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Abstract

The Louisiana Shelf in the Gulf of Mexico experiences recurrent bottom water hypoxia under summertime

eutrophic conditions. The onset, maintenance, and breakdown of hypoxia are associated with dynamic

microbial biogeochemical cycles. However, the distribution of microbial taxa and metabolisms across Shelf

oxygen gradients remains under-characterized. We combined biogeochemical analyses of nitrogen (N) distri-

butions and metabolic rates with metagenomic and metatranscriptomic analysis of summertime Shelf waters.

Samples from an east–west transect during July 2012 revealed an inverse relationship between nitrite and

oxygen concentrations, with concentrations exceeding 1 lmol L21 at � 50% oxygen saturation and reaching

4.6 lmol L21 at the most oxygen-depleted sites. Historical data confirms that nitrite accumulation occurs fre-

quently in this region both above and below the hypoxic threshold. Experimental incubations demonstrated

a strong decoupling between the two steps of nitrification, with ammonia oxidation proceeding up to 30

times faster than nitrite oxidation under low oxygen. 16S rRNA gene, metagenome, and metatranscriptome

sequencing revealed a diverse microbial community, stratified over shallow (< 10 m) depth gradients, with

an enrichment of ammonia-oxidizing Thaumarchaeota genes and transcripts in deeper more oxygen-

depleted layers, and a comparatively low representation of sequences related to nitrite oxidation. A range of

factors, including temperature and substrate availability, which may be linked indirectly to bottom water

oxygen content, potentially drives decoupling of ammonia and nitrite oxidation on the Louisiana Shelf.

Nitrite accumulation in hypoxic zones remains understudied and may have important effects on microbial

nitrogen flux, algal dynamics, and production.

Oxygen concentration is a fundamental driver of micro-

bial metabolism and biogeochemical cycling in aquatic eco-

systems. In coastal ecosystems, such as the shallow waters of

the Louisiana Shelf in the northern Gulf of Mexico (GoM),

oxygen concentrations vary substantially over seasonal and

spatial gradients (Turner et al. 2008). Shelf oxygen gradients

are associated with variations and fluxes of key bioactive

substrates, including organic carbon, and macronutrients

and micronutrients, the dynamics of which have been well

characterized as part of a comprehensive long-term monitor-

ing program (Rabalais et al. 2002; Turner et al. 2007). In con-

trast, the microorganisms regulating material and energy

cycling in the pelagic Shelf ecosystem remain under-

characterized. Oxygen is a primary determinant of the taxo-

nomic composition of Shelf microbial communities (King

et al. 2013; Tolar et al. 2013). However, it remains unclear

how changes in microbial abundance or activity affect proc-

esses such as nitrification or denitrification, which involve

interdependent metabolic transformations by different

microbial guilds. Varied responses of microbial taxa to oxy-

gen depletion may decouple important steps in elemental

cycles, thereby influencing bulk fluxes, as well as standing

stocks of bioavailable intermediates such as nitrite. The accu-

mulation of nitrite may affect the pathways of microbial

nitrogen cycling, as nitrite is a pivotal intermediate in micro-

bial N transformations (Thamdrup et al. 2012). Accumula-

tion may also influence phytoplankton dynamics, given that

the kinetics of nitrite utilization vary greatly between differ-

ent algal species (Collos 1998; Malerba et al. 2012).
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Episodically occurring patches of low oxygen water are

common features of Louisiana Shelf waters with important

implications for ecosystem structuring (Diaz and Rosenberg

2008; Rabalais et al. 2010; Zhang et al. 2010). Hypoxia

occurs where microbial respiration of organic biomass

depletes oxygen concentrations to below 2 mg L21 (� 63

lmol kg21). Louisiana Shelf hypoxia typically encompasses

20% to 50% of the total water column during summer

(Rabalais et al. 2001) when nutrients from the Mississippi

and Atchafalaya rivers fuel high levels of primary produc-

tion. Although Shelf hypoxia can form naturally, enhanced

riverine nutrient influx due to human activities has

increased the intensity and extent of hypoxic layers in the

northern GoM and throughout the world’s oceans over the

last half-century (Diaz and Rosenberg 2008; Rabalais et al.

2010). In years of high nutrient runoff, the GoM hypoxic

zone is one of the largest in the world (Rabalais et al. 2002,

2007; Bianchi et al. 2010), extending over an area of up to

22,000 km2. In other years, including at the time of this

study in 2012 when drought in the upper U.S.A led to

decreased river outflow, the spatial extent of hypoxia is far

less. However, dynamic oxygen and nutrient gradients occur

on the Shelf in all years, as documented by LUMCON (Loui-

siana Universities Marine Consortium) monitoring over the

past 30 yr (Turner et al. 2006, 2012). The internal turnover

of nutrients and its potential linkage to Shelf hypoxia have

been studied only rarely (Dagg et al. 2007).

Nitrification plays a key role in aquatic systems, linking

the most oxidized and most reduced species of the N cycle.

The process involves a two-step conversion of ammonium to

nitrate (via nitrite), carried out by phylogenetically distinct

groups of organisms, namely ammonia-oxidizing archaea

(AOA), ammonia-oxidizing bacteria (AOB), and nitrite-

oxidizing bacteria (NOB). Nitrification is, thus, a key step in

the regeneration of nitrate, which supports phytoplankton

growth in the sunlit ocean, as well as N loss through denitri-

fication under functionally anoxic conditions. The first step

of nitrification (ammonia oxidation to nitrite) is mediated

by both AOB and AOA (Francis et al. 2005; Mosier and Fran-

cis 2008). Under low oxygen conditions, marine ammonia

oxidation appears to be conducted primarily by AOA in the

phylum Thaumarchaeota (Lam et al. 2009; Beman et al.

2012; Stewart et al. 2012). The second step of nitrification

(nitrite oxidation to nitrate) is carried out by NOB, notably

the marine genera Nitrospina and Nitrospira. These clades are

adapted for microaerophilic metabolism (L€ucker et al. 2010,

2013), remaining efficient at nitrite consumption even at the

nanomolar oxygen concentrations typical of OMZ bounda-

ries (F€ussel et al. 2012; Beman et al. 2013).

In many aquatic environments, including sediments

(Meyer et al. 2005), wastewater treatment systems (Schramm

et al. 1999), and most marine waters (Ward 2008), the two

steps of nitrification are tightly coupled such that nitrite does

not accumulate to any appreciable extent. However, nitrite

accumulation is observed consistently in some environments.

The most extensive accumulation of nitrite occurs in the

functionally anoxic core of oceanic oxygen minimum zones

(OMZs) where oxygen concentrations fall below 0.1 lmol

kg21 and dissimilatory nitrate reduction generates 1–10 lmol

L21 nitrite (Thamdrup et al. 2012; De Brabandere et al. 2014),

while nitrite oxidation is limited by oxygen availability (Cline

and Richards 1972).

Nitrite accumulation may also occur in environments

where oxygen is not limiting, presumably due to a decoupling

of ammonia and nitrite oxidation. Periodic accumulations of

nitrite associated with Thaumarchaeota ammonia-oxidizer

blooms have been observed across diverse coastal ecosystems

(Pitcher et al. 2011; Hollibaugh et al. 2014). In estuaries, a

nitrite maximum can be found at intermediate salinities,

where high rates of ammonia oxidation may generate>10

lmol L21 nitrite while growth and activity of NOB are appa-

rently limited by changing salinity combined with short

hydraulic retention times (Billen 1975; McCarthy et al. 1984).

