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Analysis of metatranscriptomic and metagenomic datasetsréom the lower reaches of
the Amazon River between Obidos and the river mouth revealethicrobial transcript
and gene pools dominated by Actinobacteria, Thaumarchaeeat, Bacteroidetes,
Acidobacteria, Betaproteobacteria, and Planctomycetes. Three mainstem stations
spanning a 625km reach had similar gene expression patterngtranscripts gene
copy 1) across a diverse suite of element cycling genes, but two biutary-in uenced

stations at the mouth of the Tapajés River and near the Tocaims River at Belém
had distinct transcriptome composition and expression rabs, particularly for genes
encoding light-related energy capture (higher) and iron auisition and ammonia
oxidation (lower). Environmental parameters that were ufd predictors of gene
expression ratios included concentrations of lignin phens, suspended sediments,
nitrate, phosphate, and particulate organic carbon and nibgen. Similar to the gene
expression data, these chemical properties re ected highl homogeneous mainstem
stations punctuated by distinct tributary-in uenced statons at Tapajos and Belém.
Although heterotrophic processes were expected to dominag in the lower Amazon,
transcripts from photosynthetic bacteria were abundant irtributary-in uenced regions,

and transcripts from Thaumarcheota taxa genetically capdb of chemosynthetic
ammonia oxidation accounted for up to 21% of the transcriptoe at others. Based
on regressions of transcript humbers against gene numbersgexpression ratios of
Thaumarchaeota populations were largely unchanged withithe mainstem, suggesting a
relatively minor role for gene regulation. These quantiige gene and transcript inventories
detail a diverse array of energy acquisition strategies anchetabolic capabilities for
bacteria and archaea populations of the world's largest rier system.

Keywords: Amazon River, metatranscriptomics, metagenomics, ge ne expression, biogeochemistry

INTRODUCTION

The Amazon River runs nearly 6,500 km across the South Amegoatinent before emptying

into the Western Tropical North Atlantic Ocean, and is thedast riverine system based on both
volume and watershed are@dles et al., 20)3The rainforest of the Amazon Basin is responsible
for nearly 10% of global primary productioiirigld et al., 1993and much of the 8.5 Pg C xed per
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year (Malhi et al., 200Bultimately ends up in the river. The main to the three main discharge channels at Macapa and Belém
channelis well mixed and highly turbid, and high levels of{&3 ( 150km upstream of the river mouth). The river was
well as poor light penetration support an environment assumedurveyed during a period of high discharge in May 2011
to be dominated by heterotrophic bacteria. These microbessing both metagenomic and metatranscriptomic methodolegie
remove, transform, and stabilize riverine organic mattaridg  benchmarked with internal standards. The analyses adedess
transit, with their activities leading to river outgassimg as three main questions: (1) Which microbial taxa are the latge
much as 1,390 Tg C ¥ to the atmosphereRichey et al., 2002; contributors to the community transcriptome in the lower
Sawakuchi et al., 2017 Amazon River? (2) What is the level of expression (transcripts

Within the mainstem of the Amazon, heterotrophic bacteriagene copy!) of key biogeochemical genes by the bacterial
rely on allochthonous input of carbon and nutrients from communities at the ve river locations? (3) Does regulatioin
the surrounding rainforest and drainage basins. Humic andhese biogeochemically-relevant genes change along thieecou
fulvic acids likely derived from lignin and other terrestti of the lower Amazon River?
plant components account for 60% of riverine dissolved
organic carbon (DOC)Krtel et al., 1986 Recent work suggests METHODS
that bacterial degradation of these terrestrially-deriwedanic
compounds contributes signi cantly to river respiration and Sample Collection
outgassing\(Vard et al., 2013, 20).6In contrast, the clearwater In May 2011, microbial cells in the free-living (FL; 0.2—2r0)
tributaries along the lower river have reduced turbiditydamay and particle-associated (PA; 2.0-28%) size fractions at 5
provide conditions suitable for the growth of photosyntheticstations in the lower reaches of the Amazon River system
microbes Quay et al., 1995; Gagne-Maynard et al., 301Y  (Figure 1B) were collected by ltration. Duplicate samples of
addition to the major roles of bacteria in carbon cycling ineach size fraction were obtained for both metagenomic and
the river, these microorganisms also process and cyclegatro metatranscriptomic sequencing. All samples were collected f
phosphorus, sulfur, iron, and other elements. 50% of river depth by pumping water to the boat's deck using

Evidence of Archaea belonging to the phyluma Shuro submersible pump tted with a 297Mm stainless steel
Thaumarchaeota has recently been found in metagenomiscreen. Water collected into 20 L carboys was sequentiged
libraries of the upper reaches of Amazon River systéngi through a 2.0vim pore-size, 142 mm diameter polycarbonate
etal., 2011; Santos-Junior et al., 20The presence &moABC (PCTE) membrane Iter (Sterlitech Corporation, Kent, CWA)
genes in these datas(ai et al., 201)1raises the question of and a 0.22m pore-size, 142 mm diameter Supor membrane
whether chemoautotrophic ammonia oxidation might also Iter (Pall, Port Washington, NY). Filtration was completed
be occurring in the lower Amazon reaches. Other freshwatewithin 30 min of collection for the metatranscriptomic samgle
habitats have been found to host Thaumarchaeota cells in theollowing ltration all membrane lters were immediately
water column, including lakes and river§ipach et al., 2001; submerged in RNAlater (Applied Biosystems, Austin, TX) in
Lehours et al., 2007; Auguet et al., 2011; Liu et al.,)?Wiere  sterile 15mL conical tubes and stored aCAuntil returned to
they can account for up to 47% of prokaryotic celiSa(lieri  shore, at which point the samples were frozen &0 C until
et al., 200 The freshwater region of the Pearl River, anotheiprocessing. Additional details are given in the announceneén
large-river system, has been found to support substantial anthe public release of this datas&tinsky et al., 20)5
diverse Thaumarchaeota lineages based both on 16S rRNA and
archaeahmoAgene surveyd (u et al., 2011, 20)4 Sample Processing

