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E

stuaries represent the interface of marine and freshwater habitats and are host to unique and mixed communities of microorganisms that consume not only autochthonous organic materials but also terrestrially derived allochthonous nutrients that are
washed in from watersheds (1–5). Most inorganic and organic
nutrients that enter estuarine waters from terrestrial habitats are
processed within estuaries by bacterioplankton (6–8). These nutrients are subject to chemical alterations due to varying salinity
and redox states or settle into estuarine sediments where they
become buried and regenerated by sediment microorganisms
over longer time scales (9–13). Because of this, estuaries represent
hot spots of microbial activity. In many estuaries, anthropogenic
eutrophication leads to enhanced phytoplankton concentrations,
leading to high concentrations of organic carbon, which stimulate
heterotrophic bacterial respiration and cause net loss of dissolved
oxygen (14, 15) and, in many systems, hypoxia or anoxia (14, 16).
The consequences of hypoxia and anoxia are dire for aerobic organisms inhabiting these environments, especially sessile invertebrates or metazoa that are unable to migrate into oxic waters when
stressed by hypoxic conditions (14). Regions within estuaries that
experience suboxic conditions, referred to as oxygen-minimum
zones (OMZs) or dead zones, are increasing in frequency and
volume worldwide due primarily to anthropogenic inputs of limiting nutrients and possibly sea temperature rise (17–19).
The expansive Chesapeake Bay watershed is heavily populated
(17.5 million people) and hosts extensive agricultural land. Despite efforts to reduce nutrient loading in the Chesapeake Bay,
fertilizer use and urban sewage inputs into the Chesapeake Bay
have resulted in enhanced productivity in the bay (20). The estu-
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ary is stratified in warmer months by salinity and temperature,
resulting in isolation of deep bottom waters from productive and
oxygenated surface waters (21). As a consequence, deeper parts of
the estuary become anoxic every summer because of settled organic matter and dying phytoplankton from the euphotic zone
that fuel biochemical oxygen demand and abundant quantities of
S2⫺ that chemically consumes available O2. The extent to which
whole-community bacterioplankton metabolism is affected by
availability of oxygen has not been previously investigated in the
Chesapeake Bay.
Bacteria use energetically favorable biosynthetic reactions that
enable their growth under variable oxygen regimes (22). When
oxygen, the most energetically favorable electron acceptor, becomes limiting, bacteria are able to use a succession of electron
acceptors, including NO3⫺, metal oxides, and SO42⫺. However,
there is a taxonomic spectrum of bacteria that carry out respiration using various terminal electron acceptors, and not all bacteria
are able to use all alterative electron acceptors. For example, some
bacteria are strictly aerobic, others are strictly anaerobic, and
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We used metatranscriptomics to study the gene transcription patterns of microbial plankton (0.2 to 64 m) at a mesohaline station in the Chesapeake Bay under transitions from oxic to anoxic waters in spring and from anoxic to oxic waters in autumn.
Samples were collected from surface (i.e., above pycnocline) waters (3 m) and from waters beneath the pycnocline (16 to 22 m) in
both 2010 and 2011. Metatranscriptome profiles based on function and potential phylogeny were different between 2010 and
2011 and strongly variable in 2011. This difference in variability corresponded with a highly variable ratio of eukaryotic to bacterial sequences (0.3 to 5.5), reflecting transient algal blooms in 2011 that were absent in 2010. The similarity between metatranscriptomes changed at a lower rate during the transition from oxic to anoxic waters than after the return to oxic conditions.
Transcripts related to photosynthesis and low-affinity cytochrome oxidases were significantly higher in shallow than in deep
waters, while in deep water genes involved in anaerobic metabolism, particularly sulfate reduction, succinyl coenzyme A (succinyl-CoA)-to-propionyl-CoA conversion, and menaquinone synthesis, were enriched relative to in shallow waters. Expected transitions in metabolism between oxic and anoxic deep waters were reflected in elevated levels of anaerobic respiratory reductases
and utilization of propenediol and acetoin. The percentage of archaeal transcripts increased in both years in late summer (from
0.1 to 4.4% of all transcripts in 2010 and from 0.1 to 6.2% in 2011). Denitrification-related genes were expressed in a predicted
pattern during the oxic-anoxic transition. Overall, our data suggest that Chesapeake Bay microbial assemblages express gene
suites differently in shallow and deep waters and that differences in deep waters reflect variable redox states.
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genes compared to nonexpressed genes, and has generally found
elevated expression of genes involved in energy metabolism relative to those involved in cell growth (50).