Likewise, uncoupling of ammonia and nitrite oxidation repre-

sents one potential explanation for the formation of the

“primary nitrite maximum” of 0.1–0.5 lmol L21 observed at

the base of the photic zone in some oceanic settings (Brand-

horst 1958; Lomas and Lipschultz 2006; Beman et al. 2013;

Santoro et al. 2013). However, the potential drivers of uncou-

pling are best understood for artificial systems, for example in

biological wastewater treatment where inhibition of nitrite

oxidation is achieved in part through temperature (> 258C)

limitation of NOB, or by a combination of high, inhibitory

ammonia concentrations and low oxygen (< 10 lmol kg21)

(Schmidt et al. 2003; Van Hulle et al. 2010). In natural sys-

tems, an effect of temperature has not been observed (Ward

2008), ammonia typically does not reach inhibitory levels

(Van Hulle et al. 2010), and other potential controls on nitri-

fication steps (e.g., photoinhibition) (Olson 1981) remain

poorly constrained (Bouskill et al. 2011).

To date only a single profile of nitrification rates has been

described for the hypoxic GoM, with observed rates up to

3.5 lmol L21 d21 (Carini et al. 2010). In that study, ammo-

nia and nitrite oxidation rates were not determined inde-

pendently, so the extent of coupling could not be resolved.

Hence, the spatial distribution and drivers of this environ-

mentally important two-step process, notably in relationship

to the strong physiochemical gradients observed in the

hypoxic GoM, remain poorly characterized.

Only a handful of studies have characterized the micro-

bial taxonomic composition of northern GoM waters (King

et al. 2013; Tolar et al. 2013). King et al. (2013) quantified

bacterioplankton 16S rRNA gene diversity within both the

Mississippi River water outflow plume and on- and off-shelf

sites in the northern GoM. This work concluded that prior

to the development of hypoxia, community composition

varied substantially with depth but diversity indices showed

no considerable variation over biological and
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physiochemical gradients, indicating a relatively stable bac-

terioplankton community structure. Both King et al. (2013)

and Tolar et al. (2013) reported vertical stratification of

Thaumarchaeota subclades and a general trend of increased

Thaumarchaeota abundance with depth. Interestingly, Tolar

et al. (2013) also identified a diverse community of Thau-

marchaeota (up to 40% of prokaryotes), unique to the north-

ern GoM, with subpopulations segregated by depth (near-

surface�100 m and deep>100 m). At the time of their sam-

pling prior to the onset of summer hypoxia, Thaumarch-

aeota were 20-fold more abundant than NOB. However, the

relative abundances of these groups were correlated

(r2 5 0.5), which was interpreted as evidence for a tight cou-

pling between the two steps of nitrification and, therefore,

an efficient conversion of ammonium to nitrate. Nitrifica-

tion rate measurements, however, were not reported, nor

were the relative expression levels of key functional genes

mediating N cycling in this region.

Given the comparatively high oxygen concentrations of

the GoM water column relative to anoxic OMZs where nitrate

reduction dominates and given prior evidence of ammonia

and nitrite oxidizer coupling in this system, we hypothesized

that nitrification on the Louisiana Shelf proceeds efficiently

with limited nitrite accumulation. We test this hypothesis by

combining biogeochemical analyses of N cycling with the first

metagenome and metatranscriptome data from Louisiana

Shelf microbial communities. These analyses identify a diverse

and stratified community whose metabolic properties and bio-

chemical activities appear linked to an unexpected accumula-

tion of nitrite in hypoxic zone-associated waters, suggesting a

decoupling of key N cycle processes. We then explore poten-

tial drivers of this decoupling.

Methods

Sampling

Samples for biogeochemical and microbial molecular anal-

ysis were collected from eight stations on the Louisiana Shelf

during a research cruise aboard the R/V Cape Hatteras (23

July 2012 to 3 August 2012). Seawater was sampled from

depths spanning oxygenated surface waters to low oxygen

bottom waters above the sediment–water interface (Fig. 1;

Supporting Information Table S1). Collections were made

using Niskin bottles deployed on a rosette containing a

Conductivity–Temperature-Depth profiler (SBE 911plus)

equipped with a WetLabs fluorometer and SBE43 dissolved

oxygen sensor. The steepest oxygen gradient between surface

and bottom waters was observed at Sta. 6 (Fig. 1). We there-

fore targeted this station for high-resolution (every 2 m; 31st

July) vertical sampling for metagenomics (DNA). Samples for

metatranscriptomics (RNA) were collected for three depths

(3 m, 9 m, and 13 m) during high-resolution sampling at

Sta. 6 (Supporting Information Table S1). We also targeted

Sta. 6 for a day-night (diel) survey, during which seawater

was collected at two depths (7 m and 15 m) approximately

every 4 h over a 57-h period (July 29–31).

Biogeochemical analysis

Nitrite concentrations were determined onboard immedi-

ately after collection using the Griess method (Grasshoff

et al. 1983). Samples for nitrate and ammonium analysis

were filtered through glass fiber filters (GF/F; pore size 0.7

lm) into acid cleaned HDPE bottles and frozen until analy-

sis. Nitrate 1 nitrite concentrations were determined using

chemiluminescence after reduction to nitric oxide with

acidic vanadium (III) (Braman and Hendrix 1989). Ammo-

nium concentrations were analyzed fluorometrically with

the orthophthaldialdehyde method (Holmes et al. 1999),

with a detection limit of 20 nmol L21.

Rate measurements

Rate determination experiments were carried out at two

to three depths per station to capture gradients in oxygen

and nitrite (Supporting Information Table S1). Water was

sampled directly from the Niskin bottle into 120 mL serum

bottles, allowing water to overflow for approximately three

volume changes before sealing (without bubbles) with

deoxygenated butyl rubber stoppers (De Brabandere et al.

2012). Bottles were stored in the dark at in situ temperature

until the start of the experiment (always<6 h). Serum bot-

tles were amended with 15N labeled substrates. Two 15N

amendments were carried out at all stations and depths:

addition of 1 lmol L21 15NH4
1 1 1 lmol L21 14NO-

2 to mea-

sure ammonia oxidation, and addition of 1 lmol L21

15NO-
2 1 2 lmol L21 14NO-

3 to measure nitrite oxidation. In a

third amendment, 2 lmol L21 15NO-
3 1 1 lmol L21 14NO-

2

was added to bottom water from Sta. 4 and Sta. 6 to measure

dissimilatory nitrate reduction to nitrite. For each amend-

ment, four serum bottles were spiked with 15N substrate. Sat-

urated HgCl2 (200 lL) was immediately added to one bottle,

which served as a killed control. A volume of 20 mL was sub-

sequently removed from all bottles to create a headspace,

which was then flushed twice with helium. The removed

20 mL was filtered through a 0.22 lm cellulose acetate filter

and frozen for time zero analysis. Injections of air or pure

oxygen were then made into the headspace to match in situ

oxygen concentrations (determined from the SBE43) with

oxygen solubility determined from Garc�ıa and Gordon

(1992). A subset of the amendments with labeled nitrate

received no oxygen injection and, therefore, represented

anoxic conditions. After 12 h and 24 h, an additional 20 mL

was removed, filtered, and frozen. After removing the sample

at 12 h, headspaces were flushed twice with helium and oxy-

gen additions were made again. After 24 h, oxygen concen-

trations in the serum bottles were determined using a

PreSense oxygen sensor and were always within 12% of

observed in situ concentration (from the SBE43). In the

anoxic incubations with labeled nitrate, oxygen concentra-

tions were always below 0.7 lmol kg21.
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Nitrite oxidation rates were determined based on 15NO-
3

