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Abstract

Pelagic marine Thaumarchaea play a primary role in ammonia oxidation, an integral part of nitrification

and the nitrogen cycle. This study examines how physicochemical and biological variables influence rates of

nitrification and the distribution, abundance and activity of ammonia oxidizers throughout the dark north-

east Pacific Ocean. Nitrification rates are highest near the epipelagic-upper mesopelagic transition and

decrease with depth according to a Martin-like power function, suggestive of a coupling to the organic mat-

ter flux. In contrast, archaeal and bacterial ammonia monooxygenase (amoA) gene abundance remains fairly

constant throughout the upper mesopelagic. Density-based composites reveal nitrification to be highest in

the upper pycnocline, within the nitrate:silica and ammonium maxima, while ammonia-oxidizing archaea

(AOA) abundances are highest in the lower pycnocline. Water column group A (WCA) and B (WCB) AOA

amoA genes are present throughout the dark ocean but have no relationship to nitrification rates. WCA com-

prise the majority of the AOA community above 200 m and WCB comprise the majority of it below 500 m,

largely because WCA abundances decrease precipitously from 200 m to 500 m. WCA and WCB amoA genes

are actively transcribed throughout the dark ocean, irrespective of conditions. Thaumarchaeal urease (ureC)

genes are also present throughout, implying a widespread capacity for mixotrophy; however, unlike amoA,

their expression is not detectable. Together, the results support a strong linkage between organic matter flux

and nitrification rates, identify density as an important control over AOA distributions, and suggest that

WCA and WCB distributions are influenced by the availability of their preferred substrates in the dark ocean.

As the link between nitrogen (N) inputs from the atmos-

phere by dinitrogen (N2) fixation and losses by denitrification

and anaerobic ammonium oxidation, nitrification plays an

important role in the cycling of N in the ocean. The rate at

which this process occurs also has an important climate feed-

back because the ocean supplies � 3.6 Tg N yr21 as nitrous

oxide (N2O) (Olivier et al. 1998), a potent greenhouse gas, to

the atmosphere, most of which is believed to be produced by

nitrification (Freing et al. 2012). Despite these important roles

in ocean biogeochemical cycles and global climate, the factors

affecting the distribution and rate at which the process occurs

in the ocean are not well understood.

As a preferred source of nitrogen to support the growth of

plankton (Dortch 1990; Kirchman and Wheeler 1998),

ammonium is a valuable but scare resource in the ocean.

This is particularly apparent in the vast, dark ocean where

88% of the 6.6 3 105 Tg of fixed nitrogen (N) exists as nitrate

(NO2
3 ) and only 0.05% as ammonium (Gruber 2008). As

physiological data suggests (Martens-Habbena et al. 2009),

this is largely because the majority of the ammonium (NH
1

4 )

liberated during the decomposition of organic matter in the

dark ocean is immediately oxidized; first to nitrite (NO
2

2 ) by

ammonia-oxidizing microorganisms and then to nitrate by

nitrite-oxidizing microorganisms. Given this point, and the

limited evidence of rates being tightly coupled to the flux of

organic matter (Ward and Zafiriou 1988; Newell et al. 2011),

it seems plausible that the availability of ammonium is an

important control over nitrification in the dark ocean.

Another potential factor in determining the magnitude

and vertical distribution of nitrification rates in the ocean is
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the abundance and activity of the microorganisms that carry

out this process, namely the ammonia-oxidizing archaea, for

which there is a surplus of evidence to support their primary

role in determining rates of nitrification in the ocean

(Wuchter et al. 2006; Beman et al. 2008; Newell et al. 2013;

Smith et al. 2014b). Originally, all marine AOA were believed

to be obligate ammonia oxidizers (K€onneke et al. 2005).

However, geochemical (Ingalls et al. 2006), physiological

(Ouverney and Fuhrman 2000) and genomic evidence

(DeLong 2006) now indicate the situation to be more com-

plex. Together, these studies suggest that members of the

community maintain several different metabolic strategies,

including chemolithoautotrophy linked to ammonia oxida-

tion (Hallam et al. 2006; Ingalls et al. 2006; Santoro et al.

2015) and assimilation of dissolved organic matter (Ouver-

ney and Fuhrman 2000; Herndl et al. 2005), including urea

(Alonso-S�aez et al. 2012). However, where and when these

different metabolic lifestyles of the pelagic Thaumarchaeota

become important remains unclear, despite important impli-

cations for our understanding of the factors that regulate the

abundance and activity of the AOA, nitrification, and how

to best incorporate their role into ocean biogeochemical

models.

Identified as unique sequence types in the first survey of

archaeal amoA genes in the marine environment (Francis

et al. 2005), multiple studies now support that water column

groups A (WCA) and B (WCB) are distinctive “ecotypes” of

the AOA (Hallam et al. 2006; Mincer et al. 2007; Beman et al.

2008; Luo et al. 2014). The WCA or “shallow” ecotype is typi-

cally most abundant in the epipelagic and upper mesopelagic

(Beman et al. 2008), while the WCB or “deep” ecotype domi-

nates in the meso- and bathypelagic, where the ammonium

flux is extremely low (Sintes et al. 2013). Despite their poten-

tial importance in the cycling of remineralized nitrogen, there

is only limited information available on the abundance of

thaumarchaeal ecotypes (Beman et al. 2010; Sintes et al.

2013), and none on their subcellular (transcriptional) activ-

ities or the potential contribution of these organisms to nitri-

fication rates in the dark realm of the ocean.

The objective of this study was to examine how physico-

chemical and biological variables influence rates of nitrifica-

tion, the abundance of ammonia-oxidizing microorganisms,

the abundance and transcriptional activity of the two domi-

nant AOA ecotypes, and how these variables relate to one

another throughout the dark realm of the northeast Pacific

Ocean. This work was carried out along two repeat hydrogra-

phy transects through the central California Current System

(CCS), an eastern boundary upwelling environment with

strong nearshore-to-offshore physical, chemical and biological

gradients (Chavez et al. 1991; Collins et al. 2003). As with pre-

vious studies in this region, which have primarily focused on

characterizing spatiotemporal variability and environmental

controls over nitrification and/or ammonia oxidizer commu-

nity dynamics in the sunlit layer (Ward 2005; Wankel et al.