This study applied metatranscriptomics to examine bacterial
communities in deep, subpycnocline waters of the Chesapeake
Bay over a seasonal cycle (March to October). During this period,
subpycnocline bacterioplankton experienced entirely oxic conditions early in the sampling period, anoxic conditions during summer, and then a return to completely oxic conditions in the fall.
The goal of this study was to understand how oxygen availability
impacts the composition of active community constituents. It also
compares transcription profiles from above-pycnocline waters,
subpycnocline oxic waters, and subpycnocline anoxic waters during the time series to describe seasonality and to understand
whether the impacts of oxygen concentration reflected depth-dependent processes.
MATERIALS AND METHODS
Sampling location. Samples were collected at station CB4.3 (38.22°N,
76.24°W), located 40 km down estuary of the Choptank River mouth in
the main arm of the Chesapeake Bay, from a small boat or from the R/V
Hugh R. Sharp, between late April 2010 and October 2010 and again between May 2011 and September 2011. Conductivity-temperature-depth
(CTD) (Seabird SBE 25 on a small boat and SBE 911plus on R/V Hugh R.
Sharp; Sea-Bird Electronics) profiles of salinity, temperature, and O2 were
used to determine the pycnocline depth. Seawater samples for metatranscriptomics were collected from below the pycnocline (at all sampling
times) and above the pycnocline (at certain sampling times), and seawater
for chemical and physical measurements was collected both above and
below the pycnocline at all sampling times. To protect sample waters from
O2 exposure, a diaphragm pump (Tornado pump; Proactive Environmental Products) with a hand-deployed hose to the CTD frame was
primed in surface water to remove air bubbles before being deployed at
depth to collect oxic and hypoxic sample waters. Samples for bacterioplankton RNA were pumped into a 20-liter triple-rinsed carboy, prefiltered through a 64-m Nitex mesh, and then filtered onto a 142-mmdiameter, 0.22-m Durapore (polyvinylidene difluoride [PVDF]) filter.
Duplicate samples (total volume, 0.75 to 2 liters) were processed within 30
min of collection. Filters were placed into sterile 50-ml centrifuge tubes,
flash frozen on dry ice or in liquid nitrogen, and transferred to a ⫺80°C
freezer until processed.
Inorganic nutrient analysis. Seawater samples for nutrient analysis
were pumped to a PVC manifold on deck. The flow-controlled manifold
distributed waters gently through short tubes into the bottoms of sampling syringes that were allowed to overflow for 1⫹ min before they were
sealed. Samples were filtered through 0.45-m-pore-size, 25-mm-diameter syringe filters and subsampled for NO2⫺, NO3⫺, NH4⫹, soluble reactive phosphate (SRP), hydrogen sulfide (H2S) ([S2⫺] ⫹ [HS⫺] ⫹
[H2S]), and total soluble Fe and Mn analysis in 7-ml polyethylene vials
with screw caps. Concentrations of NH4⫹, SRP, H2S, and total Fe and Mn
were analyzed colorimetrically using phenylhypochlorite, ammonium
phosphomolybdate, methylene blue, chromogen ferrozine, and ammonia
formaldoxime colorimetric methods, respectively (51–53). Water column
and benthic sediment NO2⫺ and NO3⫺ analyses were done by segmented
flow analysis after cadmium reduction (54) and carried out by the University of Maryland Horn Point Laboratory Analytical Services.
RNA extraction and processing. RNA samples were retrieved from
⫺80°C storage and extracted using previously described methods (55).
For 2011 samples (but not 2010 samples), filters were spiked with 25 ng of
internal standard (linearized pGEM-Z transcript [56]) to account for extraction efficiency variation between samples. Briefly, tubes containing
filters were amended with 9 ml ZR lysis buffer (Zymo) and 100 l sterile
glass beads, bead beaten (Biospec instruments) for 2 min, and placed on
ice, and filters were manually masticated with 10-ml pipettes. Tubes were
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many have flexible metabolisms that enable them to exist under
oxic or anoxic conditions with their metabolism most well selected for one or the other (facultative aerobic and facultative
anaerobic metabolisms). The succession of bacterial taxonomic
compositions and their metabolic activities along oxic-anoxic gradients have been investigated in sediments and water columns of
permanently stratified ecosystems such as the Black Sea (23), Cariaco Basin (24), and the Arabian Sea (25). These investigations
have detected novel pathways of autotrophy (e.g., anammox)
(26), enhanced bacterial abundance and production at oxic/anoxic interfaces (27, 28), and shifts in the composition of communities between oxic and anoxic waters (3). Oceanic environments
with permanently stratified waters with oxygen-minimum zones
(OMZs), such as in the East Tropical South Pacific, play a crucial
role in global biogeochemical cycling, removing N from pelagic
waters through denitrification and anammox to N2O and N2 and
enhancing S2⫺ concentrations through SO42⫺ reduction (29).
Bacterial communities in these waters change from oxic to anoxic
habitats, leading to a decrease in the overall diversity of both 16S
rRNA and functional genes (30), suggesting that factors driving
selection vary between oxic, suboxic, and anoxic conditions.