production in incubations with 15NO-
2. After removal of any

unused 15NO-
2 from the initial amendment using sulfamic

acid, 15NO-
3 was converted to 15NO-

2 with cadmium and then

to N2 with sulfamic acid (McIlvin and Altabet 2005; F€ussel

et al. 2012). Ammonia oxidation and nitrate reduction rates

were determined based on 15NO-
2 production in incubations

with 15NH4
1 or 15NO-

3. 15NO-
2 produced during incubations

was converted to N2 with sulfamic acid, following F€ussel

et al. (2012). The N2 produced (14N15N and 15N15N) was ana-

lyzed on a gas-chromatography isotope ratio mass spectrom-

eter (GC-IRMS) as in Dalsgaard et al. (2012). Rates for all

processes were evaluated from the slope of the linear regres-

sion of 15N production with time and corrected for the frac-

tion of the N pool labeled in the initial substrate pool. A

t-test was applied to determine if rates were significantly dif-

ferent from zero (p<0.05). Nonsignificant rates are presented

as not detected.

Recent studies establish the importance of applying a

kinetic correction to account for the effect of substrate addi-

tion on ammonia oxidation measurements (Horak et al.

2013). Using the equation and Km of Horak et al. (2013)

results in a decrease of our ammonia oxidation rates by 6%

to 13%. A study conducted near Sta. 4 measured ammonium

regeneration at<0.05 lmol L21 h21 (Gardner et al. 2009). It

is possible that regeneration (not measured) also occurred in

our incubations, which could result in underestimation of

ammonia oxidation rates. Due to these two counteracting

factors (kinetics, ammonium regeneration), no corrections

were applied to our rate calculations.

Molecular analysis

Nucleic acid collection and extraction

Microorganisms were collected for DNA and RNA analysis

by sequential in-line filtration of seawater (10 L) through a

glass fiber disc prefilter (GF/A, 1.6 lm pore-size, 47mm dia.,

Whatman) and a primary collection filter (SterivexTM, 0.22

lm pore-size, Millipore) using a peristaltic pump. Biomass on

Sterivex filters was used for molecular analysis. These filters

were filled with either lysis buffer (� 1.8 mL; 50 mmol L21

Fig. 1. Salinity (top, a and d), oxygen (lmol kg21; middle, b and e) and nitrite (lmol L–1; bottom, c and f) distribution throughout the sampling
region, in surface and bottom waters (left and right columns, respectively). The station numbers are noted in (a), while the bottom depths are repre-

sented as contour lines in (d).
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Tris-HCl, 40 mmol L21 EDTA, and 0.73 mol L21 sucrose) for

DNA samples or RNA stabilization buffer (25 mmol L21

sodium citrate, 10 mmol L21 EDTA, 70 g ammonium sulfate/

100 mL solution, pH 5.2) for RNA samples, capped at both

ends, and flash-frozen (RNA samples only). Filters were

stored at 2808C until extraction. For RNA samples, less than

20 min elapsed between sample collection (water on deck)

and fixation in RNA stabilization buffer. We filtered for DNA

following filtration for RNA, using the same water sample.

Community DNA was extracted from Sterivex filters using

a phenol:chloroform protocol. Cells were lysed by adding

lysozyme (2 mg in 40 lL of lysis buffer per filter) directly to

the Sterivex cartridge, sealing the caps/ends, and incubating

for 45 min at 378C. Proteinase K (1 mg in 100 lL lysis buffer,

with 100 lL 20% SDS) was added, and the cartridges were

resealed and incubated for 2 hours at 558C. The lysate was

removed, and nucleic acids were extracted with phenol:-

chloroform:isoamyl alcohol (25: 24: 1) and again with chlor-

oform:isoamyl alcohol (24: 1). The aqueous phase was

concentrated by spin dialysis through Amicon Ultra-4 w/100

kDa MWCO centrifugal filters.

Community RNA was extracted from Sterivex filters using

the mirVanaTM miRNA Isolation kit (Ambion). Sterivex filters

were thawed on ice, and the RNA stabilization buffer in each

cartridge was expelled via syringe and discarded. Cells were

lysed by adding Lysis buffer and miRNA Homogenate Addi-

tive (Ambion) directly into the cartridge. Following vortex-

ing and incubation on ice, the lysate was expelled into

RNAse-free microcentrifuge tubes via syringe and processed

using an acid-phenol:chloroform extraction according to the

kit protocol. The RNA extract was incubated with TURBO

DNA-freeTM to remove DNA, and purified and concentrated

using the RNeasy MinElute Cleanup kit (Qiagen).

16S rRNA gene PCR and amplicon sequencing

Illumina sequencing of dual-indexed PCR amplicons span-

ning the V4 region of the 16S rRNA gene was used to assess

prokaryote community composition. Amplicons were syn-

thesized using PlatinumVR PCR SuperMix (Life Technologies)

with primers F515 and R806 (Caporaso et al. 2010). Both for-

ward and reverse primers were barcoded and appended with

Illumina-specific adapters as in Kozich et al. (2013). Thermal

cycling conditions were: initial denaturation at 948C (3

min), followed by 30 cycles of denaturation at 948C (45 s),

primer annealing at 558C (45 s) and primer extension at

728C (90 s), followed by final extension at 728C for 10 min.

Amplicons were analyzed by agarose gel electrophoresis to

verify size (� 400 bp) and purified using the Diffinity Rap-

idTipVR for PCR Purification. Amplicons from each sample

were pooled at equimolar concentrations and used for paired

end (250 3 250 bp) sequencing on an Illumina MiSeq with

5% PhiX genomic library control.

Metagenome and metatranscriptome preparation and

sequencing

Shotgun sequencing of community DNA (metagenome)

and cDNA (metatranscriptome) was used to analyze func-

tional gene content and transcription in a subset of samples

(Supporting Information Table S1). Barcoded DNA libraries

were prepared using the Nextera XT DNA sample preparation

kit (Illumina). Barcoded cDNA libraries were prepared using

the ScriptSeqTM v2 RNA-Seq library preparation kit (Epicen-

ter), with fragment size assessed using an Agilent 2100

Bioanalyzer. DNA and cDNA libraries were used as template

for paired end (250 3 250 bp) sequencing on an Illumina

MiSeq (Supporting Information Table S2).

Sequence analysis—16S rRNA gene amplicons

Demultiplexed amplicon read pairs were quality trimmed

with Trim Galore (Babraham Bioinformatics), using a base

Phred33 score threshold of Q25 and a minimum length cut-

off of 100 bp. Paired reads were merged using the software

FLASH (Magoc and Salzberg 2011) and merged reads ana-

lyzed using the software pipeline QIIME v1.8.0 (Caporaso

et al. 2010). Sequences were clustered into Operational Taxo-

nomic Units (OTUs) at 97% sequence similarity in QIIME

using an open-reference OTU picking protocol with the

script pick_open_reference_otus.py. Taxonomy was assigned

to a representative OTU per cluster using the Greengenes

database (Aug 2013 release). Diversity analysis was performed

using the workflow script core_diversity_analyses.py at an

even sampling depth (n 5 661). Relationships between envi-

ronmental factors and community composition were

assessed by environmental factor fitting and nonmetric mul-

tidimensional scaling (NMDS) analysis using Vegan version

2.2-1 (Okasen et al. 2007).