2007; Santoro et al. 2013; Smith et al. 2014a,b), these gra-

dients allow us to assess how basic environmental variables

(density, substrate availability, etc) influence nitrification at

subcellular, organismal and biogeochemical scales. Unlike

previous studies, we focus primarily on studying nitrification

and specific Thaumarchaeota clades in the deeper layers of

the central California Current System.

Materials and methods

Samples were collected between 12th July and 22nd July

2010 aboard NOAA Ship MacArthur II, as part of MBARI

cruise S310. Hydrographic sampling was conducted at 10

predefined stations (every 20 nautical miles; nmi) starting in

Point Reyes, California, U.S.A. and traversing California

Cooperative Oceanic Fisheries Investigations (CalCOFI) line

60 from stations 50 to 90, and 10 stations (every 20 nmi)

from station 90 to 55 along CalCOFI line 67, terminating in

Monterey Bay, California, U.S.A. At each station, sampling

and hydrographic profiling were carried out with a

conductivity-temperature-depth (CTD) rosette sampler

equipped with 12 3 10 L Niskin-type sampling bottles. In

addition to the standard CTD measurements, the profiling

rosette was equipped with the following sensors: WETstar

fluorometer (Wetlabs, Philomath, Oregon, U.S.A.), transmis-

someter (SeaTech, Bellevue, Washington, U.S.A.), SBE43

dissolved oxygen sensor (Sea-Bird Electronics, Bellevue,

Washington, U.S.A.) and a radiometer (Biospherical, San

Diego, California, U.S.A.). At each station samples were

taken from 12 depths between 0 m and 500 m or 1000 m (0

m, 5 m, 10 m, 20 m, 30 m, 40 m, 60 m, 80 m, 100 m,

150 m, 200 m, 500 m or 1000 m) for determination of chlo-

rophyll (only to 200 m, routinely) and macronutrient con-

centrations using methodologies described elsewhere

(Pennington and Chavez 2000; Collins et al. 2003). Ammo-

nium concentrations were determined fluorometrically

(Holmes et al. 1999) while at sea (Smith et al. 2014b).

Determination of ammonia oxidation rates

Rate measurements were conducted using stable isotope

tracer additions (15NH
1

4 ) at six depths (30 m, 80 m, 100 m,

150 m, 200 m and 500 m or 1000 m) at four stations: 67–60,

67–90, 60–60, 60–90. Seawater used in all experiments was

collected directly from the sampling rosette into 500 mL

acid-cleaned brown HDPE bottles. Time zero samples for

each bottle were taken following the addition of 15NH
1

4 (99.7

atom % 15N) to a final label concentration of 200 nmol L21.

Following label addition, bottles were incubated in an on-

deck circulating seawater incubator cooled with local surface

waters, ranging in temperature from 128C to 168C, for 24 h.

Subsamples to measure the accumulation of the 15N in the

NO2
3 1NO

2

2 pool were taken by syringe at 0 h and 24 h,

passed through a 0.2 micron filter (Sterivex, Millipore, Mas-

sachusetts, U.S.A.) into a 60 mL HDPE vial and frozen at

2808C until analysis. Analyses of the d15N in NO2
3 1NO

2

2
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were performed using the denitrifier method (Sigman et al.

2001) at the University of California Davis Stable Isotope

Facility (http://stableisotopefacility.ucdavis.edu/no3.html).

The resultant data were used to calculate 15N-based nitrifi-

cation rates, as described previously (Smith et al. 2014a).

Extraction and processing of nucleic acids from

seawater samples

Within 30 min of the sampling rosette arriving on deck,

cells were harvested from whole seawater samples by pres-

sure filtration (2 L per depth for RNA or DNA) through

25 mm filters housed in Swinnex filter holders (EMD Milli-

pore, Billerica, Massachusetts, U.S.A.); each sample was first

passed through a 10 lm pore size polyester prefilter (EMD

Millipore, Billerica, Massachusetts, U.S.A.) and then a 0.2 lm

Supor filter (Pall, Port Washington, New York, U.S.A.). The

0.2 lm pore size filters were flash frozen in liquid nitrogen

in gasketed 2 mL bead tubes containing a mixture of

0.1 mm and 0.5 mm glass beads. Recent evidence suggests

that nitrification does not take place on sinking or sus-

pended particles (Wilson et al. 2014) and that Thaumarch-

aeota are present at very low abundances on them (relative

to the free-living community) (Ganesh et al. 2015). There-

fore, 10 lm pore size filters were not analyzed.

DNA was extracted from frozen 0.2 lm pore size filters

following the protocol in Lund et al. (2012), with some mod-

ifications: 700 mL Sucrose-EDTA lysis buffer (0.75 M sucrose,

20 mM EDTA, 400 mM NaCl and 50 mM Tris) were added

prior to agitating the filters for 45 s at speed 5.5 in a FastPrep

bead-beating machine (MP Biomedicals, Solon, Ohio,

U.S.A.). Then, 100 lL of 10% (weight per volume) sodium

dodecyl sulfate and proteinase K (50 mg mL21) were added,

followed by incubation at 558C overnight. The lysate was

purified using the Qiagen Blood & Tissue DNeasy kit (Valen-

cia, California, U.S.A.) following the manufacturer’s protocol

with an additional wash step with buffer AW2. Purified DNA

was quantified using a Qubit fluorometer (Life Technologies,

Carlsbad, California, U.S.A.). DNA yields ranged from 0.01

lg L21 to 2.25 lg L21 of seawater across all samples.

