
ORIGINAL ARTICLE

Expression patterns of elemental cycling genes
in the Amazon River Plume
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Metatranscriptomics and metagenomics data sets benchmarked with internal standards were used to
characterize the expression patterns for biogeochemically relevant bacterial and archaeal genes
mediating carbon, nitrogen, phosphorus and sulfur uptake and metabolism through the salinity
gradient of the Amazon River Plume. The genes were identified in 48 metatranscriptomic and
metagenomic data sets summing to 4500 million quality-controlled reads from six locations in the
plume ecosystem. The ratio of transcripts per gene copy (a direct measure of expression made
possible by internal standard additions) showed that the free-living bacteria and archaea exhibited
only small changes in the expression levels of biogeochemically relevant genes through the salinity
and nutrient zones of the plume. In contrast, the expression levels of genes in particle-associated
cells varied over orders of magnitude among the stations, with the largest differences measured for
genes mediating aspects of nitrogen cycling (nifH, amtB and amoA) and phosphorus acquisition
(pstC, phoX and phoU). Taxa varied in their baseline gene expression levels and extent of regulation,
and most of the spatial variation in the expression level could be attributed to changes in gene
regulation after removing the effect of shifting taxonomic composition. We hypothesize that changes
in microbial element cycling along the Amazon River Plume are largely driven by shifting activities of
particle-associated cells, with most activities peaking in the mesohaline regions where N2 fixation
rates are elevated.
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Introduction

The Amazon River is the world’s largest in terms of
discharge, releasing more freshwater into the ocean
than the next six largest rivers combined. Terrest-
rially derived nutrients are carried offshore in the
plume and mix into the western tropical North
Atlantic Ocean in amounts sufficient to impact
global marine primary productivity and carbon
sequestration (Richey et al., 1989; Subramaniam
et al., 2008; Coles et al., 2013).

Previous studies of the Amazon Plume micro-
biome have shown that primary production in low
salinity waters is dominated by coastal diatoms
whose activity is supported by river-supplied nutri-
ents once riverine turbidity declines (Smith and

Demaster, 1996; Simon et al., 2009; Goes et al.,
2014). As salinity increases and nitrogen becomes
more limited along the plume, diatoms Rhizosolenia
and Hemiaulus become dominant (Subramaniam
et al., 2008; Goes et al., 2014), in part because they
carry a symbiotic N2-fixing cyanobacterium Richelia
intracellularis in an arrangement referred to as a
diatom–diazotroph association (DDA) (Goebel et al.,
2010; Foster et al., 2011). In oceanic regions where
river-supplied phosphorus and silicate are both
depleted, N2-fixing Trichodesmium become impor-
tant (Subramaniam et al., 2008; Goes et al., 2014).
The high productivity of these autotrophs generates a
region of the western tropical North Atlantic that
takes up an excess of ~ 30 Tg C per year (Cooley
et al., 2007; Subramaniam et al., 2008).

Heterotrophic members of river plumes similarly
have a major influence over biogeochemistry
through roles in respiration and sequestration of
fixed carbon (Amon and Benner, 1998; Dagg et al.,
2004) and regeneration and uptake of inorganic
nitrogen and phosphorus (Gardner et al., 1994;
Dagg and Breed, 2003). These important processes
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have been more difficult to investigate compared
with the activities of autotrophs, however, because of
the hundreds of largely uncharacterized bacterial
and archaeal species involved (Pedrós-Alió, 2006)
and the diversity of links in the elemental cycles they
mediate (Moran et al., 2016). Further, while hetero-
trophic taxa can harbor the capability for multiple
biogeochemical roles, whether these are expressed
and at what level is often controlled by the
environmental conditions at a given time and place.

Direct measures of transcription of biogeochemi-
cally relevant genes can fill key gaps in our under-
standing of ongoing microbial functions and their
regulation in the Amazon Plume microbiome, parti-
cularly when data sets are benchmarked with
internal standards to generate quantitative gene and
transcript inventories (genes or transcripts per liter;
transcripts per gene copy) rather than proportional
abundances (percentage of metagenome or metatran-
scriptome) (Gifford et al., 2011; Satinsky et al.,
2013; Hilton et al., 2014; Smets et al., 2016).
This approach is analogous to carrying out both
quantitative PCR and reverse-transcription quantita-
tive PCR on all functional genes of interest in a
microbial system. In the few cases where PCR-based
gene copy-normalized transcription data have
been reported for natural communities, they
provided unique information on shifts in gene
regulation (Varaljay et al., 2015) and spatial and
temporal patterns of microbial activity (Church et al.,
2010).