Metagenomic and metatranscriptomic investigations in these
waters suggest that transcription is dominated by organisms carrying out the locally dominant biogeochemical processes. For example, Crenarchaea involved in ammonium oxidation dominated
shallower portions of an oceanic water column, while transcripts
of anammox bacteria dominated OMZ waters (31). The sensitivity of OMZ bacteria to habitat alteration was highlighted by Stewart et al. (31), who found that incubation of minimally O2-enriched OMZ waters led to a profound increase in transcriptions
indicative of cell stress, possibly as a consequence of bottle effects.
These data suggest that bacteria inhabiting OMZs may be highly
adapted to their local conditions and that oceanic OMZs may not
be appropriate models for describing physiological or taxonomic
shifts that occur in waters that become anoxic during seasonal
cycles of productivity. Few studies have documented shifts in the
composition and physiological activities of bacterioplankton during the transition from oxic to anoxic conditions in seasonally
anoxic waters. One study reported that large-scale changes in microbial composition occur only after depletion of nitrogenous
species of electron acceptors and that typical surface water taxa
(including Synechococcus, SAR86 Gammaproteobacteria, and Pelagibacter ubique) may persist under hypoxic conditions but that
under completely anoxic conditions, taxa (e.g., Firmicutes, Thioalcalovibrio, and SAR406 bacteria) unique to those conditions
dominate communities (32).
Investigating the physiology and functional activities of bacterioplankton in situ and without a priori knowledge of gene sequence or metabolism has been facilitated by the advent of community gene transcription (i.e., metatranscriptomics), where
randomly sequenced mRNAs from entire communities permit
identification of active processes (33). Community gene transcription has been used to study activities of microbial plankton in
the open ocean (34–38) and coastal waters (33, 39–42), during
phytoplankton blooms (43), and in response to additions of organic and inorganic nutrients (44–47). Metatranscriptomics has
also been used to study the physiology of eukaryotic phytoplankton under ambient conditions and in response to amendments
(48, 49). Comparative metatranscriptomics has revealed broadscale patterns of gene expression, e.g., conservation of expressed
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XLStat (AddinSoft SARL) plug-in in Microsoft Excel and was used to
compare the functional and phylogenetic profiles. The Bray-Curtis similarity matrix was used in multiple-dimensional scaling (MDS) of community potential phylogeny and function. To compare the taxonomic and
phylogenetic clustering patterns, we performed a paired Mantel test on
Bray-Curtis similarity indices.
We compared the expression value for each subsystem and genus between the above- and subpycnocline (from here on referred to as “surface” and “deep,” respectively) waters and separately between deep oxic
waters and deep anoxic waters, using paired Student’s t tests, where we
used a critical P value of ⬍0.001 to correct for multiple comparisons and
reduce type II error. Similarly, we compared deep oxic waters and deep
anoxic waters separately to surface waters and by the same mechanism. In
each case, we collated significantly (P ⬍ 0.001) different pathways and
taxa, and we report only comparisons for which individual pathways
comprised ⬎0.01% of transcripts and for which the ratio of comparison
was ⬎0.5⫻ (i.e., more than twice the value between comparisons).
Analysis of archaeal sequences. We analyzed the gene expression pattern of Thaumarchaeota in the Chesapeake Bay by first extracting contigs
that had best match to Nitrosopumilus maritimus by RefSeq from the
assembly and then identifying open reading frames using the algorithm
GetORF (Wellcome Sanger). The ORFs were annotated by comparison
against the nonredundant (nr) protein database at NCBI by BLASTx with
an E value of ⬍0.001. The pattern of gene expression across these loci was
examined by recruiting reads by BLASTn from each metatranscriptome
and corrected for total library size.
Observations of denitrification-related genes. In order to focus specifically on genes involved in the denitrification pathway, an in-house
database was created from annotations downloaded from the Uniprot
database (http://www.uniprot.org/) and manually curated to ensure representative gene components from a wide phylogeny. Because the extent
of knowledge of different genes, and consequently accessions to Uniprot,
is variable between components, database entries were limited to 500 per
gene. This database was then compared by BLASTx against contigs created for each metatranscriptome, where significant hits (E ⬍ 0.001) were
annotated and matched with recruiting sequence reads. The total number
of recruits per gene was tallied and expressed as a percentage of total
annotated reads per library, which was further divided by the number of
query database entries to account for differences between genes.
Nucleotide sequence accession numbers. Nucleic acid sequences associated with this study have been deposited at NCBI under BioProject
PRNJ222777.