There are an estimated 1.2 10?4 prokaryotic cells in  For all metatranscriptomic samples, Iters were thawed, reath
rivers globally, with average cell concentrations typjcallice  from the RNAlater preservation solution, placed in Whirl-
those in seawater\\(hitman et al., 1998 Metagenomic- Pak® bags (Nasco, Fort Artkinson, WI), and ash-frozen in
and metatranscriptomic-based gene and transcript inveesri liquid nitrogen. Frozen lters in bags were crushed using
in freshwater environments have provided insights into thea rubber mallet and transferred to a prepared 50 mL lysis
functions of these microbefk(sch et al., 2007; Pope and Patelfube containing 10 mL of Denaturation Solution (Ambion-
2008; Debroas et al., 2009; Ghai et al., 2011; Oh et al.,\%4-1; Thermo Fisher, Waltham, MA, USA), 50d. of RNA Plant Aid
Costa et al., 2013; Quaiser et al., 2014; Tsementzi et &4). 20 (Ambion), 2 mL of sterilized zirconium beads (OPS Diagnastic
When normalized with internal standardss( ord et al., 2011; Lebanon, NJ, USA), and internal standar8si(insky et al., 20).3
Satinsky et al., 20),3metagenomic and metatranscriptomic Tubes were vortexed for 10 min to lyse cells and contents were
datasets collected in parallel can be used to calculate expnes centrifuged for 1 min at 5,000 rpm. The lysates were transtérr
levels for each gene (transcripts gene cdpyThis approach is to sterile 15mL conical tubes and centrifuged for 5min at
particularly informative in comparisons of spatially ortempdly 5,000 rpm. Clari ed lysates were transferred to sterile 50 mL
dynamic environments where shifts in microbial gene regata  conical tubes and 3.5 mL of saturated phenol (pH 4.3) was added
shape biogeochemical outcomé&sinsky et al., 20143,b and vortexed. The tubes were centrifuged for 8 min at 12,000

In this study we present a quantitative assessment dhe aqueous phase in each tube was transferred to a fresh 50 mL
bacterial and archaeal gene expression in the worlds largestnical tube, and 3.5mL of a phenol:chloroform solution (1:1
river ecosystem. Five stations were inventoried within theH 5) was added and mixed. Following an 8 min centrifugation
lower reaches of the Amazon River stretching from Obidosat 12,000 g, the aqueous phase was transferred to a new
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FIGURE 1 | (A) Transcript inventories (transcripts Ll) for the ten most transcriptionally abundant bacterial andrchaeal taxonomic bins at ve river stations in May
2011. Circle Il indicates the microenvironment (free-limg, open; particle-associated, closed).(B) Station locations in the lower Amazon River.
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50 mL conical tube and mixed with 5mL of chloroform:isoamylthe abundance of internal standard reads in the Illumina
alcohol solution. Tubes were vortexed and contents cargeatl libraries to the number of standards added at the initiation
for 5min at 12,000 g. The nal aqueous phase was transferredof nucleic acid extractionYatinsky et al., 20143,d~or cases
to a new 50 mL conical tube, combined with an equal volumén which transcripts were observed but corresponding gene
of 100% ethanol, and homogenized by passage through a 2@unts were zero, minimum estimates of expression ratios
gauge needle. RNA puri cation was completed using the Zymavere made by setting the gene count equal to the limit of
Direct-zol RNA MiniPrep kit (Zymo Research, Irvine, CA, USA) detection; the detection limit di ered among samples based
according to manufacturer's protocol. Following RNA extianot  on sequencing depth (Table S3). The average of biological
residual DNA was removed and rRNA was depleted. mMRNA waguplicates was obtained by generating a Poisson distribdtion
linearly ampli ed and double-stranded cDNA was synthesizedhe two independent samples of each gene in the metagenomic
as previously describedsétinsky et al., 2014a, 2016y poly- and metatranscriptomic libraries using the rpois function in
adenylating the end of the mRNA molecules and adding & with the lambda parameter equal to the count of reads and
T7 promoter for ampli cation (MessageAmp ll-Bacteria Kit; 10,000 randomly sampled values returnefaiinsky et al.,
Applied Biosystems, Austin, TX). For metagenomic sample£014J. The Poisson distributions were converted to normalized
lters were processed as previously described with the im@ius count distributions (copies L) and the distributions averaged
of an internal standard consisting @hermus thermophiludB8  together for the replicate samples. The mean and standard
genomic DNA @atinsky et al., 2013, 20)4b deviation of the combined distributions were then used for
Resulting cDNA and DNA preparations were shearedsubsequent calculations of expression ratios, calculated a
ultrasonically to 200-250bp fragments and libraries wereaverage transcripts ! divided by the average gene copies L
constructed for paired-end sequencing (150150) using the (Satinsky etal., 20)&dx.doi.org/10.17504/protocols.io.ftgbnjw).
HiSeq 2500 platform (lllumina Inc., San Diego, CA). Follogin Standard deviations were propagated through the
sequencing, reads were paired using PANDASdgsella et al., calculations.
2019 and lItered using the FASTX-Toolkit Gordon and Homogenous populations were identied as described
Hannon, 201) with a minimum score cuto of 20 over previously Eatinsky et al., 20)7using ribosomal protein-
80% of the read. From the paired, quality-controlled readsencoding reads from genome bins abundant in the
internal standard sequences were quanti ed and removed ARNmetatranscriptomes. Ribosomal proteins were selected for
sequences were removed from the metatranscriptor@esi{sky this analysis because they are single copy genes with high
etal., 2014p read counts, yet have su cient dissimilarity (13.1 5.8%)
Sequences are available from NCBI under accessida distinguish between bins. Ribosomal protein reads were
numbers SRP039390 (metagenomes) and SRPO037988 identied using a RAPsearch2 similarity search agains
(metatranscriptomes). The NCBI sequences are fastq lethe full NCBI RefSeq protein database with a bit score cuto
from which internal standard sequences (metagenomes araf 40. Using the ribosomal protein with the highest coverage
metatranscriptomes) and rRNA sequences (metatranscriptomés each genome bin, reads were pooled from all stations
only) were removed prior to deposition. Sequences are alsand size fractions and clustered at 95% nucleotide identity
available at iMicrobe under accession numbers 127-RCM1 twith a minimal alignment coverage of 50% for the shorter