For this study, six locations along the Amazon
Plume varying in salinity from 23 to 36 were

inventoried in May–June 2010, and replicated,
quantitative and taxon-specific gene and transcript
abundances in the metagenomes and metatranscrip-
tomes were calculated for 40 biogeochemically
relevant functional genes. This data set provides
measures of microbial gene expression levels rele-
vant to carbon (C), nitrogen (N), phosphorus
(P) and sulfur (S) cycling and examines these
patterns in the context of environmental conditions
in three salinity zones of the Earth’s largest
river plume.

Materials and methods

Surface samples were obtained in duplicate for two
discrete size fractions at six stations (Table 1).
Collection and processing were carried out as
previously described (Satinsky et al., 2014a, b).
In brief, microbial cells from two size fractions
(2–156 μm, particle-associated; and 0.2–2 μm, free-
living) were collected by filtration from a depth of
2m and preserved in RNAlater (Applied Biosystems,
Austin, TX, USA). RNA for metatranscriptomic
analysis was extracted, residual DNA was removed
and ribosomal RNA (rRNA) was depleted. The
mRNA-enriched RNA was then linearly amplified
and converted to cDNA. DNA for metagenomic
analysis was extracted and residual proteins and
RNA were removed. For both nucleic acid types,
internal standards in the form of artificial mRNAs
(metatranscriptomic samples) or genomic DNA from
Thermus thermophilus HB8 (metagenomic samples)

Table 1 Metagenome and metatranscriptome data summaries for six Amazon River Plume Stations in June 2010 sampled at a
depth of 2 m

Station 10 Station 23 Station 3 Station 2 Station 25 Station 27

Location (olat, long) 4.88, −51.36 10.68, −54.42 7.29, −53.00 10.29, −54.51 11.31, −56.43 12.41, −52.22
Salinity 22.6 26.5 30.8 31.8 31.9 36.0

Raw reads
Metagenomic (×107) 4.44 5.69 7.39 5.08 7.87 6.01
Metatranscriptomic (×108) 1.25 1.38 1.00 1.27 1.27 1.95

Joined reads after QC
Metagenomic (×107) 1.15 1.24 1.39 1.72 1.88 1.64
Metatranscriptomic (×107) 1.95 3.07 1.77 2.49 3.48 3.49
Mean read length (bp) 192 200 197 191 205 196

Protein encoding reads
Metagenomic (×106) 4.98 2.31 5.55 6.38 5.86 6.77
Metatranscriptomic (×106) 4.08 3.21 2.36 3.53 2.41 6.52

Bacteria and Archaea gene copies l−1 (×1012) 8.77 1.47 3.42 1.61 8.67 2.21
% FL 68.3% 98.2% 97.3% 93.0% 99.2% 92.1%
% PA 31.8% 1.8% 2.7% 7.0% 0.79% 7.9%

Bacteria and Archaea transcripts l− 1 (×1011) 4.13 1.79 5.60 3.39 3.40 1.30
% FL 49.3% 93.8% 39.7% 21.5% 64.4% 84.3%
% PA 50.8% 6.2% 60.3% 78.5% 35. 6% 15.7%

Abbreviations: FL, free-living; PA, particle-associated. QC, quality control; Sequence data descriptions represent the sum of the FL and PA
fractions, each averaged across duplicate samples of each. Per liter calculations are based on recovery of internal standards (Supplementary
Table S1).
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were added during extraction, immediately prior to
cell lysis (Satinsky et al., 2013). Methods for internal
standard additions can be found at protocols.io (dx.
doi.org/10.17504/protocols.io.ftgbnjw and dx.doi.
org/10.17504/protocols.io.ffwbjpe).

Following processing, nucleic acid preparations
were sheared ultrasonically to ~ 200–250 bp frag-
ments and libraries were constructed for Illumina
sequencing (150 PE; Illumina Inc., San Diego, CA,
USA). A bioinformatic pipeline was established for
quality control of the Illumina reads, including
joining and trimming paired-end sequences and
quantifying and removing internal standard
sequences (Satinsky et al., 2014a, b). rRNA reads
were identified in the metatranscriptomes by a blastn
search against a database containing representative
rRNA sequences. Protein-encoding reads were iden-
tified by RAPSearch2 (Zhao et al., 2012) against the
RefSeq protein database, and best hits were used to
assign reads to the closest reference genome. A blastx
against a custom database consisting of biogeochemi-
cally relevant gene sequences was used to identify
reads for selected steps in element cycling (Satinsky
et al., 2014b; Zielinski et al., 2016). Per liter numbers
of each gene and transcript type were calculated
based on internal standard recovery (Supplementary
Table S1) 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).
Biological replicates were averaged and the expres-
sion ratios and s.d. were calculated as previously
described (Satinsky et al., 2014a, b). For cases in
which transcripts were observed but corresponding
gene counts were zero (4.7% of the 480 expression
ratio calculations), 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
(Supplementary Table S1).