RESULTS

Sequencing of 34 metatranscriptomic libraries from 2010 and
2011 resulted in a total of 876 million reads, representing 93.2 Gbp
of sequence information (see Table S1 in the supplemental material). Individual libraries contained on average 27.6 million sequences. On average, 54.1% (⫾4.8%) of total reads sequenced
assembled into contiguous sequences with an average length of
346 (⫾36) bp. Reads matching rRNAs (small subunit plus large
subunit) represented 20.1% (⫾16.7%) of total sequence reads
overall but represented from 0.9 to 56.1% of each library. Comparison of libraries against the SEED database and RefSeq database revealed that functional and phylogenetic annotated reads
comprised on average 18.7% (⫾ 3.7%) of assembled reads.
pGEM-3Z sequences that were added to 2011 metatranscriptomes
comprised a similar percentage of transcripts for all libraries
(0.431% ⫾ 0.045%). Based on the added quantity of pGEM-3Z
standard (1.61 ⫻ 1010 copies), our sequencing depth represents
0.00076% ⫾ 0.00007% of transcripts present in the samples.
Clustering by potential phylogeny was significantly related to
clustering by functional annotation (P ⬍ 0.00001 [Mantel test];
df ⫽ 32). The mean similarities between duplicate metatranscrip-
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centrifuged at 3,000 ⫻ g for 5 min to remove filter debris before the
supernatant was transferred to a clean 15-ml tube. All ⬃ 8.5 ml of supernatant was run through Zymo Spin Columns II (with repeated centrifugation at 10,000 ⫻ g for 30 s and discarding of flowthrough). The filter
columns were washed with Zymo wash buffer and then RNA eluted in two
rinses of 25 l, 45°C nuclease-free water. Total RNA extracts were then
subjected to treatment with the DNA-free RNA kit (Zymo Research),
following the manufacturer’s recommendations. rRNAs were depleted
using a previously validated approach (35, 36) employing enzymatic terminator exonuclease degradation (mRNA-ONLY; Epicentre) and bead
hybridization capture (MicrobExpress; Ambion). Finally, RNA, which
was rRNA depleted, was subject to amplification using the MessageAmpII-Bacteria (Ambion) kit, which employs in vitro transcription to
linearly amplify RNAs from nanogram quantities to microgram quantities. We acknowledge that this rRNA depletion and amplification approach may bias gene expression (57). However, our approach was applied consistently between samples and does not affect our overall
conclusions that compare metatranscriptomes in our study.
Our treatment of amplified RNA (aRNA) differed from 2010 to 2011
due to improvements in DNA sequencing and method development (Illumina RNAseq). In 2010, aRNA was first converted to double-stranded
cDNA using the Superscript III and RNase-dependent DNA polymerase I
approach outlined by Hewson et al. (35). A total of 1 g double-stranded
cDNA from 2010 samples was submitted for 100-bp paired-end Illumina
Sequencing (HiSeq 200) at the Cornell University Core Laboratory Center. In 2011, aRNA (⬃20 g) was submitted to the Columbia Genome
Center laboratory for Illumina RNASeq, employing 100-bp paired-end
sequencing.
Bioinformatic processing of metatranscriptomic sequences. Initial
quality assurance/quality control (QA/QC) was carried out by the Cornell
Genomics Core Laboratory Center (2010) and the Columbia Genome
Sequencing Center (2011), which involved trimming low-quality reads
[N(ambiguous bases) ⱕ 2] and short reads (⬍100 bp). In addition, reads
were screened and trimmed of terminal adenosine homopolymer runs
(⬎10 bp) using MOTHUR (58). Additional QA/QC was performed using
the CLC Genomics Workbench 4.0, which included trimming sequencing
adapters and bar codes from sequence reads and identification of replicate
reads. Because paired-end reads of 100 bp each do not offer confidence in
annotation, we first assembled sequence reads into contiguous sequence
(contigs) using the assembly algorithm on the CLC Genomics Workbench
4.0. Assembly was performed where length fraction (overlap) was set to
0.8 and similarity set to 0.95 and with a minimum contig length of 250 bp.
We chose to annotate our metatranscriptomes to allow ontology and binning of shared function by BLASTx comparison against the SEED database using an E value cutoff of 0.001 and potential phylogeny by BLASTn
comparison against RefSeq. Gene ontologies were compiled with the assistance of MG-RAST (59). However, annotations were manually curated
after BLAST comparison. The best match to each contig at E values of
⬍0.001 to either phylogenetic or functional ontologies were used as a
proxy for each contig, although we recognize that multiple open reading
frames (ORFs) on the same contig may have variable function. Most contigs in our analysis were short (mean size, ⬃346 bp); hence, we believe that
this annotation approach does not strongly underestimate functional
variability. The number of sequencing reads that recruited to each contig
was then matched to each annotation. The expression value of total reads
was calculated for each individual gene or strain and then summed ontologically for phylogenetic and functional binning.
Statistical analyses of metatranscriptomes. We generated mean
functional (subsystem-level) and phylogenetic (genus-level) metatranscriptomic profiles from each sampling time and depth by averaging expression values in duplicate libraries for each genus and subsystem. Similarity between metatranscriptomes was calculated based on shared
pathways from subsystem-level ontology, which provided the lowest possible functional binning based after individual gene expression, and based
on genus of bacteria. The Bray-Curtis index was calculated using the
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ters) had significantly more genes transcribed that were related to
anaerobic degradation of organic material than surface waters, while
deep anoxic waters had significantly greater expression of genes involved in sulfate reduction, anaerobic respiratory reductases, highoxygen-affinity cytochromes, and formation of cell walls of anaerobic
bacteria than deep oxic waters (Fig. 4). Comparison of deep metatranscriptomes revealed sulfate reduction and genes involved in Fe-S
cluster assembly as more transcribed in deep anoxic waters than in
deep oxic waters, while genes involved in biofilm formation and chlorophyll synthesis were more expressed in deep oxic waters than in
deep anoxic waters. Structural, secretory, and replication-associated
transcripts were also more highly expressed in deep anoxic waters
than in deep oxic and surface waters.
Archaeal gene transcription was examined by recruiting reads
to genes of Nitrosopumilus marinus SCM1 by BLASTn analysis
(Fig. 5). The patterns of Nitrosopumilus-like gene expression were
different in 2010 and 2011. Ammonium monooxygenase (amo)
gene transcripts were among the most highly expressed archaeal
transcripts in late 2010, while transcripts of the thrombospondin
type 3 repeat gene (putatively involved in cell adhesion) were present in 2010 but not 2011. Similarly, ammonium transporter genes
were detected only in 2011 and the nitrogen regulatory protein
P-11 gene only in 2010.
The relative abundance of genes involved in the denitrification
pathway varied between sampling dates and depths in 2010, with
greatest expression of dissimilatory nitrate reductase (nar) and
dissimilarity copper-containing nitrite reductase (nirK). Total expression of genes involved in the denitrification pathway generally
increased over the course of the sampling period, but the relative
expression of different components did not vary between sampling times (Fig. 6).
DISCUSSION