127-RCM48. sequence using CD-HITHuang et al., 2010 Reads from each
. station and size fraction were then independently assigned
Sequence AnaIyS|s to the clusters using blastn, requiring a minimum alignment

Protein encoding reads were identied and taxonomicallylength of 50 nt Gatinsky et al., 20).7Because the 225 nt
assigned to public reference genomes through annotatiomsiga reads cover only a fraction of a ribosomal protein sequence,
the RefSeq Protein database using RAPseaie (et al., 2012 a completely homogenous population can produce multiple
with a score cuto of 40, keeping only the best hisgtinsky read clusters within each gene. However, the clustering ipatte
et al., 2015, 20)7Reads representing selected functional genesill be consistent across samples if the population structure is
were also identi ed through annotation against a custom pint  consistent. Singletons (clusters with only a single hibasrall
database (Table S1) consisting of reference sequences freamples) were removed from analyses, as were any stations or
diverse taxa as well as paralogs with sequence similaritiyeto tsize fractions with fewer than 20 reads across all clusteBsag-
genes of interest, with cut-o criteria determined by marnua Curtis dissimilarity analysis of the distributions of readstlers at
annotation. The 89 functional genes in this database reptede each station/fraction was used to identify homogeneousgen
steps in C, N, P, and S element cycling and several co-factdisis across samples, de ned here as those with dissimilarity
and vitamins (Table S2)5@atinsky et al., 201)lAnnotation was scores ok 30%.
conducted using a blastx search with a bit score cuto of 40,
keeping only the top hit to non-paralogous sequences. PesitvEnvironmental Parameters
reads were then reanalyzed against the RefSeq protein databRéver water constituents were determined as describédamd
to assign taxonomySatinsky et al., 2014a, 2017; Zielinski et al.et al. (2013) Ward et al. (2015)and Doherty et al. (2017)
20149. Temperature and pH were measured using a Thermo Orion
Per liter numbers of genes and transcripts were calculateZOOAplus meter with the probe immersed in an over owing
based on internal standard recovery (Table S3) by comparingraduated cylinder. Conductivity was measured using an
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Amber Science 2052 meter and dissolved oxygen with a YRESULTS

55 meter with the probes immersed in the same graduated

cylinder. Concentrations of Nfi, NO;, NO,, PO, , and Cl Samples for metagenomic (DNA) and metatranscriptomic
were determined by ow injection analysis using a FFOS$MRNA) analyses were collected in May 2011 from the lower
FlAstar 5000 Analyzer following sample ltration through reaches of the Amazon River at ve stations stretching from
a Whatman cellulose acetate Iter (0.4Bn pore-size) and Obidos to the river mouth Table 1). The Obidos station (OB)
preservat|on with thymo] at 20 C. Major ions (S| S@ was the furthest uprlver above which90% of the Amazon's
NaC, K€, MgC, C&) were measured using a HORIBA Jobin Water enters the mainstenfrigure 1B). Downriver, the Tapajos
Yvon Ultimainductively coupled plasma-optical emissionstation (TAP) captured the major input of the Tapajos River into
spectroscope. Dissolved inorganic carbon (DIC) concertrati the mainstem, characterized by much clearer water than found
was measured on a Shimadzu total Organic carbon ana]yz.{ﬂ'the river proper. Further downriver the Macapé north channel
(Model TOC-VCPH) following ltration through 0.45m  (MCPN)and Macapa south channel (MCPS) stations represented
cellulose acetate membrane Iter (Millipore) into acid-wash two of the major out ows of the Amazon mainstem into the
60 mL HDPE bottles with no headspace to avoid degassing arg¢ean (30 and 50% of the dischargégrd et al., 201 while the
preservation with thymol. DIC samples were analyzed for totaBelém (BLM) station to the south represents the third out ow
organic carbon before and after acidi cation with 6 N HCI and (20%) and captures the input from the Tocantins River. Thus,
sparging to remove gas; DIC was calculated as the di erenc@mong the ve stations, three represented well-mixed mainstem
between non-acidi ed and acidi ed/sparged samples. Disablvestations (OB, MCPN, MCPS) and two represented tributaries or
CO, concentrations were calculated based on DIC, pH andiad major tributary inputs (TAP, BLM). All stations had saties
temperature measurements. less than 0.05 psTéble 2.