To analyze population structure in selected refer-
ence genome bins, ribosomal protein-encoding reads
from five taxa abundant in the metatranscriptomes
were identified through a similarity search using
RAPsearch2 against the full NCBI RefSeq protein
database. For the two most highly expressed riboso-
mal proteins within a genome bin, reads were pooled
from all stations and size fractions and clustered at
95% nucleotide identity using CD-HIT (Huang et al.,
2010). Reads from each individual station and size
fraction were then separately classified into the
resultant clusters using blastn against the represen-
tative sequence with a minimum alignment length of
50 nt. Even a completely homogenous population
will produce multiple read clusters within each gene
because the 225 nt reads cover only a part of the
gene. However, the cluster pattern will be consistent
across samples provided the population structure is
consistent. Singletons (clusters with only a single hit
across all samples) were removed from subsequent
analyses, as were any stations or size fractions with

o20 reads across all clusters. Distributions of
remaining read clusters at each station/fraction
were compared using a Bray–Curtis dissimilarity
analysis to identify homogeneous genome bins
defined here as those with dissimilarity scores of
⩽30%. The final dissimilarity score was based on
the average of the two ribosomal proteins analyzed
for each bin.

To estimate the number of cells containing a gene
of interest, genome equivalents were calculated for a
sample by obtaining counts for three housekeeping
genes (recA, rpoB and dnaK), normalizing the counts
to the gene length of recA and then averaging the
normalized counts across the three genes (Howard
et al., 2006). As each bacterial or archaeal genome is
expected to contain one copy of each housekeeping
gene, this value estimates the number of genomes
sampled. Biogeochemically relevant gene counts
were then expressed as a percentage of the average
single-copy gene count (Supplementary Table S2).
This calculation overestimated the number of cells
containing a gene if the gene was present in more
than one copy per genome, although this is unlikely
for most of the genes analyzed.

Expression and transcript inventories were com-
pared for the two size fractions by calculating free-
living:particle-associated ratios for each gene at each
station (average in the free-living community/aver-
age in the particle-associated community for both
transcripts gene copy− 1 and transcripts l− 1).

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 data sets (in this case, each gene expres-
sion ratio data set against each environmental
parameter data set) to find the grid with the most
mutual information (that is, when knowing one
variable provides the most information about the
other). MINE finds both linear and non-linear
associations.

Metagenomic and metatranscriptomic sequences
from the May–June 2010 Amazon Continuum study
are available from NCBI under accession numbers
SRP039390 (metagenomes) and SRP037995 (meta-
transcriptomes) (Satinsky et al., 2014b). The NCBI
sequences are fastq files with internal standard
sequences and rRNA sequences (metatranscriptomes
only) removed. Sequences are also available at
the iMicrobe database under project number
CAM_ P_0001194 (http://data.imicrobe.us). The
iMicrobe sequences are QC’d fasta files of joined
paired-end reads, also with internal standards
and rRNA sequences (metatranscriptomes only)
removed. Metadata accompanying the omics data
sets are available at the BCO-DMO data repository
(http://www.bco-dmo.org/project/2097).

Measurements of environmental parameters were
made as previously described (Goes et al., 2014;
Medeiros et al., 2015).
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Figure 1 (a) Amazon Plume stations sampled May–June 2010 superimposed on salinity contours interpolated from the shipboard
underway system. (b) Environmental data. (c) Transcript inventories (mRNAs l−1) for the 10 bacterial or archaeal taxonomic bins
contributing the most transcripts at each station.
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Results and discussion

Genes and transcripts were collected in May–June
2010 from free-living (operationally defined as
0.2–2.0 μm) and particle-associated (2.0–156 μm)
microbial communities in surface water at six
stations in the Amazon River Plume (Table 1). The
stations were grouped into three salinity-based
classes following a scheme suggested previously
(Subramaniam et al., 2008): low-salinity Stations 10
and 23 (salinity o30), mesohaline Stations 3, 2
and 25 (salinity 30–35), and oceanic Station 27
(salinity 435) (Figure 1, Table 1).

