainstem stations OB, MCPN, MCPS. These parameters included concentration of particulate lignin, dissolved lignin, fine suspended sediments (FSS), particulate organic carbon (POC), nitrate, dissolved inorganic carbon (DIC), and alkalinity (Figure 6). The parameters were good positive predictors of expression levels of four genes mediating sulfur cycling (aprB, cysK, soxA, and naaS) and two genes indicating heterotrophic activity (membrane fatty acid synthesis gene desA and carbon storage phasin gene phaP) (Figure 6). A second prominent pattern involved environmental parameters that were high at TAP and BLM but low at the three mainstem stations. These parameters were temperature and concentrations of dissolved oxygen and alkalinity. They were good negative predictors of the same four sulfur genes (aprB, cysK, naaS, soxB), as well as heterotrophy genes pepM and phaP, RuBisCO genes rbcL(IC) and rbcL(ID), and photosynthesis gene psbA.
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FIGURE 6. Correlations for high scoring data pairs in a MINE analysis of gene expression ratios and environmental properties for free-living (A) and particle-associated (B) cells. All correlations represent associations with a maximum information coefficient (MIC) >0.90 and a Pearson's correlation coefficient >0.90. Symbols on the Y axis titles show which genes are plotted on each scale.



A different set of environmental parameters best predicted gene expression ratios for cells making up the particle-associated community. Phosphate concentrations were positively correlated with four genes encoding processes in the phosphorus and nitrogen cycles: alkaline phosphatase gene phoA, ammonium transporter amtB, ammonia assimilation gene glnA, and nitrous oxide reductase nosZ (Figure 6B). Both POC and particulate organic nitrogen (PON) were correlated with expression ratios of dsrA and dsrB, genes encoding a reverse dissimilatory sulfite reductase that derives energy from reduced sulfur compounds. pH was positively correlated with heterotrophy genes phaP and bglA and with vitamin B6 biosynthesis genes pdxJ and pdxK.

DISCUSSION

Few studies have examined the genomic potential of microbial communities in the Amazon River system. A previous metagenomic analysis of microbes at Amazon River mainstem sites several hundred kilometers upriver from the Óbidos station (Ghai et al., 2011) found a functional gene pool dominated by species related to Polynucleobacter sp. QLW-P1DMWA-1 and Polaromonas sp. JS666 (Betaproteobacteria), Acidothermus cellulolyticus 11B and Streptomyces (Actinobacteria), and Nitrosopumilus maritimus SCM1 (Thaumarchaeota). Although many of the highly-recruiting reference genomes emerging in this study were not available at the time of the Ghai et al. (2011) analysis, substantial similarities nonetheless exist at broad taxonomic levels between the datasets, with Actinobacteria, Betaproteobacteria, and Thaumarchaeota emerging as dominant members of the microbial communities in both the upper and lower mainstem of the Amazon, while Cyanobacteria, Verrucomicrobia, and Planctomycetes were found to be important primarily in the lower mainstem.

Since Thaumarchaeota accounted for only 3% of the metagenome reads, it was surprising to see a much higher relative abundance in the metatranscriptomes, particularly at MCPS where Thaumarchaeota transcripts accounted for 21% of the transcriptome. In contrast, a recent study of the Columbia River and estuary found only 1% Archaea reads in the metatranscriptomes (Fortunato and Crump, 2015). Heterotrophic processing of terrestrially-derived carbon is considered to be the most important biogeochemical role of prokaryotes in the Amazon and other large river systems (Benner et al., 1995; Battin et al., 2009). However, Thaumarchaeota are typically chemoautotrophic ammonia oxidizers not reliant on catabolizing organic substrates. Based on high levels of amoA expression, they are likely to be fixing carbon chemosynthetically in the lower reaches of the Amazon River (Figure 2), although they may not be obligate chemolithotrophs (Mußmann et al., 2011).

The abundant Thaumarchaeota transcripts were useful for addressing the influence of regulation on gene expression because they provided sizeable transcript bins with genetically homogeneous populations at multiple river locations. The genome binning approach used here can produce taxonomic groupings that intermingle different populations having highest sequence similarity to the same reference genome, an issue that is exacerbated if reference genomes are sparse, as they are for riverine prokaryotes (Ghai et al., 2011). For the five Thaumarchaeota reference bins, however, transcript clustering patterns indicated similar within-bin population structure across several stations. Gene transcription in each of these populations more often followed a pattern indicative of constitutive expression, as evidenced by statistically significant fits to a linear regression of transcript numbers vs. gene numbers in 55% of the tests (22 out of 40) (Table 3). Because a previous analysis of gene regulation in the Amazon Plume suggested a much larger role for gene regulation in coastal regions as river water mixes offshore (Satinsky et al., 2017), we made similar transcript number by gene number plots for the plume data. For eight analyses of three reference bins with homogeneous population structure across multiple plume locations and size fractions (Coraliomargarita akajimensis DSM45221, marine Gammaproteobacteria HIMB30, and SAR324 cluster bacterium JCVI-SC AAA005) we found a statistically significant linear regression for only 12.5% (1 out of 8), consistent with a higher frequency of gene regulation in plume compared to river communities (Table 3). Three possible explanations for such divergent levels of gene regulation of biogeochemically-important processes in the river vs. plume are that Thaumarchaeota inherently regulate genes to a lesser extent than bacteria; that freshwater bacteria and archaea inherently regulate genes to a lesser extent than marine bacteria and archaea; or that river environmental conditions are less variable than plume conditions and therefore gene regulation is not as necessary. Similar patterns of gene expression found for Thaumarcheota populations through several years in a temperate coastal system (Hollibaugh et al., 2011) supports the first explanation; similar environmental conditions in the mainstem stations (Table 2) supports the third explanation.