The maximal information-based non-parametric data Two operationally de ned microbial size fractions were
exploration program (MINE) Reshef et al., 20).Wwas used to sampled [free-living (FL), 0.2—2n@m; particle-associated (PA),
identify gene expression ratios having strong associatior&0—-297m] at 50% river depth, which ranged from 10 to 33m
with environmental parameters. The program analyzeslepending on the stationTable 2. Duplicate samples were
scatterplots of pair-wise datasets (in this case, each gef@llected at each station for each analysis type (metagenome
expression ratio against each environmental parameter) tfhetatranscriptome)and size fraction (FL, PA), generatitotal
nd the grid with the most mutual information (i.e., when Of 20 metagenomes and 20 metatranscriptomes and more than

knowing one variable provides the most information about theS00 million paired, quality controlled reads, amounting to-10
other). 30 million potential protein encoding reads per librarfaple 1).

TABLE 1 | Metagenome and metatranscriptome data summaries for ve Amaon River stations in May 2011 sampled at 50% depth (10-33 m).

Site OB TAP MCPN MCPS BLM
Location (Lat, Long) 1 55.141'S, 2 29.063'S, 0 5.033'S, 0 9.415'S, 1 31.162'S,
55 31.543W 55 0.450'W 51 3.085'W 50 37.353W 48 55.077'W
Depth (m) 33 15 14 10 19
Raw metagenomic reads 176 108 1.06 108 139 108 1.95 108 8.97 107
Raw metatranscriptomic reads 289 108 2.65 108 275 108 294 108 332 108
Joined metagenomic reads post QC 7.17 107 345 107 545 107 8.04 107 370 107
Joined metatranscriptomic reads post QC 1.15 108 7.48 107 1.09 108 8.98 107 1.22 108
Mean joined read length (bp) 206 216 216 200 220
Protein encoding metagenomic reads
# of reads 285 107 1.05 107 1.40 107 277 107 1.37 107
% of joined reads 39.7 30.4 25.7 34.5 37.0
Protein encoding metatranscriptomic reads
# of reads 1.96 107 129 107 230 107 1.47 107 327 107
% of joined reads 17.0 17.2 211 16.4 26.8
Prokaryotic gene copies per L 1.04 1013 1.03 1013 9.79 1012 1.04 1013 1.01 1013
% FL 24.2% 65.9% 19.4% 16.5% 61.1%
% PA 75.8% 34.1% 80.6% 83.5% 38.9%
Prokaryotic transcripts per L 590 1010 8.74 1010 1.42 1011 8.15 1010 1.64 1011
% FL 45.9% 72.8% 7.6% 33.9% 34.3%
% PA 54.1% 27.2% 92.4% 66.1% 65.7%

Sequence data represent the sum of the free-living (FL) and particessociated (PA) fractions, each averaged across duplicate samples. Péter calculations are based on recovery of
internal standards (see Table S3).
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TABLE 2 | Environmental conditions at ve Amazon River stations in Mag011.

Depth Temperature Conductivity DIC Chl a Oxygen Nitrate Nitrite Phosphate Alkalinity

(m) o) (mSem 1) (mmolCkg 1)  (mgL 1)  (mgL b (mv1) (mv) (mv) (mv)
OB 33 28.4 56.4 550.52 3.23 3.15 13.57 5.74 0.28 355
TAP 15 29.5 16.8 155.90 3.99 5.99 8.76 4.74 0.31 112
BLM 19 29.3 371 307.58 2.03 5.64 5.59 1.62 0.41 295
MCPN 14 29 61.5 506.84 1.67 4.54 12.94 1.60 0.52 408
MCPS 10 28.8 55.3 459.23 1.99 4.31 10.88 1.37 0.46 393

Additional environmental data used in the MINE analysis are availabteTable S5.