Taxonomic composition
Patterns of bacterial and archaeal genes and tran-
scripts were determined from duplicate metatran-
scriptomic and metagenomic data sets for each size
fraction and station (24 of each type). A previous
study analyzing only data from Station 10 showed

that free-living cells made a greater contribution to
the community transcriptome because of their higher
cell numbers (resulting in more transcripts per liter),
but particle-associated cells had higher rates of gene
expression (more transcripts per gene copy)
(Satinsky et al., 2014a). In this study, data from five
additional plume locations in addition to Station 10
allowed a comparison of microbial expression
patterns from the outer continental shelf to oceanic
waters.

The most transcriptionally dominant genome
bins of microbial heterotrophs at the low salinity
Stations 10 and 23 included three marine Gamma-
proteobacteria (HIMB30, HIMB55 and SAR86), along
with SAR116 (Candidatus puniceispirillum
IMCC1322), SAR324 and several Flavobacteria
(Figure 1). At mesohaline Stations 3, 2 and 25, the
Verrucomicrobium Coraliomargarita akajimensis
DSM45221 reference genome bin contributed the
most transcripts, while at oceanic Station 27 the
most transcriptionally dominant heterotrophic gen-

Table 2 Transcript gene copy− 1 ratios in bacterial and archaeal cells

Community or Organism Transcripts gene copy−1 Method Reference

Amazon Plume FL: all genes, all stationsa 0.040 Internal standard This paper
Amazon Plume PA: all genes, all stationsa 1.331 Internal standard This paper
Amazon Plume PA: all genes, low salinitya 0.058 Internal standard This paper
Amazon Plume PA: all genes, mesohalinea 2.584 Internal standard This paper
Amazon Plume PA: all genes, oligotrophica 0.117 Internal standard This paper
Amazon Plume FL: 40 genes, all stationsa 0.086 Internal standard This paper
Amazon Plume PA: 40 genes, all stationsa 0.884 Internal standard This paper
Amazon Plume PA: nifH, Station 27 32.3± 5.7b Internal standard This paper
Amazon Plume PA: pstA, Station 2 5.12±0.42b Internal standard This paper
Coraliomargarita akajimensis DSM4522c 0.167 Internal standard This paper
Gammaproteobacteria HIMB30c 0.051 Internal standard This paper
SAR324 JCVI-SC AAA005c 0.045 Internal Standard This paper
Alteromonadalesd 0.073 Internal standard This paper
Roseobacter claded 0.027 Internal standard This paper
SAR11 claded 0.002 Internal standard This paper
SAR86 claded 0.006 Internal standard This paper
Escherichia coli 0.309 Biochemical analysis e

Escherichia coli 0.403 Single-cell microscopy f

Vibrio alginolyticus 0.485 RNA recovery g

Mycoplasma pneumonia 0.04 Microarray with internal standard h

OM43 strain NB0046 0.3–1.4 Internal standard i

aBacteria and archaea. bS.d. in the duplicate metatranscriptomes can be calculated for individual genes.cHomogeneous populations at Station 23
and 3. dAll stations and size fractions. eNeidhardt and Umbarger (1996); calculated by dividing mRNAs per cell by the 4466 genes in the E. coli K12
genome. fTaniguchi et al. (2010); calculated by extrapolation from 137 genes as in Moran et al. (2013). gTaniguchi et al. (2010); based on a
calculation of 2288 mRNA molecules per cell as in Moran et al. (2013) and 4722 coding sequences in the genome. hMaier et al. (2011). iGifford et al.
(2016); calculated by addition of 14 internal mRNA standards.

Figure 2 Expression levels of 40 biogeochemically relevant genes plotted by station. Expression ratios were normalized within each gene
to the median across all stations and both size fractions (transcripts gene copy−1/median transcripts gene copy− 1) and plotted as log2
values. Carbon and phosphorus genes are split into two panels for clarity. Gene abbreviations: Carbon genes—pepALMN, P/X, various
aminopeptidases; phaCRZ, polyhydroxyalkanoate synthesis, degradation and regulation; bglA, beta-glucosidase; metF, methylene-
tetrahydrofolate reductase; pgi, glucose-6-phosphate isomerase; PR, proteorhodopsin; pcaH, protocatechuate 3,4-dioxygenase; vanA,
vanillate demethylase. Phosphorus genes—phnDEHM, phosphonate transport and assimilation; pitA, low affinity phosphate transporter;
pstACS, high-affinity phosphate transporter components; phoADUX, various alkaline phosphatases. Nitrogen genes—amoA, ammonium
monooxygenase; amtB, ammonium transporter; cphAB, cyanophycin synthesis and degradation; glnA, glutamine synthetase; napA,
nitrate reductase; narG, nitrate reductase; nifH, nitrogenase. Sulfur genes—dddP, DMSP lyase; dmdA, DMSP demethylase; hpsN, DHPS
dehydrogenase; naaS, N-acetyltaurine amidohydrolase; soxB, sulfate thiohydrolase. Detailed description of gene functions are provided in
Supplementary Table S6.
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ome bins were C. akajimensis, SAR116 clade,
Roseobacter clade members and Alteromonas.