RNA was extracted according to the protocol of Church

et al. (2005), including modifications outlined elsewhere

(Lund et al. 2012). Filter samples were collected and sub-

merged into lysis buffer prior to being flash frozen in liquid

nitrogen at sea. At the time of extraction, frozen samples

were thawed on ice, after which they were agitated for 45 s

at a speed of 5.5 in a FastPrep bead-beating machine (MP

Biomedicals, Solon, Ohio, U.S.A.). Samples were then cen-

trifuged for 3 min at 10,000 3 g to pellet filter and cell

debris, and the supernatant transferred to a clean microcen-

trifuge tube. Then, 500 lL of 70% ethanol were added prior

to binding and purification of RNA samples using RNeasy

columns (Qiagen, Valencia, California, U.S.A.) according to

the manufacturer’s instructions. Purified RNA was eluted by

addition of 50 lL of 958C DEPC-treated water. An aliquot

of the purified RNA was immediately subjected to removal

of contaminating DNA using the Turbo DNA-free kit follow-

ing manufacturer’s protocol (Life Technologies, Carlsbad,

California).

Complimentary DNA (cDNA) was synthesized using ran-

dom hexamers and the SuperScript III First-Strand Synthesis

System for RT-PCR (Life Technologies, Carlsbad, California,

U.S.A.) according to manufacturer’s protocol, except for

increasing the reverse transcription incubation step to 5 h at

508C (Lund et al. 2012). Negative reverse transcription con-

trol reactions were performed for each sample, replacing the

reverse transcriptase enzyme with water.

Quantification of amoA genes and mRNA transcripts

Assays for quantification of “total” archaeal amoA (AOA)

and betaproteobacterial amoA (AOB) genes were carried out

in 25 lL reactions using SYBR Green chemistry on a StepOne

Plus real-time PCR machine (PE Applied Biosystems,

Waltham, Massachusetts, U.S.A.), as described previously

(Smith et al. 2015). Each reaction contained 12.5 lL Failsafe

Green Real-Time PCR PreMix E (Epicentre Biotechnologies,

Madison, Wisconsin, U.S.A.), 400 nM each primer, 1.25 U

Failsafe Real-Time Enzyme Blend (Epicentre Biotechnologies,

Madison, Wisconsin, U.S.A.), and ROX passive reference dye

at the concentration recommended by the manufacturer.

The betaproteobacterial amoA qPCR assay used the amoA1F/

2R primer set (Rotthauwe et al. 1997) and the following ther-

mal profile: of 948C for 3 min followed by 35 cycles of 958C

for 45 s, 568C for 30 s, 728C for 50 s, and a plate reading step

at 828C for 10 s. “Total” archaeal amoA genes were quanti-

fied using the primers Arch-amoAF/Arch-amoAR (Francis

et al. 2005) and the following thermal profile: 948C for 3

min, followed by 35 cycles of 948C for 30 s, 588C for 45 s,

and 728C for 50 s, and a plate read at 808C for 10 s. Average

AOA qPCR efficiency was 94%. A melting curve analysis was

performed after each SYBR qPCR run with plate reads at a

temperature increment of 0.38C. R2 values for the standard

curves (cycle threshold, Ct, vs. log10 copy number) were 0.98

or better for all runs. Efficiency was calculated relative to a

theoretical standard curve slope of 3.32.

The abundance of amoA genes related to Water Column A

(WCA) and Water Column B (WCB) thaumarchaeal ecotypes

was estimated with two independent, non-overlapping qPCR

assays (Mosier and Francis 2011). The assays were run with

identical reaction chemistries, as follows: 12.5 lL Taqman

Environmental Master Mix 2.0 (Life Technologies, Carlsbad,

California, U.S.A.), 200 nM of each primer, 300 nM of each

probe and either 1 lL DNA or 2 lL cDNA template per reac-

tion (0.5–42 ng template DNA or cDNA per reaction), to a

final volume of 25 lL. Cycling conditions were: 958C for 10

min, 40 cycles of 958C for 15 s, 568C for 1 min, followed by

detection. All qPCR reactions were run in triplicate with a

standard curve spanning approximately 1002106 templates,

run in duplicate. Linearized plasmids containing cloned
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inserts of the target gene (TOPO pCR4 vector, Invitrogen)

were used as standards. Plasmids were linearized with the

restriction enzyme NotI (New England Biolabs), purified

(DNeasy, Qiagen, San Diego, California, U.S.A.), quantified

by fluorometry (Quanti-T HS reagent, Life Technologies,

Carlsbad, California, U.S.A.), and stored at 2808C. Fresh

standard dilutions were made from frozen stocks for each

day of analysis. A minimum of three negative control qPCR

reactions, to which no DNA template was added, were ana-

lyzed with every assay. Efficiencies for all qPCR assays ranged

from 95% to 99% across all samples.

Amplification and sequencing of archaeal ureC genes

The distribution and diversity of archaeal ureC genes were

studied by amplification and sequencing of genes using a

PCR reaction chemistry identical to that used for amplifica-

tion of archaeal amoA genes (Smith et al. 2015) and the

primer set CRUR_F155 and CRUR_R1420 (Yakimov et al.

2011), which amplifies a 1265 bp fragment. Amplified frag-

ments were cloned using the TOPO TA cloning kit (Life

Technologies, Carlsbad, California) and sequenced with an

ABI 3100 Capillary Sequencer (Elim Biopharmaceuticals,

Hayward, California, U.S.A.). A total of 175 archaeal ureC-

like sequences were obtained. Sequence alignments were cre-

ated using the MUSCLE plugin within Geneious 7.1.4

(http://www.geneious.com) (Kearse et al. 2012), using a gap

open score of 2800. The alignment was manually checked

prior to building a neighbor-joining tree using a Jukes-

Cantor correction and 1000 neighbor joining bootstrap repli-

cates. UniFrac distances (unweighted) were calculated using

the online Fast UniFrac portal (Hamady et al. 2010) and

were used as input for non-metric multidimensional scaling

analysis (NMDS) using the vegan package in R (Oksanen

et al. 2013; R Core Team 2014). Sequences from three bacte-

rial strains were included as an out-group. All ureC sequences

generated in this study have been deposited in GenBank and

are available under accession numbers KR006731-KR006905.

Results

As is evident by the shoaling of the halocline and nitra-

cline from 124 8W (Fig. 1A,B), the cruise traversed upwelling-

influenced waters nearshore (stations 55 and 60 on both

lines) and then entered the mesotrophic coastal transition

zone (station 75 on both lines) (Chavez et al. 1991). The sea-

ward terminus of both transects was the eastern boundary of

the California Current jet (station 90 on both lines), evi-

denced by the low salinity, low nitrate surface waters (Fig.