Our data suggest that bacterioplankton community gene transcription in surface waters and deep oxic and anoxic waters of the
Chesapeake Bay varies in potential phylogeny and function according to sampling date and oxygen concentration in the water
masses that were sampled. These data also suggest that functional
variability is related to potential phylogenetic variability, where
the balance between eukaryotic and prokaryotic transcripts causes
the greatest variability in gene transcription pattern. Comparison
between surface waters and deep oxic and anoxic waters, and between deep oxic waters and deep anoxic waters suggests that oxygen concentration is a key driver of microbial community gene
expression, where genes involved in predicted anaerobic activity
are more well represented in deep oxic and anoxic waters than
genes involved in aerobic metabolism. Furthermore, our data suggest that Archaea, which comprise a small proportion of transcripts for most of the summer, increase in relative representation
upon pycnocline degradation. These observations support the
concept that active constituents of microbial communities undergo dramatic shifts in their gene expression during transitions
between oxic and anoxic conditions.
Microbial communities sampled as part of this study (⬍64
m) represent free-living bacterioplankton, single-celled eukaryotes, and possibly particle-associated bacteria but exclude
larger metazoa, which were removed by prefiltration. In both 2010
and 2011, the ratio of eukaryotic to prokaryotic transcripts increased after the breakdown of stratification (in October 2010 and
due to Hurricane Irene in late August 2011), which increased nu-
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tomes based on potential phylogeny (mean Bray-Curtis index ⫽
0.319 ⫾ 0.048) and function (mean Bray-Curtis index ⫽ 0.427 ⫾
0.058) were greater than the mean similarities between metatranscriptomes from other sampling dates and depths (0.205 ⫾ 0.011
for potential phylogeny and 0.282 ⫾ 0.014 for function). Based on
this information, we examined the clustering pattern of metatranscriptomes based on mean representation of each genus (for potential phylogeny) or SEED subsystem level 3 (for function) between replicate metatranscriptomes (Fig. 1A and B). Samples
generally clustered by year, with clear differences between 2010
and 2011 samples. Progression of phylogenetic and functional
profiles generally followed oxygen status in deep oxic and anoxic
waters, with greater similarity between metatranscriptomes from
similar oxygen conditions. In 2010, similarity between metatranscriptomes was negatively correlated with monthly change in oxygen concentration (r2 ⫽ ⫺0.87 for potential phylogeny [P ⬍
0.05] and r2 ⫽ ⫺0.77 for function [not significant]). The metatranscriptomes in surface waters showed no clustering pattern
with deep oxic or anoxic water metatranscriptomes. Samples from
30 August 2011 (3 m and 18 m) and 21 September 2011 (17 m)
were the most dissimilar to all other metatranscriptomes.
The domain-level affiliation of sequence reads demonstrated
different patterns in 2010 and 2011 (Fig. 2). In 2010, bacterial
transcripts comprised the bulk of reads throughout the sampling
period, while eukaryotic transcripts exceeded annotated bacterial
transcripts in 2011 early and late in the sampling period. Archaeal
transcripts comprised a very small percentage (⬍0.05% of transcripts) early in the season in both 2010 and 2011 but increased to
⬎1% of transcripts in late August and September. Viral transcripts always comprised ⬍1% of total sequence reads. The pattern in surface waters was similar to the pattern in deep oxic and
anoxic waters. Potential phylum-level annotation of surface water
and of deep oxic and anoxic water transcripts from 2010 and 2011
revealed differences between depths and between years, particularly more proteobacterial transcripts in 2010 than in 2011, when
putative Chordate and Ascomycete transcripts became a larger proportion of metatranscriptomes than in 2010 (Fig. 3A). Functional
annotation of transcripts revealed that the majority of transcripts
from 2010 and 2011 were dominated by carbohydrate metabolism, amino acid metabolism, RNA metabolism, and protein metabolism. However, the distribution of transcripts among individual subsystems varied between 2010 and 2011 (Fig. 3B).
Transcripts associated with the oxidative C2 cycle and ribulose
monophosphate pathways were more highly transcribed in 2011
than in 2010, while genes involved in branched-chain amino acid
degradation and respiratory complex I were highly expressed in
2010 but nearly absent in 2011.
Comparison of transcripts between surface waters and deep oxic
and anoxic waters and between deep oxic waters and deep anoxic
waters reflected expected patterns of transcription related to photosynthesis and heterotrophic respiration (Fig. 4; see Fig. S1 in the supplemental material). Gene transcripts involved in cytochrome b6 formation, photosystem I, and accessory pigments were always more
highly expressed in surface waters than in deep oxic and anoxic waters. In contrast, genes involved in oxidation of organic acids, electron
transport (notably menaquinone biosynthesis), fermentation, and
methanogenesis were more expressed in deep oxic and anoxic waters
than in surface waters. Despite measured differences in oxygen concentration in deep oxic and anoxic waters between samples, waters
with higher-oxygen conditions in deeper waters (i.e., deep oxic wa-
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FIG 1 Multiple-dimension scaling (MSD) of functional (A) and phylogenetic (B) profiles of metatranscriptomes collected in the Chesapeake Bay in 2010 and