Autotrophic bacteria from the cyanobacterium
genus Synechococcus were important in the tran-
scriptomes of most stations (Figure 1) except for

oceanic Station 27 where Prochlorococcus and
Trichodesmium were more abundant. At Stations 2
and 25, the cyanobacterium Richelia intracellularis,
known to form a symbiotic (‘DDA’) association with
diatom Hemiaulus hauckii, was the dominant cya-
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nobacterial transcript bin. These data agree with
microscopic counts and pigment analysis that placed
Stations 10 and 23 into an ‘estuarine type’ with
mixed population of diatoms, cryptophytes and
Synechococcus; Stations 2, 3 and 25 into a ‘mesoha-
line type’ dominated by DDAs and Station 27 into an
‘oceanic type’ characterized by Trichodesmium
(Goes et al., 2014).

Transcripts per gene copy
There were fewer transcripts in each liter of plume
seawater than there were genes by ~ 30-fold
(Table 2). Exceptions (when transcript gene− 1 ratios
were 41) were found only at the mesohaline stations
for certain genes (nifH, amtB, pstA,C,S and pepM).
This low transcript-to-gene ratio is similar to
previous findings in marine microbial communities
(Beier et al., 2015; Cottrell and Kirchman, 2016).
Even for model bacteria growing exponentially, cells
contain fewer transcripts than genes (~0.4
transcripts gene copy−1 for exponential phase
Escherichia coli and ~0.5 transcripts gene copy− 1

for Vibrio alginolyticus; Kramer and Singleton, 1992;
Taniguchi et al., 2010) (Table 2). Typical mRNA half-
lives are on the order of minutes in prokaryotic cells
(Maaloe et al., 1983; Steglich et al., 2010; Taniguchi
et al., 2010) and the Amazon Plume data are
consistent with a low inventory but high turnover
rate of mRNA (Moran et al., 2013)

Different levels of baseline gene expression have
been predicted for marine bacterial taxa because of
variations in genetic capabilities for synthesizing
transcription machinery and regulating transcript
production (Giovannoni et al., 2005; Polz et al.,
2006; Lauro et al., 2009; McCarren et al., 2010; Luo
and Moran, 2015). We compared transcript gene
copy− 1 ratios for four taxonomic groups in the plume
that are hypothesized to have either higher (Alter-
omonadales and Roseobacter clades) or lower
(SAR11 and SAR86 clades) baseline expression
based on genome characteristics (Giovannoni et al.,
2005; Polz et al., 2006; Lauro et al., 2009; McCarren
et al., 2010; Luo and Moran, 2015). The Alteromona-
dales and Roseobacter groups averaged up to 10-fold
higher expression ratios (0.07 and 0.03
transcripts gene copy− 1, respectively) than did the
SAR11 and SAR86 clades (0.002 and 0.006
transcripts gene copy− 1) (Table 2). A recent study
similarly found that Roseobacter and Flavobacteria
strains, characterized by large genomes and abun-
dant transcriptional regulators, produced more
mRNA per cell than SAR11 and SAR92 strains,
typified by small and streamlined genomes
(Lankiewicz et al., 2016). We also compared
transcript gene copy− 1 ratios for cells in the
particle-associated and free-living environments
and found that the former had higher transcript gene
copy− 1 ratios by a factor of 10 when averaged across
all elemental cycling genes (0.88 versus 0.09
transcripts gene copy−1) (Table 2).

Patterns in element cycle gene expression
Expression of 40 genes involved in C, N, P and S
cycling was compared by station and size fraction.
The highest median expression ratios for C cycle
genes were for phaP and phaR (0.4 and 0.10
transcripts gene copy− 1), which mediate C storage
as polyhydroxyalkanoate, and pcaH (0.10
transcripts gene copy− 1), which encodes aromatic
ring cleavage (Figure 2 and Supplementary Table
S3). Among N cycle genes, ammonia oxidation gene
amoA and nitrogen fixation gene nifH had the
highest median expression (0.7 and 0.5
transcripts gene copy− 1). Among P cycle genes, pstC
and pstS of the high-affinity phosphate transporter
had the highest median expression (0.7 and 0.5
transcripts gene copy− 1). Finally, for S cycle genes,
N-acetyltaurine amidohydrolase (naaS) and sulfur-
oxidizing protein soxB had the highest median
expression (0.7 and 0.5 transcripts gene copy−1).
The most highly expressed genes were not necessa-
rily common in plume microbial communities. For
example, amoA, nifH and phaP were present in
o2% of cells (based on genome equivalent calcula-
tions; Supplementary Table S2). These cells are
contributing disproportionately to discrete steps in N
and P cycles.