1A,B). Overall, physicochemical conditions observed during

our occupation of lines 60 (Fig. 1B,D,F) and 67 (Fig. 1A,C,E)

were highly similar.

The euphotic zone, bounded vertically by the depth of the

1% isolume, deepened along both hydrographic transects,

from 27 m to 35 m at upwelling-influenced stations to 45–

48 m in the coastal transition zone and 56–58 m in California

Current jet. The gradual deepening of the euphotic zone was

concurrent with decreases in nitrate (Fig. 1C,D), from 2.9 lM

to 3.9 lM nearshore to 0.02 lM to 0.2 lM offshore, and chlo-

rophyll, from 3.9 lg L21 to 13.3 lg L21 and from 0.14 lg L21

to 0.17 lg L21 (Fig. 1E,F contours), concentrations in surface

waters. A subsurface chlorophyll maximum (present at all sta-

tions) gradually deepened, from � 10 m near the coast to �
40 m offshore (Fig. 1E,F contours). The primary nitrite maxi-

mum was situated just below the subsurface chlorophyll max-

imum along both transects and varied in intensity from a

maximum of 0.75 lmol L21 at 67-60 to a minimum of 0.04

lmol L21 at 67-90 (Fig. 1E,F).

Vertical distributions of “total,” WCA and WCB AOA

amoA genes and mRNA transcripts and b-AOB amoA genes

were quantified at five depths (30 m, 80 m, 100 m, 150 m,

200 m) at eight stations, extended to 500 m and 1000 m at

three stations, and to 2000 m, 3000 m, and 3900 m at two

stations. Nitrification rates were measured in the same sam-

ples used to quantify amoA gene and mRNA transcript abun-

dances at stations 60-60, 60-90, 67-60 and 67-90 at all

sampling depths above 1000 m. We chose to analyze and

present our data with actual sampling depths normalized to

account for the depth of euphotic zone at each station

(defined here as the depth of the 1% isolume), to allow for

more accurate between-station comparison of remineraliza-

tion dynamics in the upper mesopelagic zone (Buesseler and

Boyd 2009).

Nitrification rates

Nitrification rates ranged from<0.01 nmol L21 d21 to 90

nmol L21 d21 across all stations/depths (Fig. 2). The depth of

highest nitrification activity tended to be at the first interval

below the euphotic zone (Fig. 2). Below this depth, rates

decreased at all stations to a minimum between 0.4 nmol

L21 d21 and 7.1 nmol L21 d21 toward the base of the upper

mesopelagic zone (200 m). Below 200 m, rates were detected

in samples from 500 m at 67-60 and 60-60 and 1000 m at

67-90 and 60-90, where they were 2 nmol L21 d21 and 5

nmol L21 d21 and 0.7 nmol L21 d21 and 0.8 nmol L21 d21,

respectively. When data from all stations/depths were ana-

lyzed together, the equation for the best-fit power law was:

rate 56:6 x
100

� �21:91
, where x is the rate of nitrification at a

depth 100 m below the euphotic zone (N 5 20, R2 5 0.78,

p<0.01).

Distribution of “total,” WCA and WCB AOA amoA genes

with depth

Archaeal amoA genes were detected in all samples

(N 5 59) from our study (Fig. 3A). Their abundances ranged

from 6 3 103 to 3 3 107 copies L21 over the entire dataset,

similar to previous upper water column studies in this region

(Mincer et al. 2007; Santoro et al. 2010). AOA amoA gene

abundances showed a coherent vertical trend at all eight sta-

tions: they were highest between � 50 m and 200 m (3 3

106 to 4 3 107 copies L21), decreased 10-fold to 100-fold
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between the mesopelagic and bathypelagic (4 3 105 to 3 3

106 copies L21) from � 500 m to 3000 m below the euphotic

zone, and decreased another 10-fold (2 3 105 copies L21) at

the base of the bathypelagic (3900 m) (Fig. 3A).

There were pronounced differences in the vertical distri-

butions of WCA and WCB abundances with depth in the

upper mesopelagic. WCA abundances ranged from 2 3 104

to 2 3 107 copies L21 between 0 m and 500 m (Fig. 3B).

While they were lowest at station 67-90 and highest at 60-55

at these depths, there was no apparent trend in their abun-

dance with distance from shore along line 60 or 67. There

was, however, a coherent vertical trend at 7 of 8 stations.

WCA abundances reached a maximum near 50 m at all sta-

tions except 67-75 (150 m maximum), below which they ini-

tially decreased by 1.5-fold to 6.5-fold down to 200 m

(N 5 8); then, precipitously, by 100-fold, between 200 m and

500 m (N 5 3). Combined, the WCA abundance data from

our stations shows a relatively constant abundance (between

106 and 107 copies L21) between the base of the epipelagic

(0 m in Fig. 3B) and 200 m, and a steep decline between the

upper mesopelagic and interior waters.

WCB amoA gene abundances in the upper mesopelagic

ranged from 7 3 102 to 2 3 107 copies L21, and were highest

and lowest at 67-70 and 60-90, respectively. WCB amoA gene

abundances were more variable (vertically) than those of the

WCA in the shallow layers of the upper mesopelagic. Unlike

the WCA, WCB abundances were highly variable between

stations at 50 m and did not reach similar levels at all sta-

tions until 100 m. Below this depth their abundances were

highly consistent down to 200 m. Overall, the WCA

Fig. 1. Salinity (A, B), nitrate (C, D) and nitrite (E, F) in the upper 200 m of the water column along lines 67 (A, C, E) and 60 (B, D, F) extending

from the coast of central California into the northeast Pacific Ocean. Density expressed as sigma theta (rh, kg m2321000) is contoured on salinity
panels (A, B); temperature (8C) is contoured on nitrate panels (C, D); chlorophyll concentrations (lg L21) are overlain as contours on the nitrite panels
(E, F). Black dots represent stations/depths where discrete samples were taken for measurement of chlorophyll and macronutrients.
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outnumbered the WCB between 1.5-fold and 680-fold

between 0 and 100 m at every station. The WCB outnum-

bered the WCA by 1.2-fold to 6.5-fold between 100 m and

200 m (N 5 8) and by 31-fold to 80-fold at 500 m (N 5 3).