Here we detail the gene inventories and gene expression patterGene Expression Ratios
of bacterial and archaeal communities based on functional a Expression ratios (transcripts gene copywere calculated for

taxonomic analyses. the 89 biogeochemically-relevant genes for each sizeédrnaat
) _ each station (Tables S2, S4). Among the heterotrophic carbon
Transcript Inventories metabolism genes surveyed, a polyhydroxyalkanoate symthas

Bacterial and archaeal genes were present in higher numbers/olved in carbon storagepbaP had the highest per-gene
than transcripts at all station§éble 1). This nding is consistent expression averaged across all sampkgufe 2 and Table
with other natural microbial communitiesGhurch et al., 2010; S4). Expression of genes linked to C1 metabolism (methane
Moran et al., 2013; Satinsky et al., 2p&asg well as laboratory- monooxygenasemoBand formaldehyde activating enzyrfas)
grown bacterial cultures Neidhardt and Umbarger, 1987; was also high, while expression of the three genes implicated
Taniguchi et al., 2010; Gi ord et al., 20)L&nd re ects a small in lignin and tannin processingpcaH, vanA and tannase)
and dynamic mRNA pool in Bacteria and Archaelidran was low Figure 2. Genes encoding autotrophic processes
et al., 201R There was an average of 1.110' prokaryotic had the highest levels of expression overall. These included
transcripts L 1 (Table 1) at the ve Amazon River stations, with photosystem 1l genepsbA psbB and psbC encoding light
about 25% contributed by the 10 most dominant taxonomiccapture, RuBisCO genescL(IA) and rbcL(IB) encoding carbon
bins at each station. The taxonomic composition and rank orde xation enzymes, and ammonia oxidation genesnoA and

of contribution to the transcript pool varied among stations, nirK mediating chemoautotrophyHigure 2). High expression of
but several taxonomic bins dominated the transcriptome agenes encoding key steps in chemoautotrophy, includimgA
multiple stations. The Actinobacterium SCGC AAA027-LO6have been found previously-(anck et al., 2008; Giord et al.,
genome, for example, was the highest recruiting bin at fouR011; Hollibaugh et al., 20.1JAmong the genes representing
of the ve stations (OB, TAP, MCPN, BLM), accounting for phosphorus acquisition, high-a nity phosphate transporter
2-11% of the prokaryotic transcript podFigure 1A). Multiple  components were the most highly expressed across the stations
highly-recruiting Thaumarchaeota bins (reference gensmeand size fractions pstACSand phoU), while those involved
Nitrosopumilus maritimu$SCM1,CandidatusNitrosoarchaeum in phosphonate transport and metabolisrpphhEGHM were
limnia, Candidatus Nitrosopumilus sp. ARZ2, Candidatus among the lowest Kigure 2). cysK and cys| encoding the
Nitrosoarchaeum  koreensis, Candidatus Nitrosopumilus  reduction of sul te and incorporation of sul de into cysteine
salaria, and Candidatus Nitrosopumilus koreensis AR1) were the mosthighly expressed of the sulfur cycle gefigsi(e 2
were present at all stations except TAPigure 1A). At the and Table S4).

three stations near the river mouth (MCPN, MCPS, BLM), At the microenvironment scale, per-gene expression levels
Thaumarchaeota bins accounted for as much as 21% of the totakre consistently higher in the free-living fraction compére
transcriptome. Transcripts binning to heterotrophic bacééri to the particle-associated fraction at both OB (81 of 89
genomes representing Betaproteobacteria, Planctomycet@ggenes) and MCPS (77 of 89 genes), but consistently higher
Verrucomicrobia, and Sphingobacteria were abundant ain the particle-associated fraction at MCPN (87 of 89)
multiple stations. The dominant autotrophic taxonomic binsand BLM (89 of 89) Figure3 and Table S4); the TAP
were Synechococcsp. CB0101 at the clearwater TAP stationstation had no size fraction bias (43 genes had higher
and Microcystis aeruginosst BLM. Typically, more transcripts expression in the particle-associated fraction and 44 haberig
were present per liter in the particle-associated size fractioexpression in the free-living fractiorkigure 3 and Table S4).

of the bacterial and archaeal community than the free-livin Within the speci c functional categoriephaP peaked at 1.6
size fraction; the extreme case was at MCPN where transcriptisanscripts gene copy in the particle-associated fraction at
were an order of magnitude more abundant in the particle-BLM, mmoB at 0.1 transcripts gene copy in the particle-
associated community compared to the free-living. TAP was thassociated fraction at MCPN, angsbA and rbcl-IA at 5.2
only station where the pattern was reversed; here, transcripand 1.7 transcripts gene copy in the particle-associated
were 4-fold more abundant in the free-living community fraction at BLM. Considering all 89 biogeochemical genes,
(Figure 1A). the gene with the highest production of transcripts per gene
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copy in any sample wasmoA in the particle-associated due to population shifts. To identify these homogenous
fraction at BLM, at 14 transcripts gene copy(Figure 3and  populations, transcripts mapping to highly expressed ribosomal

Table S4). protein genes were analyzed by hierarchical clustering (see
Methods) for eight reference genome bins representing aboinda
How Important Is Gene Regulation? taxa (three Bacteria and ve Thaumarchaeota). The three