Sequence analysis—metagenomes and metatranscriptomes

Analysis of unassembled protein-coding genes and tran-

scripts followed that of Ganesh et al. (2014). Illumina reads

were quality trimmed using the FASTX toolkit with a quality

score and minimum length cutoff of Q25 and 100 bp,

respectively. Custom perl scripts utilizing the USEARCH

algorithm (Edgar 2010) were used to merge paired reads with

minimum 10% overlap and 95% nucleotide identity within

the overlapping region. rRNA transcripts within the quality-

processed and merged metatranscriptome reads were identi-

fied using riboPicker (Schmieder et al. 2012) and discarded.

Preprocessed metagenome and metatranscriptome sequen-

ces were queried against the NCBI-nr database (as of March

2014) using RAPSearch2 (Zhao et al. 2012). Sequences with

matches to prokaryote genes (Bacteria or Archaea) above bit

score 50 were retained for analysis. The proportional abun-

dance of a gene was calculated as a percentage of the total

number of reads matching NCBI-nr. Sequences matching

genes for ammonia monooxygenase (amoC), nitrite oxidore-

ductase (nxrB), and nitrate reductase (narG) were extracted

by parsing RAPSearch2 output via keyword queries based on
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NCBI-nr annotations, as in Ganesh et al. (2014). Genbank

annotations of matched genes were examined manually and

via BLASTX to confirm gene identity.

Protein-coding genes and transcripts were classified into

KEGG functional categories. Briefly, NCBI GI and RefSeq

numbers were parsed from RAPSearch2 output (against

NCBI-nr) using custom scripts. These identifiers were used to

retrieve corresponding unique md5id’s using the md5nr

Genbank.md5id2func and RefSeq.md52id2func files. The

md5id was then assigned to a KEGG category using the

md5nr KEGG.md5id2ont mapping file. Abundance per cate-

gory was calculated as a proportion of the total number of

reads mapping to the KEGG orthology. The taxonomic iden-

tity of sequences was determined using custom scripts.

Briefly, scientific names associated with NCBI-nr genes iden-

tified by RAPSearch2 were used to extract taxonomic identi-

fiers (taxid’s) and to assign a full taxonomic lineage, using

the names.dmp and nodes.dmp files from NCBI.

KEGG categories differing in proportional abundance

between surface (< 10 m; n 5 13) versus mid-deep (�10 m;

n 5 10) metagenomes were detected using Gene Set Enrich-

ment Analysis (GSEA) implemented in CLC Genomics work-

bench 8.0, according to Tian et al. (2005). Samples from

each depth category were treated as replicates (biological rep-

licates per depth were not available). Raw mapped read

counts were used as input, with the counts then normalized

using the ‘By totals’ option with default settings. Categories

with less than 10 mapped genes were excluded. p values

were calculated over 10,000 permutations, with a false detec-

tion rate (FDR) correction obtained using R stats function p

adjust (http://www.R-project.org/) by the method of Benja-

mini and Hochberg (1995).

Sequence counts are provided in Supporting Information

Table S2 and all sequence data is accessible in the NCBI

Sequence Read Archive under BioProject ID PRJNA278075.

Results

Across-shelf oxygen and nutrient distributions

Strong gradients in temperature and salinity were

observed both vertically and horizontally across the northern

Louisiana Shelf (Fig. 1), and also varied temporally at Sta. 6

likely due to water mass advection (Supporting Information

Fig. S1). An intrusion of warm (> 308C), low salinity (< 28)

surface water was evident west of 908W in the vicinity of the

outflow of the Atchafalaya River and diminished along a

westward gradient (Fig. 1a). Bottom waters were more saline

(> 33; Fig. 1d), but remained warm (> 288C) along the shal-

low shelf west of 908W. Deeper waters to the east (Sta. 2 and

Sta. 3) were cooler and more saline (Fig. 1d). The lowest oxy-

gen concentrations during the late July-early August 2012

sampling period were observed west of 928W, where bottom

water concentrations ranged from 16 lmol kg21 to 74 lmol

kg21 (Fig. 1e). Hypoxic conditions ([O2]<63 lmol kg21)

were only seen at Sta. 6 and Sta. 8, with the lowest oxygen

concentrations (16.4 lmol kg21) observed at Sta. 6 on 29th

July. The oxygen distribution was consistent with data from

monitoring cruises, which recorded hypoxic bottom waters

over only 7480 km2 of the Louisiana Shelf, the fourth small-

est hypoxic zone measured since mapping commenced in

1985 (LUMCON 2012, http://www.gulfhypoxia.net/Research/

Shelfwide%20Cruises/2012/, Accessed June 8th 2014).

Reduced summertime hypoxia in 2012 was likely due to pre-

ceding drought conditions across the upper midwestern

U.S.A., resulting in below average freshwater and nutrient

discharge in spring (LUMCON 2012).

Low oxygen concentrations were associated with maxi-

mum nitrite concentrations (up to 4.6 lmol L21; Fig. 2a),

consistent with an overall inverse relationship between

nitrite and oxygen throughout the study area (r2 5 0.69;

p<0.05; Fig. 2a). Nitrate concentrations fell in the range

0.1–11.4 lmol L21 (median 0.5 lmol L21) and were weakly

correlated with oxygen (r2 5 0.25; p<0.05), but not nitrite

(r2 5 0.1; p>0.05) across all sites (data not shown). Indeed,

maximum nitrate concentrations occurred at 120 m, at Sta.

3, the deepest and most oxygenated site in the study area.

Ammonium concentrations across sampling sites ranged

from below our detection limit (20 nmol L21) to 0.72 lmol

L21 and did not show a clear longitudinal trend nor a strong

relationship to oxygen (r2 5 0.27; p<0.05; data not shown).

However, at all sites, the highest ammonium concentrations

were observed at the deepest sampling depths, with concen-

trations in the range 0.37–0.72 lmol L21.

Community taxonomic composition—16S rRNA genes

Analysis of 16S rRNA gene amplicons (median: 5005 per

sample; Supporting Information Table S2) revealed a diverse

microbial assemblage. Rarefaction at a minimum sequence

depth (n 5 661) did not identify consistent differences in

alpha diversity among samples (Supporting Information Table

S2), and NMDS clustering based on Bray Curtis distances did

not clearly partition communities based on sample site (Fig.

3). However, the relative abundance of major taxonomic

groups, notably the Thaumarchaeota, Euryarchaeota (Marine

Group-II), and Cyanobacteria, varied substantially among

sites. Marine Group-II, for example, represented 50% of all

amplicons in the surface (2 m) sample from Sta. 4, but<10%

on average (all depths) at Sta. 1. In contrast, Sta. 1, located

nearest the mouth of the Mississippi River, was enriched in

Synechococcus, which constituted � 40% of amplicons at the

three sampled depths, compared to an average of 12% at other

sites. Time series sampling at 7 m and 15 m at Sta. 6 also

revealed significant fluctuations in community structure over

short (hours) timescales, likely due to water mass advection

(Supporting Information Fig. S1).