Two major trends were evident from the expres-
sion ratio data. The first was that the majority of
genes exhibited peak expression ratios in the
mesohaline region and lowest expression ratios in
oceanic water (Figure 2 and Supplementary Table
S3). For example, the average gene expression ratio
across all 40 genes was 1.9 transcripts gene copy− 1

for mesohaline Stations 3, 2 and 25 compared with
0.13 transcripts gene copy− 1 for oceanic Station 27.

The second trend was that genes in the particle-
associated community showed a larger dynamic
range of expression compared with free-living. An
analysis of the deviation of expression ratios from
the median showed that the most extreme variation
was found for nifH in particle-associated cells
(Figure 3), with expression ratios at Stations 2 and
25 among the highest of any gene surveyed (9 and 32
transcripts gene copy− 1) while no expression was
found at Station 10 even though genes were present.
Ammonium transporter gene amtB in particle-
associated cells also had high deviation in expres-
sion (Figure 3) despite the fact that all stations had
ammonium concentrations at or below the level of
detection (Goes et al., 2014) (Figure 1b and
Supplementary Table S4). Spatially variable expres-
sion ratios offer insights into the biogeochemical
processes with the strongest changes along the axis
of the plume. Among the 10 genes with the highest
deviation around the median value, three carry out
transformations in the N cycle (nifH, amtB and
amoA), three in the P cycle (pstC and alkaline
phosphatase genes phoX and phoU), two in the C
cycle (glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) in the glycolysis pathway and peptidase
pepM) and one in the sulfur cycle (N-acetyltaurine
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Figure 3 Variability in the expression ratios of 40 biogeochemically relevant genes, shown as rank order of the median absolute
difference by gene and size fraction. PA size fraction, gray bars; FL size fraction, black bars.
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amidohydrolase gene naaS). A gene allowing energy
acquisition from sunlight (proteorhodopsin) was also
in the top 10 list. Many of these same genes also had
high deviation in free-living cells (nifH, naaS,
proteorhodopsin, amoA, pstC, phoX and amtB)
but the range of variation was considerably less
(Figure 3).

Do expression changes reflect shifts in taxonomy or
gene regulation?
To investigate the relative importance of taxonomic
composition versus gene regulation in explaining
differences in the expression ratios in the plume, we
first identified reference genome bins that were
genetically coherent across multiple stations
(Supplementary Figure S1). Analyzing taxonomi-
cally homogeneous bins eliminated complications
from strain or population differences and allowed
analysis of gene regulation in a single taxon at
different plume locations. This screen for homoge-
nous genome bins revealed three reference bins
with similar population structure across five or
more samples: C. akajimensis DSM45221, marine
Gammaproteobacteria HIMB30, and SAR324 cluster
bacterium JCVI-SC AAA005 (Supplementary
Figure S1).

Within each homogeneous genome bin, the large
variations in the expression ratios across stations
suggested substantial regulation of gene expression
in response to local conditions (Figure 4). For
example, GAPDH gene expression by the genetically
homogeneous C. akajimensis population varied
several orders of magnitude, from 0.004
transcripts gene− 1 for free-living cells at low-
salinity Station 23 to 129 transcripts gene−1 for
particle-associated cells at mesohaline Station 3.
For genes in the HIMB30 and SAR324 bins, expres-
sion levels varied up to 130- and 93-fold among
genetically homogeneous populations (Figure 4).
The transcription patterns in these reference bins
echo the two major patterns observed for the full
community: higher expression ratios at mesohaline
stations and significantly more dynamic range in the
expression for particle-associated cells (Figure 4).
SAR11 member Pelagibacter ubique HTCC1062 has
been shown to change gene expression levels by only
threefold between nitrogen-replete and -limited
conditions (Smith et al., 2013), yet marine betapro-
teobacterium NB0046 varied the expression ratios
over several orders of magnitude depending on
growth stage and nutrient regime (Gifford et al.,
2016). Here the expression difference due to tran-
scriptional regulation was 4100-fold for some genes
within a genetically homogeneous reference genome,
considerably larger than the differences in baseline
gene expression rates observed among bacterial taxa
(3-fold; Table 2). These results invoke a major role
for gene regulation in the shifting inventories of
elemental cycling transcripts across the plume
salinity and nutrient regimes.