We investigated the extent to which riverine microbes ratml bacterial reference bins (actinobacterium SCGC AAA02G;L0
genes as they are carried downriver through the lower mamst planctomyceteSchlesneria paludicoland verrucomicrobium
Genome bins with homogeneous population structure afedosphaera parvilgenerated ngerprints with little similarity
multiple stations were identi ed in order to rule out shiftin between stationsFjgure 4), indicating that these populations
taxonomic composition as the explanation for dierences inwould not be informative for assessing the extent of gene
gene expression; otherwise expression level variation due tegulation. The ve Thaumarchaeota reference bins, howeve
regulatory changes could not be distinguished from thoséad similar populations at all four stations where they
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were quantitatively important: OB, MCPN, MCPS, and BLMgenes examinedF{gure 5, those with regression parameters
(Figure 4). most consistent with unchanging expression were ammonia
We examined patterns of gene regulation in these veransporteramtB and vitamin B1 biosynthetic genthiC, for
homogeneous Thaumarchaeota bins by plotting transcripts L which an average of 68 and 55% of the variation in transcript
against genes ' (n D 8 for each analysis; 2 size fractions atcounts was explained by a simple linear model against gene
each of 4 stationsHgure 5). A high coe cient of determination  counts; transcripts gene copy averaged 3.2 and 0.04 for these
of the linear regression @R was expected if transcription genes based on regression slopes. The gene for which regressi
levels were constant for a given gene regardless of rivparameters were most consistent with di erential regulatiossw
location (that is, if each copy of a gene in a Thaumarchaeotaitrous oxide reductaseosz for which an average of only 14%
reference bin produced a similar number of transcripts at albf transcript counts was explained by a linear model. Overall,
stations). For statistically signi cant relationshipsetislope of 18 of 40 analyses (5 genome bins by 8-9 genes each) suggested
the regression line provided an estimate of the average esipres that gene expression was being di erentially regulated within
ratio (transcripts gene copy) for that gene. Of the nine Thaumarchaeota populations positioned at di erent locations in

Frontiers in Marine Science | www.frontiersin.org 8 August 2017 | Volume 4 | Article 253


http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive

Satinsky et al.

Gene Expression in the Amazon River

A Cand. N. koreensis;rp S4 B Cand. N. limnia; rp S15 C  N. maritimus SCM1;rp S5 D  Cand. N. koreensis AR1; rp L6
Qe = =
£3 g3 £3 £3
) ) ) )
ES E s E3 E3
3 3 3 2
a3 s} a3 a3
o~ o~ o~
o o o o
o o o o
oTuU9 - oTu9 - oTuU9 -
oTus - 0TUs0 oTus - OTUs -
e omuee orv:
oTus - orus4s - 0oTU33 - oTU4 -
- oTU32 -
oTUS - gs:; - oTU31 -
oTu4- oTU4 - oTU30 - oTuz8 -
- oTu3 -
otus oTU42 - 0.8 oTU29 - 1.00
oruz- 0.75 oTU41 - . oTU28 - 0.75 oTU26
otu19 - 0oTU40 - 0.6 oTu27 - 0.75
0TU26 -
otu1e - 0.50 oTU4 - i 0.50 oTU25 -
otut7 - oTuze - 04 pilvios 0.50
oTu16 - 0.25 OTU38 - 0.2 oTu22- 0.25 oTu22- 0.25
o ’ T
oTu15 - OTU20 -
orute - 0.00 oruge - 0.0 P 0.00 ora. 0.00
orus- o e
oTu12- oTU28 oTU15 - OTU17 -
oTut1 - OTUZ5 - orutd=
oTU10- oTu1s - 8131?: oTute-
otu1 -_— otur2- otut -
4% % ol e 2 4%, R NCKKNA e, % o X,
Y UF LI, (AGCEICACAEEN RREE A NRNIL Y IRGHT LT
A ¢ et PRI Y TV POC MRS S
) F i i G .
o Cand. N. salaria; rp L2 o Actinobacterium o S paludicola; rp S4 o P.parvula; rp S5
. - ~ |AAA027-L06; rp L6 - -
2o 22 22 2 3
c ° = © £ o £ s
E © g g © 3
% © 1S E o E 3
(2} [ 73
as ] g < 8 <
S [=} a a o
N ~
o o o
=] o °
o S =]
oTUg - 3 é S 8 ﬁs %3- _ e
OTU63 - gHH8d = g - ——
 EEEEEER = =
o it = T -
OTUS - 8 - 3
g i -
oTU4 - 3 0100 ges = e e
OTl ke o) = -
0.6 an g H 0.4 g - -
oTu2- a 0.075 RIS e — Hets - — 0.06
0.4 o B3 = 0.3 v =
otute - o 0.050 ifte = - 184 = i 0.04
oul = 0.2 Rel -
i 0.2 on : e
otut7 on 0.025 - 0.1 z - 0.02
o I ! e
oTu13 - 0.0 o 0.000 = 0.0 H Z 0.00
ol S U470 -
e 84 : =
g S i E
oTut1 - or S
i : ik
oTuU1 - OTl = sj z ] -_—
N S ———— otnz= o, .
47%0\ ,c%\)j( 2 47%47'047% K Q@%%’O% 2?,:,%{\\74:\‘\\74 N ‘)7"0? Q@%&@&%A% ,% N
AN
‘&2‘7 AP \/%4\//%‘&97 \’?\'97\/%\@7( v \A(( v \@7\?\‘97‘?@:\’?4\/@7( v
FIGURE 4 | OTU ngerprints and hierarchical clustering of transcriptérom a highly-expressed ribosomal protein for eight refereee genome bins with high coverage
in the metatranscriptomes. Individual samples identi ed as antaining the same population structure at different locadns (clustering at< 30% dissimilarity) are marked
with red circles in(A-E). In (F,G), Actinobacterium AAA027-L06 andSchlesneria paludicolaribosomal proteins met the cut-off criteria for differentrictions at the
same station, but not across different stations. I{H), Pedosphaera parvulapopulations were different for every size fraction and stain. The ribosomal protein used in
the clustering analysis is indicated after “rp” in the plottie.

the Amazon mainstem; 22 of 40 analyses suggested constesit rao detect associations between environmental properties and

of gene expression regardless of locatiGai(e 3.