The switch from WCA- to WCB-dominated AOA commun-

ities was largely driven by steeper rates of decline in the size

of the WCA community between 200 m and 500 m below

the euphotic zone (Fig. 3B,C).

As in the upper mesopelagic, both WCA and WCB amoA

genes were present at all interior depths in the ocean, from

the top of the mesopelagic (500 m) to the bottom of the

bathypelgaic (3900 m). WCA and WCB amoA gene abundan-

ces ranged from 5 3 101 to 1 3 104 copies L21 and 1 3 104

to 4 3 106 copies L21, respectively, throughout the interior

of the ocean (N 5 12). WCB became a continually larger frac-

tion of the AOA community with increasing depth in the

ocean’s interior, outnumbering the WCA by 379-fold to

1465-fold in the lower mesopelagic (750–1000 m, N 5 5) and

460-fold to 15,000-fold in the bathypelagic (1500–3900 m,

N 5 7) (Fig. 3B,C). The increasing shift toward WCB domi-

nance at depth in the interior ocean was, as in the upper

mesopelagic, due to a 2–3 order of magnitude decline in

WCA amoA gene abundances, while corresponding WCB

abundances decreased by only one of order magnitude.

Analysis of our data using density (sigma theta) as a vertical

coordinate effectively generated a “composite” of AOA distri-

butions (Fig. 4A–C), chlorophyll concentrations (Fig. 4D),

nitrification rates (Fig. 4E) and concentrations of nitrite (Fig.

4F), nitrate relative to silica (NO2
3 : SiO24

4 ) (Fig. 4G) and ammo-

nium (Fig. 4H) along the pycnocline in the central CCS. From

these data, it became apparent that “total” AOA amoA genes

(Fig. 4A), as well as those associated with both AOA ecotypes

(Fig. 4B,C) are most abundant near the 26.4 kg m23 isopycnal,

which occurs substantially deeper in the pycnocline than sub-

surface maxima in chlorophyll concentrations, nitrification

rates, NO2
3 : SiO24

4 , nitrite and ammonium concentrations,

which all occurred near 25.5 kg m23 (Fig. 4D–H). Below

26.6 kg m23 ammonium concentrations were consistently

below detection (< 5 nmol L21) (Fig. 4H). The paucity of chlo-

rophyll below 26.5 kg m23 in Fig. 4D reflects the fact that

these measurements were not made below 200 m routinely.

Linear regression of AOA amoA gene abundances deter-

mined using a “general” qPCR assay (Fig. 3A) with the sum of

non-overlapping WCA and WCB amoA qPCR assays (Fig.

3B,C) suggests that the sum of the ecotype-based assays can be

used to estimate the size of the pelagic AOA community as a

whole throughout the water column. The parameterized linear

regression model for the abundance of “total” AOA amoA and

WCA1WCB amoA genes (N 5 58, p<0.01, R2 5 0.87) has an

intercept of zero and slope (m) of 0.95 6 0.05 (95% CI) (Sup-

porting Information Fig. S1), which means that “total” AOA

amoA gene abundances determined using the single assay are

5% higher (on average) than when they are estimated using

the sum WCA and WCB amoA gene abundances.

Distribution of WCA and WCB amoA mRNA transcripts

with depth

WCA and WCB amoA mRNA transcripts were detected in

all samples taken during our study, from the shallow upper

mesopelagic to 3900 m, near the seafloor (Fig. 5A,B). WCA

and WCB amoA mRNA transcripts ranged in abundance

from 8 3 108 to 6 3 106 copies L21 (Fig. 5A) and 3 3 108 to

2 3 105 copies L21 (Fig. 5B), respectively. Transcript abun-

dances were generally more variable between stations than

amoA genes, particularly for the WCB (Fig. 5B) and showed

no relationship with distance from shore. The abundance of

both WCA and WCB amoA mRNA transcripts followed the

same vertical trends observed for their respective genes, as

observed for both ecotypes in Monterey Bay (Smith et al.

2014b) and for the AOA community as a whole (Lam et al.

2009; Church et al. 2010). WCA transcripts reached a maxi-

mum near 50 m at all stations and decreased slowly down to

Fig. 2. Nitrification rates determined at stations ~60–60, 360–90,
�67–60, �67–90. To facilitate interpretation of rate data in relation to
particle dynamics below the euphotic zone, sampling depths were

adjusted to account for depth of the euphotic zone at each station, with
a depth of zero being the 1% isolume. The solid line is the line of best
fit (N 5 20, R2 5 0.78, p<0.01) for a power-law function:

rate56:6 x
100

� �21:91
, where x is the nitrification rate determined at 100 m

depth below the euphotic zone.
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500 m before declining precipitously through the interior of

the ocean to 3900 m (Fig. 5A). Vertical distributions of WCB

transcripts were more variable in magnitude between sta-

tions. Like the corresponding amoA genes, they showed less

vertical variation than those of the WCA at depths in the

interior of the ocean (Fig. 5B).

Overall, WCA amoA mRNA transcripts consistently out-

numbered those of the WCB by 2-fold to 11,000-fold above

200 m in the dark ocean. Below this, WCA transcript abun-

dances decreased quickly down to 1000 m, however WCB

transcript abundances were also variable at these depths,

causing there to be no consistent trend in abundance; at

some stations/depths, WCA transcripts dominated by 3-fold

to 48-fold, but at others they were outnumbered 2-fold to

140-fold by the WCB (Fig. 5A,B). Consistency was observed

again at interior depths, between 1000 m and 3900 m, where

WCB transcripts consistently outnumbered those of the

WCA between 1.2-fold and 336-fold (Fig. 5A,B).