How do the stations differ?
A previous study of Station 10 showed that genomes
from particle-associated cells contributed more tran-
scripts for sulfur cycling and aromatic compound
degradation than free-living cells, with an overall
twofold higher expression ratio, but fewer
transcripts for phosphorus acquisition, carbon meta-
bolism and ammonia oxidation (Satinsky et al.,
2014a). The five additional stations from more
ocean-influenced regions of the Amazon Plume were
examined to determine whether transcript inven-
tories (transcripts l− 1) and gene expression ratios
(transcripts gene copy− 1) (Supplementary Table S3)
had consistent gene-specific patterns.

Similar to Station 10, the expression ratios of
sulfur cycle genes were higher in cells associated
with particulate material at the other stations
(Figure 5). These genes included four mediating the
utilization of phytoplankton-derived organic sulfur
compounds (dmdA and dddP for dimethylsulfonio-
propionate (DMSP), hpsN for dihydroxypropanesul-
fonate (DHPS) and naaS for N-acetyltaurine) and one
catalyzing the oxidation of reduced inorganic sulfur
to sulfate (soxB). Station 3 was the only location
besides Station 10 to have amoA transcripts present
and similarly had a higher inventory of transcripts
for archaeal ammonia oxidation gene amoA in the
free-living community. Unlike Station 10, transcript
inventories and the expression ratios for aromatic
compound degradation (vanillate demethylase vanA
and protocatechuate 3,4-dioxygenase pcaA) were not
particularly biased toward the particle-associated
community at the more oceanic stations (Figure 5).

Genes plotting in the bottom two quadrants of
Figure 5 had higher expression ratios in particle-
associated cells. Nearly all genes at Stations 2, 3 and
25 were in these bottom quadrants, and 70–92% of
genes at the low salinity and oceanic stations were
also. Genes plotting in the two right quadrants in
Figure 5 have higher transcript inventories in free-
living cells. More than 80% of genes plotted in these
right quadrants for all stations except mesohaline
Stations 2 and 3 (18% and 68%). Thus, despite the
generally higher expression ratios in the particle-
associated community, transcript inventories were
nonetheless higher for many genes in the free-living
community owing to a greater abundance of free-
living cells at all stations (468%; Table 1,
Supplementary Table S2), with Stations 2 and 3 as
the exceptions to this pattern (Figure 5).

Relationships between biogeochemical properties and
gene expression patterns
MINE (Reshef et al., 2011) was used to detect
associations between environmental properties of
the plume and gene expression ratios. The analysis
measured associations between data pairs (an envir-
onmental parameter paired with a gene expression
ratio), capturing both linear and non-linear relation-
ships and assigning a normalized maximum
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information coefficient value between 0 (no relation-
ship) and 1 (strongest relationship). Of the 1040
parameter–gene pairs examined for each microenvir-
onment (26 parameters × 40 genes; Supplementary
Table S5), 53 high-scoring pairs emerged for genes in
particle-associated cells (defined as maximum infor-
mation coefficient 40.90) and 104 emerged for genes
in free-living cells (Supplementary Figures S2a–e).

The most prominent pattern was found for the
particle-associated community for which associa-
tions between phosphate concentration and gene

expression ratios accounted for 34 of the 53 high-
scoring pairs. For 19 of these, the association was a
negative linear correlation (Pearson’s coefficient,
Po0.05) (Supplementary Figure S2a). These associa-
tions were driven by high gene expression ratios at
mesohaline Stations 3, 2 and 25 where [PO4] was
o0.2 μM and low gene expression at low salinity and
ocean Stations 10, 23 and 27 where [PO4] was
40.3 μM (Figure 1b and Supplementary Table S5).
In contrast, the free-living community had only two
high-scoring pairs involving phosphate concentra-
tions (Supplementary Figure S2e).

MINE analysis also identified a high-scoring posi-
tive correlation between N2 fixation rates and the
expression of nifH and phnN (phosphonate utiliza-
tion) genes (Po0.01) (Supplementary Figure S2b). N2

fixation typically peaks in mid-salinity regions of the
Amazon Plume due to depletion of labile nitrogen
while P is still available (Subramaniam et al., 2008;
Loick-Wilde et al., 2015), and rate measurements at
the time of this study also reflected this pattern; N2

fixation rates varied 50-fold from 0.01 nmol l−1 h−1 at
low-salinity Station 10 to 0.5 nmol l−1 h−1 at mesoha-
line Station 25 (Loick-Wilde et al., 2015).