Relationships with Environmental

Conditions

The maximal information-based non-parametric

gene expression ratios. This analysis measured assosiation
between data pairs (an environmental parameter paired with
a gene expression ratio), assigning a normalized maximum
information coe cient (MIC) value between 0 (no relationgh)

dataand 1 (strongest relationship). Of the 1,958 parameter-geirs pa

exploration program (MINE; Reshef et al., 20)lwas used examined for each microenvironment (22 parameters by 89
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TABLE 3 | Regression statistics for plots of transcripts L1 against genes L 1 for nine biogeochemically relevant genes in homogeneous g@me bins.

Cand. N. Cand. N. limnia Cand. N. salaria Cand. N. N. maritimus  Coraliomargarita Gamma- SAR324
koreensis koreensis A1 akajimensis proteobacterium JCVI SCAAA005
DSM45221 HIMB30
% % % % % % % %
explained Ratio explained Ratio explained Ratio explained Ratio explained Ratio explained Ratio explained Ratio expl ained Ratio
amoA *58.6 29.1 *62.8  11.0 23.8 16.0 *61.0 5.95 1.2
amtB *60.4 4.00 **70.3 2.34 *65.0 3.03 *65.3  6.29 **80.3  0.460 112 0
cysl 45.6 50.6 48.2 *52.5  0.010 *68.6  0.055 *49.0  0.056
nirk 27.5 *68.7 3.45 31.0 29.0 **83.4 4.37
nosZ 4.0 17.3 19.5
phaC 275 53 *67.9  0.007 *54.8  0.140 38.8 18
phoU **88.9 0.004 37.1 *57.9 0.006 20.6 38.5 0
pitA *54.5 0.007 *50.2 0.007 0.9
thiC **83.0 0.126 **69.5 0.014 *65.5 0.013 6.4 *50.4 0.008 12.2

River analyses were conducted on ve Thaumarchaeota bins havingonsistent population structure at 4 of 5 stations (OB, BLM, MCPN, MCPS). For compaon, plume analyses were
conducted on three Bacteria bins having consistent population structurat 3 of 6 stations. Missing cells indicate an insuf cient number of transdpts for the gene to be analyzed. %
explainedD percent of expression variability explained by a linear regressionadel; ratio D when the linear model was signi cant, the slope of the regression line wassed to estimate
average transcripts gene copy 1. *Coef cient of determination p  0.05; **Coef cient of determination p  0.01.

(2011)analysis, substantial similarities nonetheless exista#i patterns indicated similar within-bin population structuremss
taxonomic levels between the datasets, with Actinobagteriseveral stations. Gene transcription in each of these populsti
Betaproteobacteria, and Thaumarchaeota emerging as daminamore often followed a pattern indicative of constitutive
members of the microbial communities in both the upperexpression, as evidenced by statistically signi cant ts tmear
and lower mainstem of the Amazon, while Cyanobacteriaregression of transcript numbers vs. gene numbers in 55%eof th
Verrucomicrobia, and Planctomycetes were found to beests (22 out of 40)Table 3. Because a previous analysis of gene
important primarily in the lower mainstem. regulation in the Amazon Plume suggested a much larger role fo
Since Thaumarchaeota accounted for only 3% of thgene regulation in coastal regions as river water mixes arsh
metagenome reads, it was surprising to see a much highésatinsky et al., 20),/we made similar transcript number by
relative abundance in the metatranscriptomes, particulatly gene number plots for the plume data. For eight analyses oéthre
MCPS where Thaumarchaeota transcripts accounted for 21%ference bins with homogeneous population structure across
of the transcriptome. In contrast, a recent study of themultiple plume locations and size fraction€draliomargarita
Columbia River and estuary found only 1% Archaea readakajimensi®SM45221, marine Gammaproteobacteria HIMB30,
in the metatranscriptomes Fortunato and Crump, 20)5 and SAR324 cluster bacterium JCVI-SC AAA005) we found a
Heterotrophic processing of terrestrially-derived carbon isstatistically signi cant linear regression for only 12.5% out
considered to be the most important biogeochemical role obf 8), consistent with a higher frequency of gene regulation
prokaryotes in the Amazon and other large river systeBesner plume compared to river communitiegéble 3. Three possible
et al., 1995; Battin et al., 200However, Thaumarchaeota are explanations for such divergent levels of gene regulation of
typically chemoautotrophic ammonia oxidizers not reliant onbiogeochemically-important processes in the river vs. plumee a
catabolizing organic substrates. Based on high levelsr@fA  that Thaumarchaeota inherently regulate genes to a lessente
expression, they are likely to be xing carbon chemosynt@ly than bacteria; that freshwater bacteria and archaea imttigre
in the lower reaches of the Amazon Rivéiidure 2), although regulate genes to a lesser extent than marine bacteria and
they may not be obligate chemolithotrophslZmann et al., archaea; or that river environmental conditions are lesiade
201). than plume conditions and therefore gene regulation is not
The abundant Thaumarchaeota transcripts were useful foas necessary. Similar patterns of gene expression found for
addressing the inuence of regulation on gene expressioifhaumarcheota populations through several years in a temperate
because they provided sizeable transcript bins with gedigticacoastal systemHpllibaugh et al., 2011 supports the rst
homogeneous populations at multiple river locations. Theexplanation; similar environmental conditions in the maiest
genome binning approach used here can produce taxonomitations Table 2 supports the third explanation.
groupings that intermingle di erent populations having highest  The environmental parameters with statistically signi cant
sequence similarity to the same reference genome, an isstgationships to gene expression emphasized the similar cami
that is exacerbated if reference genomes are sparse, as they physical conditions at the widely-separated mainstem
are for riverine prokaryotesGhai et al., 201)1 For the ve stations. Genes whose expression ratios were signi cantly
Thaumarchaeota reference bins, however, transcript ainste predicted by these parameters encoded sulfur incorporatiah an
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oxidation, carbon storage, membrane biosynthesis, andater oceans Richey et al., 1989; Subramaniam et al., Y088d the
xation in the free-living cells; and nitrogen and phosphorus dissolved and particulate nitrogen, phosphate, silica, and iro
acquisition, sulfur oxidation, and vitamin B6 biosynthesi the  delivered to marine waters a ect marine microbial activitydan
particle-associated cells. These patterns echo an analyfie of carbon sequestration at a global sc&lefframaniam et al., 2008
taxonomic composition of the mainstem microbial commungtie A recent inventory of genes and transcripts of the Amazon
in which spatially homogeneous assemblages were found Plume Gatinsky et al., 20143, Iprovides an opportunity to
much of the lower reachepherty et al., 201)7and analysis compare transcript inventories of elemental cycling genes in
of the dissolved organic matter pool in which highly similar microbes inhabiting the lower mainstem (sampled in May 2011)
molecular composition was found within the mainstei@g(del to those in the oceanic plume (sampled in May-June 2010).
etal., 201p When relative transcript abundance of the 89 biogeochetyical
The in uence of the Amazon River and its resident microbesrelevant genes was compared across the river and plume
continues beyond the river boundaries. Discharge from thestations, river samples were more strongly dominated by
Amazon accounts for 18% of the world's river input to theamoA, nirKandamtBtranscripts generated by Thaumarchaeota
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FIGURE 7 | Hierarchical clustering of relative abundance patterns &9 biogeochemically-relevant genes in the metatranscripmes from ve Amazon River stations
and six Amazon Plume stations. The samples were clustered irgg the Bray-Curtis Dissimilarity algorithm based on relae transcript abundance.