No evidence of overexpression of amoA mRNA transcripts

was found in our dataset (Figs. 3B,C, 5A,B). On average,

there were 0.1 (6 0.02; N 5 59) and 0.014 (6 0.004; N 5 58)

amoA mRNA transcripts per gene for the WCA and WCB,

respectively. Taking the most basic assumption of one amoA

gene per genome (Walker et al. 2010; Santoro et al. 2015)

and one transcript per active cell (Nakagawa and Stahl

2013), this suggests that 1 of 10 WCA (10%) and 1 of 71

WCB (1.4%) were active at the time of sampling. Combined

WCA and WCB data indicates there to be 0.06 transcripts

per amoA gene, which equates to 1 of 17 AOA cells (5.8%)

being active in the dark realm of the ocean.

Diversity of thaumarchaeal ureC genes

Genes encoding urease subunit C (ureC) in Thaumarch-

aeota were obtained at stations 67–55, 67–60, 67–90, 60–60,

and 60–90, from several depths between 0 m and 3900 m

(Fig. 6). Our intention was not to perform an exhaustive sur-

vey of marine thaumarchaeal ureC diversity, but instead to

obtain a broad overview of the lateral and vertical distribution

of these genes in the central CCS. Attempts to detect expres-

sion of ureC mRNA transcripts in our samples were unsuccess-

ful. Thaumarchaeal ureC genes from our samples aligned

phylogenetically within five of the six previously described

marine clades (Yakimov et al. 2011; Alonso-S�aez et al. 2012)

(Fig. 6). The majority of sequences grouped into the Marine

Clade B.4 (75/175 sequences). While its original description

included sequences exclusively from the deep sea (Yakimov

et al. 2011), many of our sequences in this clade were from

shallower depths, including some from only 80 m, expanding

the domain of this clade beyond the bathypelagic. Interest-

ingly, all bathypelagic CCS sequences (from�2000 m below

Fig. 3. Abundance of “total” (A), WCA (B) and WCB (C) AOA amoA genes at depth below the euphotic zone (Ez) at all stations. To facilitate inter-

pretation of AOA amoA gene abundances in relation to particle dynamics below the euphotic zone, sampling depths were adjusted to account for
depth of the euphotic zone at each station, with a depth of zero being the 1% isolume. w 60–55, ~60–60, !60–75, 360–90, �67–55, �67–60,

67–75, �67–90.
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the surface) in Marine Clade B.4 grouped in a well-supported

branch with a bathypelagic sequence from Station ALOHA

(Supporting Information Fig. S2); therefore, specific sub-clades

may represent shallow and deep Marine Clade B.4 popula-

tions. Like Marine Clade B.4, both shallow and deep CCS

sequences grouped in Marine Clade B.2, indicating this clade

also does not exclusively represent deep populations (Fig. 6).

In contrast to Marine Clades B.2 and B.4, only CCS

sequences from bathypelagic waters grouped in Marine Clade

B.1, supporting its designation as a “deep” ureC clade. Like-

wise, the characterization of Marine Clade A.1 as a “shallow”

water clade (Yakimov et al. 2011) was supported by our data,

as all CCS sequences in this clade were from waters�200 m

below the surface (Fig. 6). A biplot of a UniFrac NMDS analy-

sis suggested little clustering by station, while there was dis-

tinct clustering between sequences from shallow (� 200 m

from the surface) and deep waters (Supporting Information

Fig. S3).

Distribution of betaproteobacterial AOB amoA genes

Bacterial amoA genes were present at concentrations

above the limiting threshold of our assays (� 10 copies L21)

in 34 of 59 samples. Their genes were only detected in sam-

ples from the upper mesopelagic, ranging from 2 3 103 to

7 3 105 genes L21 (Supporting Information Fig. S4). The AOB

were between 2 and 3000-fold less abundant than the AOA

in our dataset, accounting for �2% of the ammonia-

oxidizing community (AOA1AOB amoA genes), which sug-

gests that their role in nitrification is negligible in this envi-

ronment. For this reason, we did not attempt to quantify

b-AOB amoA mRNA transcripts as part of this study.

Discussion

Nitrification rates tend to follow a bell curve-like depth

distribution in the ocean; rates increase exponentially with

depth below the surface to a sometimes narrow (Beman

et al. 2012) maximum near the epipelagic-upper mesopelagic

boundary, before decreasing to a minimum in the interior

ocean (Ward 1987; Ward et al. 1989; Newell et al. 2013). Sev-

eral lines of geochemical evidence suggest that this vertical

distribution could be a response to high rates of organic mat-

ter decomposition and remineralization at the base of the

euphotic zone (Buesseler et al. 2008, 2009). This idea is well

supported in our dataset; most notably by the co-occurrence

Fig. 4. Density-based composites showing the abundance of (a) “total” AOA, (b) WCA, (c) WCB amoA genes, and (d) chlorophyll concentrations,
(e) nitrification rates, and concentrations of (f) nitrite, (g) nitrate relative to silica (NO2

3 : SiO24
4 ) and (h) ammonium (note log scale on x-axis) along

lines 60 and 67. These plots include data from epi-, meso- and bathypelagic depths. Light gray symbols in panels (B) and (C) represent the abundance
of amoA mRNA transcripts determined in separate samples from the same depth/station. w 60–55, ~60–60, !60–75, 360–90, �67–55, �67–60,

67–75, �67–90.
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of subsurface maxima in ammonium, nitrite and NO2
3 : SiO24

4

concentrations (Fig. 4F–H) just below the chlorophyll maxi-

mum (Fig. 4D). Like fixed nitrogen, an important source of

silica to the dark ocean is through the biological pump. It

has been hypothesized that an excess of nitrate relative to

silica is evidence that fixed nitrogen is liberated from organic

matter at shallower depths than silica and that the resultant

ammonium is oxidized to nitrite and nitrate via nitrification

(Buesseler et al. 2008). Therefore, subsurface maxima of

nitrite and NO2
3 :SiO24

4 concentrations, in addition to ammo-

nium, may be indicative of high rates of remineralization.