Despite this variability, some community compositional

trends were consistent across sites. Fitting environmental

variables (oxygen, depth, pH, temperature, salinity, nitrate,

Bristow et al. Nitrite accumulation in hypoxic zones

6

http://www.R-project.org
http://www.gulfhypoxia.net/Research/Shelfwide%20Cruises/2012/
http://www.gulfhypoxia.net/Research/Shelfwide%20Cruises/2012/


nitrite, and ammonium) onto an NMDS ordination (Fig. 3b)

revealed that oxygen concentration was not a driver of taxo-

nomic composition (r2 5 0.04, p value 5 0.7). Consistent with

results of Tolar et al. (2013), composition was instead corre-

lated with depth (r2 5 0.90, p 5 0.001), temperature

(r2 5 0.88, p 5 0.001), nitrate (r2=0.79, p 5 0.005), and salinity

Fig. 2. Correlations between nitrite (lmol L–1) and oxygen (lmol kg21) concentrations (black circles) from this study (July 2012; a, solid black line
r2 5 0.69, p<0.05), and from the NODC database for 2001 and 1998 (b and c), representing different extents of hypoxia. Panel a also shows Thau-

marchaeota abundance (% of total 16S rRNA gene amplicons; open squares) with the dashed line representing the line of best fit (r2 5 0.41;
p <0.05).

Fig. 3. Relative abundances of microbial taxa based on (a) 16S rRNA gene amplicons and (c) protein-coding gene sequences in metagenomes and
metatranscriptomes. Metatranscriptome datasets (RNA, n 5 3, Sta. 6) are connected to corresponding metagenome datasets (DNA). Panel b shows
sample relatedness based on an NMDS ordination plot of 16S rRNA gene amplicon community structure with fitted environmental factors (depth,

temperature, salinity; p value cutoff�0.001). Oxygen content at the sample site is represented by marker size. Numbers in bubbles are depths (m),
with surface (< 10 m) and mid-deep (� 10 m) clusters circled, excluding the 120 m outlier. Note that circled clusters are not exclusive, as the surface

set includes some 10 m samples.
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(r2 5 0.59, p 5 0.001). Notably, NMDS clustering revealed a

general separation between surface (< 10 m) and mid-deep

(� 10 m) communities, with the deepest sample, from

120 m at Sta. 3, as an outlier (Fig. 3b; Supporting Informa-

tion Material).

Microorganisms involved in the two steps of nitrification

showed contrasting distributions. Sequences affiliated with

the ammonia-oxidizing Thaumarchaeota, predominantly the

genus Nitrosopumilus (> 95% of Thaumarchaeota sequences),

consistently increased in relative abundance with depth,

peaking at 20% of total 16S amplicons at 120 m at Sta. 3.

This depth-specific trend was driven by a moderate inverse

correlation between relative Thaumarchaeota abundances

and oxygen concentration (r2=0.41; p<0.001; Fig. 2a). NOB

of the Nitrospina and Nitrospira were detected in amplicon

pools from only two samples, from 45 m and 120 m at Sta.

3. NOB abundance peaked at 2.5% at 120 m, with Nitrospina

(classified as Deltaproteobacteria in Fig. 3a, based on the

Greengenes taxonomy), representing 92% of total NOB

sequences. Low representation of NOBs across samples pre-

vented a quantitative assessment of abundance relative to

environmental conditions.

Taxonomic and functional gene trends—Meta-omic data

Estimates of taxonomic composition based on protein-

coding genes and transcripts agreed broadly with results

from the 16S rRNA gene data, notably supporting the depth-

specific increase in Thaumarchaeota abundance (Fig. 3).

Minor differences between data types included a proportion-

ately higher representation of Nitrospina sequences (� 7%) in

the 120 m metagenome sample from Sta. 3 (compared to

2.3% in amplicon data) and an overall enrichment of

Alphaproteobacteria of the SAR11 cluster in the meta-omic

data compared to amplicon datasets. Such differences may

be due to variation in the relative representation of taxa in

16S rRNA versus protein-coding gene databases, or biases

inherent in the sequencing approaches.

The proportional abundances of taxonomic groups in the

three metatranscriptome datasets varied markedly across

depths (Fig. 3). Notably, the representation of Thaumarch-

aeota transcripts, identified based on database gene annota-

tions, increased from less than 1% of identifiable protein-

coding transcripts at 3 m to over 30% of the dataset at 13 m

(Fig. 3), where Thaumarchaeota representation was over 10-

fold higher than in the corresponding metagenome (DNA).

In contrast, sequences matching diverse Gammaproteobacte-

ria were overrepresented in RNA compared to DNA datasets

at the surface compared to deeper depths, whereas groups

such as the cyanobacteria, Euryarchaeota, and Actinobacteria

were underrepresented in the transcript pool relative to the

DNA pool across all depths. Representation of the ubiquitous

SAR11 cluster of Alphaproteobacteria was relatively even in

both RNA and DNA datasets (� 10% on average), across all

depths. These results indicate, not surprisingly, that relative

representation in DNA datasets is a poor proxy for propor-

tional contribution to community transcription.

The relative abundances of major functional gene catego-

ries varied between surface and mid-deep metagenomes,

notably with processes of metabolism, including energy, car-

bohydrate and amino acid metabolism, significantly

enriched at deeper depths, whereas surface depths were

enriched in genes of genetic information processing (e.g.,

transcription, replication, and repair) and cellular communi-

cation (q-value<0.05, GSEA; Supporting Information Table

S3). Of the metabolic genes, those mediating nitrogen

metabolism (KEGG ko00910) were also proportionately more

abundant in deeper waters (Fig. 4), although this trend was

not statistically supported (q-value>0.05, GSEA).

Detected nitrogen metabolism genes and transcripts

included those mediating nitrite production by both ammo-

nia oxidation and nitrate reduction (Figs. 4 and 5). Notably,

the ammonia monooxygenase gene amoC was detected in 18

of 23 samples at abundances from 6 3 1025% to 8 3 1023%,

with a maximum at 120 m at Sta. 3, and amoC transcripts

were also among the most abundant in Sta. 6 metatranscrip-

tomes, increasing with depth from 0.009% at 3 m to 0.672%

at 9 m and 1.009% at 13 m. The majority (> 75%) of amoC

genes and transcripts were affiliated with Thaumarchaeota

(Fig. 5). The narG gene, a marker for nitrite production by

dissimilatory nitrate reduction, was detected in 22 of 23 sam-

ples at abundance ranging from 2.5 3 1024% to 9 3 1023%,

with the maximum at 120 m at Sta. 3, consistent with an

overall trend of increasing respiratory nitrate reductase genes

in bottom waters (q-value<0.05, GSEA; Fig. 4). As observed

in other low-oxygen sites (Stewart et al. 2012; Yu et al.

2014), narG genes were affiliated with a diverse range of pro-

karyotes (data not shown). Compared to amo transcripts,

NarG-encoding transcripts were at low abundances (0.001–

0.004%) at Sta. 6 and did not exhibit clear depth-specific

trends. In contrast to marker genes for nitrite production

pathways, a marker gene for aerobic nitrite oxidation, nxrB,

encoding the nitrite oxidoreductase beta subunit, was consis-

tently low throughout the study area (< 0.0001%) and

detected in only 5 of the 23 metagenomes. NxrB transcripts

were not detected in the 3 m metatranscriptome from Sta. 6,

and were at low abundance (0.001%) at both 9 m and 13 m,

with all reads affiliated with Nitrospina gracilis.