populations Figure 7). Nitrogen xation transcripts were amore analyses indicate a transition from higher plant-derived D@M
important feature of the plume transcriptomes, particularly atmore algal/microbial-derived DOM between Obidos and Macapéa
two stations where diatoms harbored an endosymbiotic N{Seidel et al., 20)6suggesting active loss of terrestrial carbon
xing cyanobacterium Hilton et al., 2014; Satinsky et al., within the river.
2017. Transcripts from the high-a nity phosphate transporter The metabolic activity of Amazon River microbes has
(pstAC$ were more important at the plume sites and the TAPnot yet been fully characterized despite the recognized
station, while the low-a nity phosphate transportep{tA) was importance of Bacteria and Archaea in controlling energy
more important at the other river stations and the coastal pum production and consumption in this ecosystem. Similar to
stations, consistent with generally higher P@vailability in  ndings by Doherty et al. (2017)for microbial community
the river compared to the tributaries and ocean. Transcript€omposition, gene expression patterns detailed here are
involved in light utilization were more dominant at TAP and consistent with a spatially homogeneous mainstem in which
BLM relative to the mainstem stations and more similar tomicrobial metabolism changes relatively little from Obidtn
the plume stations, indicative of greater light availapilit the  the mouth in the well-mixed river, simultaneously supporting
clearwater tributaries and plume. Taken as a whole the r&ati heterotrophic, chemoautotrophic, and photosynthetic procgsse
transcript abundances of these 89 functional genes suggksira However, tributary inputs drive discrete communities with
separation in the expression patterns between the marine ardistinctive biogeochemical activities at Tapajos and Belém
riverine prokaryotic communities with the exception of theat and these are biased toward free-living cells that rely mare o
water riverine TAP station which more closely resemblesingar phototrophy. Overall, this analysis of gene expression in the
stations. worlds largest river system provides insights into micrdbia
Despite higher concentrations of aromatic carbon compoundgrocesses important in the biogeochemistry of large rivers
derived from vascular plant material in the riveward et al., and adjacent plume systems, and highlights the potential
2019, expression ratios of genes for degradation of aromatianportance of the archaeal community members and the
compounds pcaH and vanA), tannin (tanA), and cellulose nutrient cycling processes they mediate within freshwater
(bglA were considerably lower in the river compared to thehabitats.
plume by 18- to 155-fold. However, poor understanding of
the enzymes encoding lignin degradation in aquatic systems AUTHOR CONTRIBUTIONS
combination with the heterogeneous nature of lignin moliesy
the likelihood of multiple enzymes being involved in itsBS for sample collection, laboratory analysis, data analysis
oxidation, and roles for photochemical oxidation and mictab intellectual contributions and manuscript preparation. CS
priming (Ward et al., 201pmay explain this nding. DOM  for sample collection, laboratory analysis, and data arslysi
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