2011. Clustering is based on the Bray-Curtis similarity index, which was calculated based on subsystem- and genus-level annotations of function and potential
phylogeny (respectively). Each data point is annotated with its collection date and depth. Closed circles indicate oxic waters (surface waters and deep oxic waters),
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trient concentrations in surface waters. In both 2010 and 2011, the
abundance of Archaea, which comprised a small fraction of microbial transcripts for most of the summer, increased late in August, which may be a result of the increased availability of reduced
nitrogen compounds for chemoautotrophic activities (i.e., nitrification) due to annual or episodic wind events (60).
The overall pattern of gene transcription was different between
2010 and 2011 in both potential phylogenetic and functional compositions, which was possibly due to interannual differences in the
composition of microbial assemblages and the geochemical conditions in both years. However, we acknowledge that the different
methods used to prepare metatranscriptomes in 2010 and 2011
may have led to heterogeneous metatranscriptomes between these
years. The annual average of Susquehanna River flow at the head
of the Chesapeake Bay, providing ⬎50% of freshwater flow and
having a critical role in determining the duration and volume of
hypoxia, was much larger in 2011 (1,861.1 m3 s⫺1) than in 2010
(963.6 m3 s⫺1) and larger than the long-term average (1,173.1 m3
s⫺1) (U.S. Geological Survey at the Conowingo Dam; http:
//waterdata.usgs.gov/md/nwis). Annual repeating patterns of microbial assemblage composition have been reported in coastal wa-
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ters of southern California and elsewhere (61–63). However,
within the Chesapeake Bay, variability in physicochemical structure and inputs results in patchy distributions of microorganisms
over small temporal and spatial scales (64–67). Within the sampling periods, functional and potential phylogenetic profiles
changed over the season, with the most dramatic changes in 2011
and less change in 2010, and in both years between profiles of deep
anoxic waters and reoxygenated deep oxic waters. A previous
study (32) found that shifts in microbial composition tracked the
transition from deep oxic waters to deep anoxic waters. However,
many community constituents remained the same during this
transition. Our results suggest that ecosystem-wide shifts in oxygen status can result in variable microbial function. However, the
slow transition from deep oxic water to deep anoxic water after
onset of stratification did not cause a dramatic shift in overall gene
transcription. In addition, our data suggest that the functional
profiles of the permanently oxic and sunlit surface waters are different from those of deep oxic and anoxic waters regardless of
establishment of a pycnocline.
Our data support the idea that microbial phylogenetic diversity
corresponds with functional diversity, since variation in the functional profile of microbial communities was significantly related
to the potential taxonomic composition of the transcript pool
(Mantel test, P ⬍ 0.0001, df ⫽ 32). Previous studies have found
that function was not significantly related to strain-level taxonomic composition in the open ocean and freshwater habitats,
which suggested that there may be some degree of functional redundancy in bacterioplankton communities (35, 68). However,
the potential taxonomic changes in the transcript pool over time
observed in the Chesapeake Bay were more extensive and corresponded with significant variation in functional activities. This
does not discount the possibility of functional redundancy at the
strain level. However, it is clear from these data that different
genera utilize different functional genes in mixed communities
and that their variation is linked.
Previous examinations of the compositions of functional gene
transcript pools have similarly identified vertical stratifications of
both potential phylogeny and function (38). However, in previous
studies of the surface open ocean, core metabolic functions, which
made up the greatest fraction of community gene transcripts (34–
36), were relatively invariant spatially and from day to night when
sampled in the North Atlantic and Pacific Oceans, while most variation was driven by rarer transcripts (35). In this study, the most abundant dominant transcripts were those involved in metabolism (i.e.,
FoF1-type ATP synthase, oxidative C2 cycle, respiratory complexes,
photosystems I and II, ribulose monophosphate pathway, and
methanogenesis), replication (YgfZ, purine conversions, chaperones,
translation-elongation factors, and RNA polymerase), and the synthesis of biotin and methanoproteins. Dominant taxonomic families
in metatranscriptomes were also different from those in the open
ocean. In the open ocean, metatranscriptomes were dominated by
transcripts of cyanobacteria (34–37), while in this study, they were
primarily from Proteobacteria, unicellular eukaryotes, and interestingly, Thaumarchaeotes. This difference may reflect dominance of
heterotrophic metabolic processes in the bay, where respiration by
heterotrophic organisms outweighs photosynthetic activities by unicellular prokaryotes and eukaryotes on a community basis, in line
with geochemical measurements (69, 70).
While the vast majority of gene transcripts were shared between surface waters and deep oxic and anoxic waters, compari-
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FIG 3 Dominant phylogenetic transcripts (A) and functional transcripts (B) in 2010 and 2011. Data are given as the percentage of total annotated transcripts,
which represented a variable fraction of total library size (see Table S1 in the supplemental material).