Our data clearly confirm this to be the case in the north-

east Pacific Ocean. Nitrification rates (Fig. 4E) are highest at

the same position in the pycnocline where the subsurface

ammonium (Fig. 4H), nitrite (Fig. 4F) and NO2
3 :SiO24

4 (Fig.

4G) maxima occur, providing the needed biological link

between the three geochemical “tracers” of N remineraliza-

tion. The co-occurrence of these maxima at a specific region

in the pycnocline has not been demonstrated previously,

and the impacts of this relationship on the use of Si* as

tracer of oceanic circulation remain to be determined (Sar-

miento et al. 2004). However, the relationship among them

is an intuitive one, simply suggesting that the availability of

ammonium structures nitrification rates below the euphotic

zone. This point is further supported by the fact that they

decrease with depth according to a Martin-style power curve

(Fig. 2). As with other regions of the ocean (Ward and Zafir-

iou 1988; Newell et al. 2011), the exponent in the fit equa-

tion (0.91), which defines the remineralization path length,

is strikingly similar to those determined during several inde-

pendent sediment trap programs in the region (0.83–0.88)

(Martin et al. 1987; Pennington et al. 2010). Together, these

data strongly indicate that nitrification rates in the dark

realm of the northeast Pacific Ocean are constrained by the

organic matter flux, a primary source of ammonium to the

dark ocean.

A logical extension of the above observation is to assume

that the abundances of the organisms involved in nitrifica-

tion are also tightly coupled to patterns of N remineraliza-

tion and the flux of organic matter to depth. As is apparent

in the depth profiles from all stations, the abundance of

amoA genes for both the AOA (Fig. 3A) and b-AOB (Support-

ing Information Fig. S4), as well as both AOA ecotypes (Fig.

3B,C), remain nearly constant in the upper mesopelagic,

despite precipitous declines in nitrification rates over this

same depth interval (Fig. 2), which is surprising given how

tightly coupled they are in the epipelagic (Beman et al.

2008; Smith et al. 2014b).

The vertical distribution of most macronutrients are aligned

with the pycnocline in the North Pacific Ocean, meaning the

physicochemical environment an organism experiences is

likely to be more consistent within a density layer than within

a depth horizon (Omand and Mahadevan 2013). The relation-

ship between density and depth is more consistent in perma-

nently stratified regions of the ocean. However, in eastern

boundary current systems, such as the central CCS, upwelling

causes the pycnocline to shoal nearshore (e.g., Fig. 1A,B), com-

plicating spatiotemporal comparisons along depth strata. In

these environments, analysis of data using density and depth

can help to resolve the effects of vertical vs. lateral factors on

the distribution and activity of microorganisms, and the bio-

geochemical processes they mediate.

While not apparent in the depth profiles, the density-

based composites clearly indicate that AOA amoA genes (Fig.

4A) reach their maximum abundance much deeper in the

pycnocline than where rates of nitrogen remineralization

and nitrification are maximal (Fig. 4E–H). Nitrification rates

are highest near the 25.5 kg m23 isopycnal (Fig. 4F), while

“total,” WCA, and WCB AOA amoA genes are most abundant

at 26.4 kg m23 (Fig. 4A–C). In our dataset, the 25.5 kg m23

and 26.4 kg m23 isopycnals occur at an average depth of

68 6 41 m (N 5 20, range: 21–137 m) and 159 6 42 m

(N 5 20; range: 112–225 m (Fig. 1A,B), respectively. Put

another way, the AOA reach their maximum abundance

91 m deeper than where nitrification and ammonium con-

centrations are highest (Fig. 4E,H). It is this vertical offset

that most strongly suggests there to be additional factors,

Fig. 5. Depth distributions of WCA (A) and WCB (B) AOA amoA mRNA
transcripts at depth below the euphotic zone (Ez) at all stations. To facil-

itate interpretation of AOA amoA gene abundances in relation to particle
dynamics below the euphotic zone, sampling depths were adjusted to
account for depth of the euphotic zone at each station, with a depth of

zero being the 1% isolume. w 60–55, ~60–60, !60–75, 360–90,
�67–55, �67–60, 67–75, �67–90.
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beyond the availability of ammonium or the supply of

organic matter (Fig. 2), that regulate the vertical distribution

of ammonia-oxidizing microorganisms in the dark ocean.

Some potential explanations include the possibility that

the AOA are able to capture a greater fraction of the ammo-

nium flux, possibly due to there being less bacteria at these

depths (Karner et al. 2001), that the community is supported

by additional substrates beyond ammonium, such as amino

acids (Ouverney and Fuhrman 2000) or urea (Alonso-S�aez

et al. 2012), or that rates of vertical mixing and/or predation

are reduced in the lower pycnocline. Indeed, repeat hydrog-

raphy data for the region indicates that the 26.4 kg m23 iso-

pycnal does not outcrop seasonally (Collins et al. 2003) in

the central CCS and that it occurs at depths below the win-

ter mixed layer (50–100 m) (Pennington and Chavez 2000),

which suggests that physical mixing and stability are impor-

tant influences on the distribution of AOA amoA genes in

this region of the ocean.

Presence of Thaumarchaeal urease (ureC) genes

throughout the dark ocean

One recently put forth idea is that the AOA (or a fraction

of them) use urea to support their growth in the ocean

(Alonso-S�aez et al. 2012). Whether this reflects different met-

abolic preferences within the AOA or represents a survival

strategy when ammonium is scarce, as it is below 200 m in

the northeast Pacific Ocean (Sudek et al. 2015), remains to

be determined. The fluxes or sources of urea in the interior

of the ocean are also not well understood; presumably it is

either excreted by animals or generated during organic mat-

ter decomposition (Remsen 1971). In either case, the

strength of the source is likely to decrease exponentially

with depth below the upper mesopelagic and be very weak

below 500 m, where zooplankton biomass is consistently

low (Steinberg et al. 2008).