Ammonia and nitrite oxidation rates

Ammonia oxidation rates ranged widely, from 9 nmol L21

d21 to 494 nmol L21 d21 across the Shelf (Fig. 5). Highest

rates were observed in the hypoxic bottom waters (20 lmol

O2 kg21) of Sta. 6 on 29th July, and were associated with ele-

vated nitrite concentrations (3.4 lmol L21; Fig. 5). Maximal

rates observed here are higher than the typical maxima

observed in other low oxygen regions (Lipschultz et al. 1990;

Beman et al. 2012; Berg et al. 2014). However, these rates are

significantly lower than those measured by the isotope
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dilution method in the GoM in July 2008 under hypoxic con-

ditions, where rates of nitrification up to 3.5 lmol L21 d21

were recorded (Carini et al. 2010). Although amoC sequences

were detected in most metagenome samples, a clear correla-

tion between ammonia oxidation rates and proportional

amoC abundances was not observed (Fig. 5).

Nitrite oxidation rates spanned a similarly wide range,

from 1 nmol L21 d21 to 411 nmol L21 d21 (Fig. 5). These

rates showed no correlation with nitrite concentrations

(r2 5 0.06; p>0.05), but were weakly positively correlated

with ammonia oxidation rates (r2 =0.39; p>0.05). At most

stations and depths, ammonia oxidation outpaced nitrite

oxidation, by up to 30 times. The largest discrepancy

between the two processes was seen in the bottom waters at

Sta. 4 and Sta. 6 (Fig. 5). Station 2 was the only station

where nitrite oxidation exceeded ammonia oxidation and

where nitrite concentrations did not increase with depth

(Fig. 5). Nitrite oxidation rates at Sta. 2 and Sta. 6 generally

Fig. 4. Relative abundances of alphabetically sorted genes matching KEGG categories of Nitrogen Metabolism (ko00910). Station depths are
arranged from surface (left) to mid-deep/deep (right). The color key indicates KEGG category abundance centered and scaled across stations (each
value forced to have a mean of zero and standard deviation of 1), and expressed as a Z-score (standard deviations above or below the mean).
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Fig. 5. Ammonia and nitrite oxidation rates and amoC gene abundances. Panels a, c, f, and i show ammonia oxidation rates (nmol L–1 d21; bars)

and oxygen concentrations (lmol kg21). Panels b, d, g, and j show rates of nitrite oxidation (nmol L–1 d21; bars) and nitrite concentrations (lmol L–1).
Panels e, h, and k show the taxonomic representation and relative abundance of reads matching amoC in metagenomes. Error bars on ammonium and
nitrite oxidation rates represent the standard error. Metagenome samples were not available for Sta. 2.



increased with depth and declining oxygen, whereas depth-

specific increases were absent or less pronounced at Sta. 4

and Sta. 8. (The relative abundances of the nitrite oxidation

gene nxrB in metagenome samples were zero or negligible

and are not plotted in Fig. 5.)

Oxygen manipulation experiments

Oxygen manipulation experiments were conducted in the

bottom waters of Sta. 4 and Sta. 6 to assess the oxygen sensi-

tivity and relative roles of nitrite production and consump-

tion processes in Shelf communities (Fig. 6). Under in situ

oxygen concentrations (138 lmol kg21 at Sta. 4, 20 lmol

kg21 at Sta. 6), nitrate reduction was only detected at Sta. 6,

at a rate of 7 nmol L–1 d21. In contrast, ammonia and nitrite

oxidation were detected at both stations at rates above 320

nmol L–1 d21, suggesting ammonia oxidation to be the dom-

inant nitrite production pathway under in situ conditions.

These patterns were reversed under anoxia. Ammonia and

nitrite oxidation rates were below 20 nmol L–1 d21 or not

detected, whereas nitrate reduction rates were as high as

1185 nmol L–1 d21.

Discussion

Nitrite accumulation

Nitrite accumulated consistently under the low-oxygen

conditions encountered over the Louisiana Shelf west of the

Atchafalaya River in 2012. There was a strong inverse rela-

tionship between nitrite and oxygen, with nitrite reaching

�1 lmol L–1 already at 150 lmol kg21 oxygen, that is, sub-

stantially above the hypoxia threshold (Fig. 2). The majority

of studies focusing on nutrient dynamics on the Shelf have

presented dissolved inorganic nitrogen

(DIN 5 nitrate 1 nitrite 1 ammonium), nitrate, and ammo-

nium concentrations (e.g., Lohrenz et al. 1999; Rabalais

et al. 2007; Quigg et al. 2011), but have not highlighted the

distribution of nitrite. However, historical nitrite and oxygen

data from 2001 and 1998, years representing high

(20,720 km2) and intermediate (12,480 km2) levels of

hypoxia compared to the 2012 minimum, suggest that

nitrite accumulation occurs commonly under low oxygen

conditions on the Louisiana Shelf, with nitrite concentra-

tions up to 10 lmol L–1 observed under hypoxia (Fig. 2).

The persistent accumulation of nitrite to micromolar lev-

els in marine waters is generally only observed under func-

tional anoxia in OMZs. The primary nitrite maximum at the

base of the photic zone is typically 0.01–0.5 lmol L–1 and

rarely exceeds 1 lmol L–1 (Lomas and Lipschultz 2006 and

ref. therein). A co-occurrence of micromolar nitrite and oxy-

gen is observed occasionally in other environments, includ-

ing diverse coastal ecosystems as a result of Thaumarchaeota

ammonia-oxidizer blooms (Pitcher et al. 2011; Hollibaugh

et al. 2014; Urakawa et al. 2014) and as transient occurrences

due, for example, to mixing events, with a lifetime on the

order of days (Mordy et al. 2010; De Brabandere et al. 2014).

However, in other hypoxic shelf waters, nitrite typically

remains below 1 lmol L–1 (Dale et al. 2011, 2014; Gal�an

et al. 2014), with higher levels only reached, with nitrate

reduction as the source, when oxygen approaches complete

depletion (Naqvi et al. 2006; F€ussel et al. 2012; Gal�an et al.

2014). The conditions on the Louisiana Shelf therefore

appear unusual or even unique with respect to other hypoxic

shelf systems, which raises questions about the underlying

mechanisms and consequences of nitrite accumulation.

Our data suggest potential mechanisms controlling nitrite

inventories on the Louisiana Shelf. Although oxygen con-

centrations below 16 lmol kg21 were not observed during

sampling, dissimilatory nitrate reduction could potentially

contribute to the nitrite accumulation. Studies off Peru and

over the Namibian shelf suggest that nitrate reduction exhib-

its varying sensitivity to oxygen, and can be observed up to

oxygen concentrations of 25 lmol kg21 (Kalvelage et al.

2011). Oxygen manipulation experiments at Sta. 4 and Sta. 6

Fig. 6. Oxygen manipulation experiments from Sta. 4 (a) and Sta. 6 (b), showing nitrite production and consumption pathways (ammonia oxidation,
nitrate reduction and nitrite oxidation), and their relative dominance over varying oxygen regimes (in situ (138 lmol kg21 at Sta. 4 and 20 lmol kg21

at Sta. 6) and anoxic conditions).
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suggested that nitrate reduction was not a significant source

of nitrite (Fig. 6) and that ammonia oxidation was the domi-

nant nitrite production pathway under in situ oxygen condi-

tions. The lack of an inverse relationship between nitrite and

nitrate concentrations further supports this conclusion. This

is in line with Childs et al. (2002), who were unable to

detect denitrification in the hypoxic bottom waters of the

GoM. However, when identical experiments were carried out

under anoxia, nitrate reduction became the dominant path-

way for nitrite production (Fig. 6). If oxygen conditions were

to drop further on the Shelf, which may be possible in years

of more intense eutrophication and stratification, water col-

umn nitrate reduction could become a progressively larger

contributor to Shelf nitrite accumulation. The potential for

this shift is supported by the broad distribution of Nar-

encoding genes in Shelf metagenomes (Fig. 4).