son of these two compartments revealed a greater expression of
genes involved in photoautotrophic metabolism in surface waters
but greater expression of genes involved in respiratory activities,
DNA recycling, and regulation in deep oxic and anoxic waters.
Among transcripts that varied in greatest magnitude, the photoautotroph-related transcripts of phycobilisome formation and
nucleoside diphosphate epimerases comprised ⬎0.05% of tran-
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scripts and demonstrated more than an order of magnitude
greater expression in surface waters than in deep oxic and anoxic
waters, while two-component regulatory systems, deoxyribose
and deoxynucleoside catabolism, C storage metabolism, thiol peroxidase, and glycosyltransferases comprised ⬎0.05% of deep oxic
and anoxic water transcripts and were at ⬎5 times higher levels
than in surface waters. When we compared gene expression in

Applied and Environmental Microbiology

Downloaded from http://aem.asm.org/ on September 20, 2019 by guest

0

Chesapeake Bay Oxic-Anoxic Metatranscriptomes

Deep Oxic Water

Surface Water

Archaeal RNA polymerase

Deep Anoxic Water
Py:Fd oxidoreductase Glutathione biosynthesis

HNH Endonuclease

Phycobilisome

Pyramidine util.
Methane monooxygenase

Nucleoside diphosphate epimerase

Tryptophan synth.

Propanediol / Acetoin Util.

Anaerobic oxidation L-ornithine

Cytochrome b6f

Photosystem I

Proteolysis

Type II secretion systems

Dihydoxyacetone kinase

CO induced hydrogenase
Heme and seroheme biosynth

Gamma glutamyl cycle

Isoprenoids
Glycosyltransferase.
Rhamnose - glycans
Thiol peroxidase

cbb3 cytochrome oxidases

Alanine biosynthesis
Selenoproteins

Sulfate reduction

Anaerobic respiratory reduct. Legionaminic acid biosynth.

Cell wall related

Heme biosynthesis
Coenzyme 420

Outer Membrane Prot

Heat Shock dnaK

Gamma glutaryl cycle

Propionyl-Co  Succinyl-CoA
Menaquinone biosynth

tRNA aminoacylation

Glycolysis
Gluceoneogenesis

Deep Oxic Water
Autoinducer AI-2
Adhesin
Chlorophyll synth.

Deep Anoxic Water
Sulfate reduction

Lysine biosynthesis

Proteolysis

Fe-S Cluster Assembly

N-linked gycosylation

Anaerobic respiratory reductases Outer Membrane
Selenoproteins
CMP-N-acetylneuraminate biosynth.
S-adenosylhomocysteine cyclase
N-acetyl-galactosamine

N-acetyl transferase

Chaperones

Disulfide interchange

Dihydroorotate dehydrogenase
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are illustrated. Word size indicates average relative proportion of total transcripts in the sample types with maximum values. The data used to generate this
representation are given in Fig. S1 in the supplemental material.
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FIG 5 Reads recruiting to the Nitrosopumilus SCM1 gene during maximum
archaeal abundance (August 2010 and August 2011). Gene frequency was calculated by recruiting reads onto the Nitrosopumilus SCM1 genome and then
expressing total recruits as a percentage of total annotated reads.
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surface waters with that in deep anoxic waters and deep oxic waters separately, we found that genes that were enhanced in expression in deep oxic and anoxic waters were primarily those involved
in anaerobic metabolism, even when deep waters were oxic. For
example, in deep oxic waters, we found that genes involved in
anaerobic oxidation of L-ornithine, propanediol, and acetoin utilization (fermentation under anaerobic conditions) and methane
(also formed under anaerobic conditions) oxidation were at
higher levels than in surface waters, while in deep anoxic waters,
genes involved in sulfate reduction, anaerobic respiratory reductases, glutathione biosynthesis, and high-affinity (cbb3) cytochrome oxidases were at higher levels than in surface waters. The
greater expression of these genes reflects the absence of photosynthetic processes in deep oxic and anoxic waters but also the presence of anaerobic or low-O2-adapted energy-generating processes.
A key aim of this research was to track changes in gene expression in subpycnocline waters as they pass from oxic to anoxic and
return to oxic states. Comparison of genes that changed repeatably and statistically significantly between deep oxic waters and
deep anoxic waters revealed genes typical of anaerobic metabolism in deep anoxic waters. However, there were few genes that
were significantly more expressed in deep oxic waters than in deep
anoxic waters. Genes in deep oxic waters were those involved in
biofilm initiation and development and photosynthesis (chlorophyll synthesis), while those in deep anoxic waters were primarily
genes involved in respiration and anaerobic metabolism. The
greatest difference between deep oxic waters and deep anoxic waters was for genes involved in sulfate reduction, anaerobic respiratory reductases, formation of cell wall material, protein degradation, and metallo- and selenoprotein formation. This is
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FIG 6 Expression of genes involved in the denitrification pathway, including
nitrogen transformation-associated genes (top) and high- and low-affinity
cytochrome oxidases (bottom). Expression values are adjusted for sample volume (variable throughout the study [see Table S1 in the supplemental material]) and expressed as a percentage of total annotated transcripts for each
library and volume of sample filtered.