The environmental parameters with statistically significant relationships to gene expression emphasized the similar chemical and physical conditions at the widely-separated mainstem stations. Genes whose expression ratios were significantly predicted by these parameters encoded sulfur incorporation and oxidation, carbon storage, membrane biosynthesis, and carbon fixation in the free-living cells; and nitrogen and phosphorus acquisition, sulfur oxidation, and vitamin B6 biosynthesis in the particle-associated cells. These patterns echo an analysis of the taxonomic composition of the mainstem microbial communities in which spatially homogeneous assemblages were found in much of the lower reaches (Doherty et al., 2017) and analysis of the dissolved organic matter pool in which highly similar molecular composition was found within the mainstem (Seidel et al., 2016).

The influence of the Amazon River and its resident microbes continues beyond the river boundaries. Discharge from the Amazon accounts for 18% of the world's river input to the oceans (Richey et al., 1989; Subramaniam et al., 2008), and the dissolved and particulate nitrogen, phosphate, silica, and iron delivered to marine waters affect marine microbial activity and carbon sequestration at a global scale (Subramaniam et al., 2008). A recent inventory of genes and transcripts of the Amazon Plume (Satinsky et al., 2014a,b) provides an opportunity to compare transcript inventories of elemental cycling genes in microbes inhabiting the lower mainstem (sampled in May 2011) to those in the oceanic plume (sampled in May-June 2010). When relative transcript abundance of the 89 biogeochemically-relevant genes was compared across the river and plume stations, river samples were more strongly dominated by amoA, nirK and amtB transcripts generated by Thaumarchaeota populations (Figure 7). Nitrogen fixation transcripts were a more important feature of the plume transcriptomes, particularly at two stations where diatoms harbored an endosymbiotic N-fixing cyanobacterium (Hilton et al., 2014; Satinsky et al., 2017). Transcripts from the high-affinity phosphate transporter (pstACS) were more important at the plume sites and the TAP station, while the low-affinity phosphate transporter (pitA) was more important at the other river stations and the coastal plume stations, consistent with generally higher PO4 availability in the river compared to the tributaries and ocean. Transcripts involved in light utilization were more dominant at TAP and BLM relative to the mainstem stations and more similar to the plume stations, indicative of greater light availability in the clearwater tributaries and plume. Taken as a whole the relative transcript abundances of these 89 functional genes suggest a clear separation in the expression patterns between the marine and riverine prokaryotic communities with the exception of the clear water riverine TAP station which more closely resembles marine stations.


[image: image]

FIGURE 7. Hierarchical clustering of relative abundance patterns of 89 biogeochemically-relevant genes in the metatranscriptomes from five Amazon River stations and six Amazon Plume stations. The samples were clustered using the Bray-Curtis Dissimilarity algorithm based on relative transcript abundance.



Despite higher concentrations of aromatic carbon compounds derived from vascular plant material in the river (Ward et al., 2013), expression ratios of genes for degradation of aromatic compounds (pcaH and vanA), tannin (tanA), and cellulose (bglA) were considerably lower in the river compared to the plume by 18- to 155-fold. However, poor understanding of the enzymes encoding lignin degradation in aquatic systems in combination with the heterogeneous nature of lignin molecules, the likelihood of multiple enzymes being involved in its oxidation, and roles for photochemical oxidation and microbial priming (Ward et al., 2016) may explain this finding. DOM analyses indicate a transition from higher plant-derived DOM to more algal/microbial-derived DOM between Óbidos and Macapá (Seidel et al., 2016), suggesting active loss of terrestrial carbon within the river.

The metabolic activity of Amazon River microbes has not yet been fully characterized despite the recognized importance of Bacteria and Archaea in controlling energy production and consumption in this ecosystem. Similar to findings by Doherty et al. (2017) for microbial community composition, gene expression patterns detailed here are consistent with a spatially homogeneous mainstem in which microbial metabolism changes relatively little from Óbidos to the mouth in the well-mixed river, simultaneously supporting heterotrophic, chemoautotrophic, and photosynthetic processes. However, tributary inputs drive discrete communities with distinctive biogeochemical activities at Tapajós and Belém, and these are biased toward free-living cells that rely more on phototrophy. Overall, this analysis of gene expression in the world's largest river system provides insights into microbial processes important in the biogeochemistry of large rivers and adjacent plume systems, and highlights the potential importance of the archaeal community members and the nutrient cycling processes they mediate within freshwater habitats.
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# of reads 2.85 x 107 1.05 x 107 1.40 x 107 277 x 107 137 x 107
% of joined reads 397 304 257 345 37.0
Protein encoding metatranscriptomic reads
#of reads 196 x 107 1.29 x 107 2.30 x 107 1.47 x 107 327 x 107
9% of joined reads 17.0 172 214 6.4 268
Prokaryotic gene copies per L 104 x 103 108 x 1013 9.79 x 102 104 x 101 101 x 1018
% FL 24.2% 659% 19.4% 16.5% 61.1%
% PA 75.8% 34.1% 806% 835% 389%
Prokaryotic transcripts per L 590 x 1010 8.74 x 1010 1.42 x 101 8.15 x 1010 1.64 x 1011
%FL 45.9% 728% 76% 339% 34.3%
%PA 54.1% 272% 92.4% 66.1% 65.7%

Sequence data represent the sum of the free-living (FL) and partcle-associated (PA) fractions, each averaged across duplicate samples. Per fter calculations are based on recovery of
internal standards (see Table S3).
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