The important role for ammonia oxidation as a nitrite

source under in situ oxygen conditions is further supported

by the prevalence and activity of Thaumarchaeota across the

Shelf. During July 2012, Thaumarchaeota represented up to

50% of total 16S rRNA gene sequences (Supporting Informa-

tion Fig. S1; mean 5.9% across all samples) and were notably

enriched in more oxygen-depleted layers, as were functional

genes mediating ammonia oxidation (Figs. 3-5). In lower

oxygen depths at Sta. 6 (9 m, 13 m), Thaumarchaeota genes

in metatranscriptomes were � 10-fold more abundant than

those in metagenomes, with indicator genes for ammonia

oxidation (amo) even more enriched in transcript datasets

(up to 700-fold). Although the half-lives of AOA transcripts

are unknown, and likely relatively short (Smith et al. 2014),

the high representation of Thaumarchaeota in RNA datasets

suggests an active ammonia oxidizer community. The

observed Thaumarchaeota enrichment under lower oxygen

(Fig. 2a) extends observations by Tolar et al. (2013) in the

northern GoM during springtime prior to the development

of hypoxia, at which time maximum Thaumarchaeota abun-

dance coincided with the pelagic oxygen minimum (150

lmol kg21) at 200–400 m depth, while abundance over the

Shelf was relatively low. The high abundance and activity of

AOA under low oxygen is consistent with other studies of

both hypoxic (Labrenz et al. 2010; Molina et al. 2010) and

functionally anoxic systems (Lam et al. 2009; Beman et al.

2012; Stewart et al. 2012).

The large AOA population was likely supported by ammo-

nium flux from the sediment, which peaks during summer

hypoxia (Gardner et al. 1993; Rowe et al. 2002; Nunnally

et al. 2013) with regeneration in the hypoxic bottom water,

measured at rates of<0.05 lmol L–1 h21 (Gardner et al.

2009), as a possible additional source. The relatively low

ammonium concentrations across Shelf bottom waters in

July 2012 (0.37 lmol L–1 to 0.72 lmol L–1), where AOA

Thaumarchaeote abundance and nitrite concentrations were

highest, are consistent with ammonia from the seafloor

being efficiently oxidized to nitrite by AOA.

Consistently higher rates (up to 30-fold) of ammonia

oxidation compared to nitrite oxidation, alongside an over-

all enrichment of amoC compared to nxrB genes and a rela-

tive absence of NOB 16S rRNA gene amplicons, suggest a

strong decoupling between the two steps of nitrification,

west of 90.7oW. This pattern was not observed at Sta. 2,

the only site where nitrite oxidation outpaced ammonia

oxidation and where nitrite accumulated to only moderate

levels (< 0.5 lmol L21) (Fig. 5). The decoupling of ammo-

nia from nitrite oxidation and consequent nitrite buildup

observed at a subset of our stations contrasts with the

results of Tolar et al. (2013), who found that the relative

abundances of NOB in spring 2010, though only 0.4% on

average, were correlated with those of Thaumarchaeota

(slope 5 0.05 NOB/Thaumarchaeota; r2 5 0.49). These data

were interpreted as evidence of coupling and a predicted

efficient conversion of ammonium to nitrate. Here, using a

deep-sequencing approach, rather than qPCR-based detec-

tion as in Tolar et al., we only detected NOB in two sam-

ples, which prohibited a detailed comparison of NOB and

Thaumarchaeota distributions to better evaluate drivers of

decoupling. Interpreted with the results of Tolar et al.

(2013), our data suggest that the uncoupling of ammonia

and nitrite oxidation over the Louisiana Shelf arises during

the development of hypoxia and is hence potentially

related to increased nutrient loading, oxygen depletion, or

other factors associated with the spring to summer transi-

tion (e.g., temperature; see below).

Nitrite flux from the sediment is not likely to have con-

tributed to the water column pool. Prior studies suggest that

nitrite fluxes are small (–0.2 m22 d21 to 0.05 m22 d21) and

directed into the sediment under hypoxia, indicating that

Shelf sediments are more likely a nitrite sink (Gardner et al.

1993; Rowe et al. 2002). Nitrite accumulation may also be

linked to nitrite release by light-stressed phytoplankton

(French et al. 1983; Collos 1998; Lomas and Glibert 1999;

Lomas and Lipschultz 2006; Mackey et al. 2011). Although

light levels were not measured in our study, no correlation

between nitrite concentration and fluorescence was

observed, suggesting phytoplankton release as an unlikely

nitrite source during this study.

Together, this analysis suggests that nitrite accumulation

in bottom waters of the shallow Louisiana Shelf is due pri-

marily to a decoupling of ammonia and nitrite oxidation.

Based on the offset between observed ammonia and nitrite

oxidation rates, we approximate that it would take 13 to 20

days to yield the measured nitrite concentrations. These

turnover times are intermediate in the relatively wide range

of estimates for primary nitrite maxima (Santoro et al. 2013

and refs. therein). Beman et al. (2013) observed a decoupling

between ammonia and nitrite oxidation in the ETNP and

suggested this decoupling was generating the primary nitrite

maximum and could do so in 1 to 5 days. In contrast, natu-

ral abundance dual isotopes of nitrite and nitrate determined
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for the Arabian Sea enabled an estimate of nitrite turnover

over a longer time period, suggesting that nitrite stocks in

the region were derived primarily from ammonia oxidation

and recycled every 33 to 178 days (Buchwald and Casciotti

2013). Shelf nitrite turnover rates estimated in this study are

a first approximation and likely vary over interannual and

seasonal gradients of primary production and riverine nutri-

ent influx.

Factors driving decoupling in ammonia and nitrite

oxidation

The decoupling between ammonia and nitrite oxidation

could be linked to diverse factors, including oxygen concen-

tration, substrate availability, and temperature.

Oxygen

The largest offsets between ammonia and nitrite oxida-

tion rates (170 nmol L–1 d21; Fig. 5) occurred at Sta. 6 where

oxygen concentration was lowest and rates of both processes

were highest, with the exception of rates in bottom waters at

Sta. 2. Under higher oxygen levels, the offset was reduced,

and in the case of Sta. 2, nitrite oxidation exceeded ammo-

nia oxidation and nitrite accumulated to only moderate lev-

els (Fig. 5). While this trend and the inverse relationship

between oxygen and nitrite concentrations (Fig. 2) suggest

that oxygen limits nitrite oxidation, such limitation is

inconsistent with an extensive literature showing efficient

nitrite oxidation at considerably lower oxygen levels than

found in this study, including systems without detectable

oxygen where maximum nitrite oxidation rates higher than

those observed here have been recorded (600 nmol L–1 d21,

Lipschultz et al. 1990; 372 nmol L–1 d21, F€ussel et al. 2012;

928 nmol L–1 d21, Kalvelage et al. 2013). Oxygen sensitivity

experiments in OMZs over the Namibian Shelf and off Peru

showed nitrite oxidation under low oxygen (< 1 lmol kg21)

maintaining 36 to 59% of the activity measured at higher

oxygen (> 10 lmol kg21) (F€ussel et al. 2012; Kalvelage et al.