Unexpectedly, none of the particle-associated genes
had high-scoring associations with particle composi-
tion parameters, including particulate organic carbon
and particulate organic nitrogen concentrations. How-
ever, three markers of terrestrial influence in the
dissolved phase had associations with both nifH and
cphB particle-associated expression ratios: terrestrial
contribution to the dissolved organic carbon pool
(based on ∂13C content), river-derived silicate (Si)
concentration, and salinity. In all cases, gene expres-
sion ratios were highest at intermediate terrestrial
influence (Stations 2 and 25) and low elsewhere
(Supplementary Figure S2b). Both nifH and cphB
have links to N2 fixation (cphB mediates intracellular
nitrogen storage), and based on this pattern and the
numerous relationships between [PO4] and gene
expression ratios described above, we surmise that
stimulation of N2 fixation and an accompanying
drawdown of phosphate broadly affected the expres-
sion of many biogeochemically relevant genes in
regions of intermediate terrestrial influence.

Sulfur cycle gene dddP is responsible for the
bacterial production of dimethylsulfide from DMSP
and had high-scoring associations with turbidity and
chlorophyll fluorescence in particle-associated cells
(Supplementary Figure S2b), driven by a 60-fold
higher expression ratio for dddP at Station 3
compared with the average of the other five stations.
Highest expression at Station 3 was also observed for
the four other sulfur cycle genes, although to a less
dramatic extent (ranging from 3- to 25-fold higher for
DMSP demethylation gene dmdA, sulfide oxidation
gene soxB and sulfonate catabolism genes hpsN and
naaS). Neither environmental parameters nor phyto-
plankton community composition (Goes et al., 2014;
Carpenter, unpublished data) provided any insights
into why flux of sulfur compounds was particularly
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high at Station 3. Sulfur cycle gene expression was
also high in free-living cells at Station 3 (Figure 2 and
Supplementary Figure S2d).

Conclusion

In the Amazon Plume region of the western tropical
North Atlantic, two hypotheses emerged from the

expression ratios of 40 bacterial and archaeal genes
representing four major element cycles. First, many
biogeochemical processes exhibit peak expression in
the mesohaline regions of the plume, including
carbon metabolism, nitrogen acquisition and phos-
phorus acquisition. N2 fixation by cyanobacterial
symbionts of diatoms in regions of intermediate
terrestrial influence appears to be a driver of the
enhanced biogeochemical activity, leaving a
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transcriptional imprint for increased nitrogen storage,
utilization of more diverse sources of phosphorus and a
peak in carbon catabolism. Indeed Richelia symbionts
have been estimated to fix up to seven times more
nitrogen than needed for their own growth (Foster et al.,
2011). Second, down-plume shifts in biogeochemical
activities appear to be driven largely by particle-
associated cells. We found a larger and more compo-
sitionally stable reservoir of transcripts in free-living
cells across the six plume stations, overlain by a smaller
yet highly dynamic transcript pool in particle-
associated cells. Bacteria associated with the particulate
matrix may experience more environmental variability
along the axis of the plume compared with those living
singly in bulk seawater. Although we did not find
statistical associations between bulk particulate organic
carbon or particulate organic nitrogen parameters and
bacterial gene expression ratios on particulate material,
prominent shifts in the phytoplankton community
composition were occurring through the plume at the
time of sampling, varying from coastal diatoms to
mesohaline DDAs to oceanic Trichodesmium and
Prochlorococcus (Goes et al., 2014; Zielinski et al.,
2016). Moreover, particle-associated gene expression
had strong associations with markers of terrestrial
influence (Supplementary Figure S2b).

The export of terrestrially derived material from the
Amazon River leads to enhanced rates of autotrophic
and heterotrophic production over a large region of
the tropical Atlantic (Yeung et al., 2012; Medeiros
et al., 2015) with effects on both atmospheric CO2

uptake and sequestration (Cooley et al., 2007).
Measures of the number of microbial transcripts
produced per gene copy indicate an important role
for gene regulation by heterotrophic bacteria, concur-
ring with evidence from other estuarine and plume
systems of higher cell-specific activity of particle-
associated cells (Crump and Baross, 2000; Kellogg
et al., 2011). Gene expression patterns in the Amazon
Plume also reiterate a critical influence of N2 fixation
over diverse microbial activities.
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