consistent with the observation of greater levels of high-affinity
cytochrome oxidase genes in deep anoxic water than in surface
waters, where low-affinity oxidase genes were in greater proportion. Other genes in deep anoxic waters that were more highly
expressed than in deep oxic waters were involved in protein synthesis and degradation (proteolysis, chaperones, protein folding,
and N-glycosylation) and cell wall synthesis (N-acetyltransferase,
the glycan-chain associated CMP-N-acetylneuraminate, outer
membrane proteins, and the gene for YbbK of undefined function
within cell wall synthesis), along with genes involved in amino
acid and carbohydrate metabolism (lysine synthesis and N-acetylgalactosamine utilization). Overall, the differential expression of
these genes reflects greater anaerobic metabolism and respiratory
activities in deep anoxic waters than in deep oxic waters and surface waters.
Our data provide evidence that Archaea have a repeating pattern
of seasonal expression, with low representation during the oxic-toanoxic transition but greater expression during the anoxic-to-oxic
transition in late summer and after pycnocline breakdown. In 2010
and 2011, the relative contribution of archaeal gene transcripts increased over an order of magnitude from levels in early summer.
Almost all archaeal transcripts recruited to the thaumarchaeote Nitrosopumilus marinus SCM1, which has been previously demonstrated as an important nitrifier in coastal waters. However, the functional compositions of the thaumarchaeote transcript pool were
different in 2010 and 2011. The ammonium monooxygenase subunit
C (amoC) gene, which is a commonly used marker gene for nitrification, was observed only in 2010 and was absent in 2011, while thrombospondin type 3 repeats were highly expressed in 2011 but absent in
2010. The function of thrombospondin in Archaea and Bacteria is in
Ca2⫹ ion binding and cell adhesion. Thrombospondin protein-en-
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coding regions also occur in isolates of Archaea that do not carry out
nitrification, and hence there is no reason to expect that its expression
in bacterioplankton is related to biogeochemical function. Archaeal
genes that were shared in 2010 and 2011 include those for cyclinrelated transcription factors, blue copper domain proteins, and Fe-S
binding domain proteins; the last two encode electron transfer reactions and may be involved in nitrification activities. Other transcribed
archaeal genes include those involved in metabolic activities that support nitrification, including ATPase, nitrogen regulatory protein P-II
(which binds ATP to ammonium monooxygenase), and ammonium
transport (all present in 2010 but absent in 2011). There are also genes
involved in cell adhesion or nitric oxic reduction (von Wildenbrand
factor), oxidoreduction (2-alkenyl reductase), purine biosynthesis,
and heat shock proteins. Overall, these data suggest that while archaeal transcripts increased in relative expression in both 2010 and
2011, the stimulus for this increase may not be enhanced ammonium
availability, since in 2011, metabolic genes involved in nitrification
were not expressed highly.
Denitrification is a key process in nitrogen cycling under hypoxic or anaerobic conditions. Nitrate is the next most energetically favorable electron acceptor in respiration after oxygen, and
hence denitrification is a sensitive indicator of low-oxygen conditions. Denitrification-related genes are widespread in bacterioplankton. However, there have been few studies of transcription
of the entire suite of genes involved in the process of denitrification. In this survey, we examined transcripts of high-affinity (aa3
and perhaps ba3) and low-affinity (cbb3 and bd) cytochrome oxidases as a proxy for oxygen levels as well as transcripts for nitrate
reduction (nar and nap), nitrite reduction (nirS and nirK), nitrous
oxide reduction (nos), nitric oxide reduction (nor), and accessory
proteins required for optimal activity (nnrS and norE). The pattern of change in denitrification-related gene expression over the
course of the season in 2010 reflected overall oxygen availability,
with increasing high-affinity cytochrome oxidase gene expression
with progression of anoxia and then a decrease with the reestablishment of oxic conditions, an increase in nitrate reductases early
in summer and then a decline later in the period during anoxia,
and then an increase in nitric and nitrous oxide reductases. These
gene expression patterns reflect expected oxic-to-anoxic and anoxic-to-oxic transitions during the season.
Our results suggest that estuarine microbial communities undergo potential taxonomic and functional expression shifts between spring and late summer, where surface water and deep oxic
and anoxic water communities comprise distinct transcript pools
in which all communities are responsive to salinity variation and
subpycnocline communities vary with oxygen concentrations between oxic, anoxic, and return-to-oxic states. These data also
demonstrate that the transcript pools in microbial communities
have variable representation of eukaryotic and prokaryotic constituents, likely depending on algal bloom phenomena, but that
archaea have a repeatable pattern of abundance increase late in
summer which is not intimately linked with nitrification activities.
Finally, our data suggest that the removal of NO3⫺ to N2 is carried
out by microorganisms that follow patterns of oxygen concentration in subpycnocline waters. Overall, these data illustrate the profound changes in microbial community activities that occur during the stark physicochemical condition changes that occur in
summer in the stratified Chesapeake Bay and that the shift in oxic
status of waters and expected change in metabolism from aerobic
to anaerobic is reflected in gene transcriptional activities.
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