2013). This suggests that the Km value for oxygen in NOB is

at least as low as the value of 3.9 6 0.6 lmol L–1 determined

for oxygen respiration by the AOA Nitrosopumilus maritimus

(Martens-Habbena et al. 2009). These observations are con-

sistent with evidence for adaptation to low oxygen among

marine NOBs of the Nitrospina and Nitrospira (L€ucker et al.

2013). The nitrifying communities in the systems mentioned

above appear similar to those in the GoM, with a dominance

of AOAs (Beman et al. 2012; Stewart et al. 2012) and Nitro-

spina (F€ussel et al. 2012; Beman et al. 2013; Levipan et al.

2014). These patterns suggest that oxygen is unlikely to be

the primary factor limiting nitrite oxidation and therefore

not directly driving the observed decoupling.

Substrate availability

Low oxygen levels instead may have contributed indi-

rectly to the uncoupling of ammonia and nitrite oxidation.

Ammonium efflux from Shelf sediments peaks during

summer, seemingly due in part to increased oxygen limita-

tion of benthic nitrification with the intensification of

hypoxia (Nunnally et al. 2013). Ammonium concentrations

in Shelf bottom waters were generally above the apparent

Km for AOA of 0.1 lmol L–1, as determined from cultures of

Nitrosopumilus maritimus and in a natural community in

Puget Sound (Martens-Habbena et al. 2009: Horak et al.

2013), suggesting near-optimal growth conditions for AOA

in the study area. In contrast, the optimal nitrite concentra-

tion for nitrite-oxidizing Nitrospina watsonii is 0.5–3 mmol L–1

(Spieck et al. 2014). Under optimal growth conditions, the

doubling time for the AOA N. maritimus is � 1 d (Martens-

Habbena et al. 2009), whereas that of Nitrospina in culture is

� 0.5 d and�1 d for mixotrophic and lithotrophic growth,

respectively (Watson and Waterbury 1971; Spieck et al. 2014).

If these values are applicable to the GoM community, the

above comparison predicts that NOB in the study area were

nitrite-limited and that the AOA population would grow

faster in response to increased substrate availability compared

to nitrite-limited NOB, potentially resulting in the observed

decoupling. Better constraints on in situ AOA and NOB

growth rates over environmentally relevant temperature gra-

dients are needed to test this hypothesis. This is complicated

for NOB, as these bacteria may use substrates other than

nitrite (Koch et al. 2014; Spieck et al. 2014).

Temperature

Studies of wastewater treatment systems suggest a role for

temperature in decoupling ammonia and nitrite oxidation.

Some treatment plants use a partial nitrification method by

which ammonium is converted only to nitrite, before con-

version to N2 by either denitrification or anammox. This

method requires conditions that favor ammonia oxidation

over nitrite oxidation. Research to optimize this method

shows that above 258C nitrite oxidation and NOB growth

slow, relative to ammonia oxidation and AOB growth (Bal-

melle et al. 1992; Hellinga et al. 1998). However, ammonia

and nitrite oxidizers in wastewater facilities (primarily Nitro-

somonas and Nitrospira; Egli et al. 2003) differ from those

common in marine environments, notably AOA and Nitro-

spina/Nitrospira, and the sensitivity of natural AOA and NOB

populations to seasonal variation in temperature is

unknown. Louisiana Shelf waters experience wide tempera-

ture fluctuations with season (Xue et al. 2013), with sum-

mertime temperatures much warmer than those of winter

and in off-shelf waters. The coupling of the two nitrification

steps inferred by Tolar et al. (2013) in GoM waters was based

on springtime samples collected when temperatures were-

�208C. In contrast, Shelf bottom water was at 28–29.38C

during our study and NOB were only detected in deeper

slope waters (45 m and 120 m) at Sta. 3, where temperatures

were notably cooler (18–248C). Furthermore, high tempera-

ture distinguishes our nitrite-rich stations from other

hypoxic Shelf stations where nitrite concentrations

remained<1 lmol L–1 (Dale et al. 2011, 2014; Gal�an et al.
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2014). These patterns, interpreted relative to results from

wastewater systems, suggest that high summertime tempera-

tures may contribute to a seasonal uncoupling of ammonia

and nitrite oxidation on the Louisiana Shelf.

Potentially, salinity and photoinhibition could also play a

role in the decoupling of ammonia and nitrite oxidation.

Over large salinity gradients, both nitrification rates and the

diversity and distribution of ammonia oxidizers have been

shown to vary (Pakulski et al. 1995, 2000; Bernhard et al.

2005; Ward 2008). In our study, salinity varied relatively lit-

tle, ranging from 35.8 to 32.8 in bottom waters, and from

27.4 to 32.3 in surface layers. The effect of such small gra-

dients on nitrifier decoupling is unknown, but is likely to be

irrelevant. Light has been shown to inhibit both ammonia

and nitrite oxidizers (Ward et al. 1984; Ward 1987; Guerrero

and Jones 1996). NOBs appear most sensitive, and this differ-

ential sensitivity has been suggested to contribute to the

uncoupling associated with the formation of the oceanic pri-

mary nitrite maximum (Lomas and Lipschultz 2006). As all

of our incubations were carried out in the dark, photoinhibi-

tion cannot be assessed from our experiments and cannot be

ruled out as a driver of decoupling on the Louisiana Shelf.

Assembled together, our data reveal a Shelf ecosystem,

subject to strong interlinking gradients in temperature, oxy-

gen, nitrite and community structure. The first meta-omic

data from the Louisiana Shelf identify a diverse microbial

assemblage, with an important role for AOA, in agreement

with prior work in the GoM (King et al. 2013; Tolar et al.

2013). Although AOA abundance did not correlate with

ammonia oxidation rates, AOA contributed substantially to

community transcription, occurred broadly across Shelf sites,

and showed a general increase in abundance with depth and

oxygen content, suggesting an important role for ammonia

oxidation across Shelf oxygen gradients. In contrast to

waters with lower oxygen content, nitrite production across

the Shelf likely results primarily from ammonia oxidation,

with nitrite accumulation driven by a decoupling of ammo-

nia and nitrite oxidation rates, supported by low or unde-

tectable numbers of NOB, and their functional genes.

Decoupling likely stems from a combination of factors, with

elevated bottom water temperature (> 258C) and substrate

limitation of nitrite oxidizers being the most likely contribu-

tors. High summertime temperatures may act to inhibit

nitrite oxidizers but allow ammonia oxidizers to remain

unchecked, permitting nitrite to accumulate. Substrate limi-

tation may also be linked indirectly to both oxygen content

and temperature.

These results indicate a complex nitrogen cycle on the

Shelf, a region that remains surprisingly understudied from a

community microbial perspective. The importance of nitrifi-

cation, notably the ammonia oxidation step, to oxygen con-

sumption in this region should not be overlooked in

modeling studies. The ample pool of oxidized N available to

the microbial community under low oxygen must continue

to be monitored, and its production and consumption stud-

ied further with the potential expansion of low oxygen

waters. Additional measurements of nitrite across diverse

sites are needed to assess whether accumulation is a persis-

tent feature in hypoxic systems, and to identify potential

impacts on microbial N cycling pathways, algal speciation

and new production estimates.
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