Yet, our sequencing efforts clearly show thaumarchaeal ureC

genes to be highly diverse and broadly distributed in the central

CCS, from upper mesopelagic to bathypelagic depths (down to

3900 m) and from nearshore upwelling-influenced to mesotro-

phic offshore waters (Fig. 6). Therefore, a fraction of the AOA

community throughout this region likely has the ability to use

urea. Overall, thaumarchaeal ureC diversity appears to be driven

primary by depth and not distance from shore (Supporting

Information Fig. S3), although some clades include sequences

from multiple layers of the water column (Marine Clades B.2.

and B.4) while other clades are depth-specific (Marine Clades

A.1, B.2, and C; Fig. 6). These data greatly expand existing

knowledge of the conditions where thaumarchaeal ureC genes

occur in the ocean (Hallam et al. 2006; Konstantinidis et al.

2009; Baker et al. 2012; Swan et al. 2014) and indicate the

potential for “mixotrophic” growth by the AOA to be wide-

spread in the marine water column. However, our inability to

detect ureC mRNA transcripts in community RNA suggests that

it may not be a dominant thaumarchaeal metabolism in the

dark northeast Pacific Ocean.

Distribution, abundance, and activity of WCA and WCB

AOA ecotypes

There is a general lack of quantitative information about

how the abundance of the two dominant AOA ecotypes vary

Fig. 6. Neighbor-joining phylogenetic tree of thaumarchaeal ureC-like sequences obtained from the central CCS. Major clades are designated and

grouped following previously used nomenclature, although the “Polar Marine Clade” named by Alonso-S�aez et al. (2012) has been renamed “Marine
Clade C,” due to the presence of numerous non-polar sequences within this clade. Parenthetical values give the number of sequences obtained (left)
and the percentage of our total sequences (right) in each clade. One reference sequence is indicated next to each clade. Sampling depths of sequen-

ces in each clade are designated by shaded squares. Values at nodes indicate bootstrap support (neighbor joining, 1000 replicates).
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with depth in the dark ocean and, until now, none on their

transcriptional activity or potential contributions to nitrifica-

tion in these regions of the marine water column. Depth dis-

tributions of WCA and WCB amoA genes generally uphold

findings observed along a meridional transect in the Atlantic

Ocean (Sintes et al. 2013): WCA comprise the majority of

the AOA community in the upper 200 m (Fig. 3B), WCB

comprise the majority of it at interior depths (Fig. 3C), and

the transition between WCA and WCB dominance is largely

due to abrupt decreases in WCA abundances between 200 m

and 500 m (Fig. 3B,C).

It has been previously hypothesized that these different

vertical distributions of the dominant AOA groups in the

dark ocean reflect physiological differences in their affinity

for ammonium, with the WCA being adapted to the rela-

tively higher ammonium fluxes in the upper mesopelagic

zone while WCB are adapted to the very low fluxes charac-

teristic of the interior ocean. Our data coarsely uphold this

idea in the upper mesopelagic where there is a surplus of

ammonium and the WCA outnumber the WCB (Fig. 3B,C);

however, like with the “total” AOA amoA genes (discussed

above), physical mixing appears to have an important effect

on their vertical distributions in the upper mesopelagic (Fig.

4B,C). In the meso- and bathypelagic, the story appears to

be a bit more complex.

One explanation for the 2–3 order of magnitude decrease

in WCA amoA genes between the upper mesopelagic and

lower bathypelagic, compared with a 1 order of magnitude

decline in the WCB between the same layers (Fig. 3B,C), is

that it reflects differences in substrate preferences of WCA

and WCB ecotypes. Geochemical evidence from the mesope-

lagic at station ALOHA indicates the composition of the

archaeal community to shift from one comprised of autotro-

phic ammonia oxidizers (Ingalls et al. 2006; Hansman et al.

2009) to a more heterotrophic (Hansman et al. 2009) one

between 600 m and 900 m. The gross flux and lability of

organic matter reaching these depths in the north Pacific

Ocean is consistently lower in quantity and quality than

that of shallower waters (Martin et al. 1987; Buesseler et al.

2007), leading to rapid decreases in the flux of ammonium

(Wilson et al. 2014) (Fig. 4F) and other labile nitrogen com-

pounds (McCarthy et al. 1997) in the interior ocean. It seems

plausible, then, that the precipitous decrease observed in

WCA abundances between 250 m and 1000 m reflects the

fact that the majority of them are obligate chemoautotro-

phic ammonia oxidizers, like the only pelagic marine AOA

isolate (Santoro et al. 2015).

In contrast, WCB abundances change very little over this

interval but come to comprise>99% of the AOA commu-

nity by 1000 m, where radiocarbon data indicate heterotro-

phy to be the dominant metabolism (Hansman et al. 2009).

Similar to the Arabian Sea, there are more AOA (> 99%

WCB) at 1000 m than are needed to explain the nitrifica-

tion rates; rectifying this disparity requires very slow rates

of per cell activity and excessively long biomass turnover

times (� 1500 d) (Newell et al. 2011). Alternatively, this

abundance-activity disparity could be explained if the WCB

access a wider range of substrates (compared with the

WCA) to support their growth and only a fraction of the

community oxidizes ammonia.

Great strides have been made using transcriptional data

to resolve cellular and biogeochemical complexities in the

ocean (Aylward et al. 2015). Unfortunately, the distribution

and abundance of WCA and WCB amoA mRNA transcripts

provides little insight into the factors which influence their

respective activities, because they were detected at all depths

(Fig. 5A,B). The most striking results of this first effort to

quantify the abundance of ecotype-specific AOA amoA

mRNA transcripts throughout the dark ocean is that the dis-

tribution of WCA and WCB transcripts closely mirrors that

of their respective amoA genes (Figs. 3B,C, 5A,B). In other

words, we did not obtain any evidence of transcripts being

more abundant than genes (“overexpression”), despite strong

ammonium gradients (Fig. 4H) and the decoupling between

amoA gene abundances (Fig. 5A–C) and nitrification rates

(Fig. 5E) in the upper pycnocline. Instead, our data indicate

that amoA genes associated with both groups are actively

transcribed seemingly irrespective of conditions, and suggest

that both the WCA and WCB contribute to nitrification

throughout the dark ocean. Future work should focus on the

potential for metabolic plasticity in AOA communities domi-

nated by the WCB, which have proven difficult to cultivate

or study in the laboratory.
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