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Summary

Marine Crenarchaeota are among the most abundant
microbial groups in the ocean, and although relatively
little is currently known about their biogeochemical
roles in marine ecosystems, recognition that Crenar-
chaeota posses ammonia monooxygenase (amoA)
genes and may act as ammonia-oxidizing archaea
(AOA) offers another means of probing the ecology of
these microorganisms. Here we use a time series
approach combining quantification of archaeal and
bacterial ammonia oxidizers with bacterial commu-
nity fingerprints and biogeochemistry, to explore the
population and community ecology of nitrification. At
multiple depths (150, 500 and 890 m) in the Southern
California Bight sampled monthly from 2003 to 2006,
AOA were enumerated via quantitative PCR of
archaeal amoA and marine group 1 Crenarchaeota
16S rRNA genes. Based on amoA genes, AOA were
highly variable in time – a consistent feature of marine
Crenarchaeota – however, average values were
similar at different depths and ranged from 2.20 to
2.76 ¥ 104 amoA copies ml-1. Archaeal amoA genes
were correlated with Crenarchaeota 16S rRNA genes
(r2 = 0.79) and the slope of this relationship was 1.02,
demonstrating that the majority of marine group 1
Crenarchaeota present over the dates and depths
sampled possessed amoA. Two AOA clades were
specifically quantified and compared with betaproteo-
bacterial ammonia-oxidizing bacteria (b-AOB) amoA
genes at 150 m; these AOA groups were found to
strongly co-vary in time (r2 = 0.70, P < 0.001) whereas
AOA : b-AOB ratios ranged from 13 to 5630. Increases
in the AOA : b-AOB ratio correlated with the accumu-
lation of nitrite (r2 = 0.87, P < 0.001), and may be
indicative of differences in substrate affinities and

activities leading to periodic decoupling between
ammonia and nitrite oxidation. These data capture a
dynamic nitrogen cycle in which multiple microbial
groups appear to be active participants.

Introduction

The microbially mediated process of nitrification sustains
up to 12–32% of marine primary production globally (Yool
et al., 2007) and ultimately produces the deep ocean res-
ervoir of dissolved nitrate (Karl, 2007), the largest pool of
‘fixed’ nitrogen in the biosphere. The dynamics of oceanic
nitrification are complex, however, as the two steps of this
process – oxidation of ammonia to nitrite, and oxidation of
nitrite to nitrate – are mediated by independent groups of
microorganisms. Ammonia oxidation and nitrite oxidation
are assumed to be tightly linked because nitrite (NO2

-)
rarely accumulates in the ocean, yet nitrification is fre-
quently unstable in managed systems such as wastewa-
ter treatment plants (Graham et al., 2007). This instability
may derive from the limited amount of energy available
from ammonia and nitrite oxidation and a lack of func-
tional redundancy: just a few groups of beta- and gam-
maproteobacteria comprise the ammonia-oxidizing
bacteria (AOB), and known nitrite-oxidizing bacteria
(NOB) are drawn from a limited number of bacterial lin-
eages (e.g. Nitrospira, Nitrobacter and Nitrospina).

Discovery of ammonia oxidation within the domain
Archaea challenges this conceptual view of nitrification,
and the evidence for ammonia oxidation among meso-
philic and thermophilic Crenarchaeota is now substantial,
ranging from the molecular to (bio)geochemical (reviewed
by Francis et al., 2007) and including the cultivation of the
ammonia-oxidizing archaea, Nitrosopumilus maritimus
(Könneke et al., 2005), Nitrosocaldus yellowstonii (de la
Torre et al., 2008) and Nitrososphaera gargensis (Hatzen-
pichler et al., 2008). On balance, it seems likely that many
Crenarchaeota have the ability to oxidize ammonia, and
that the marine group 1 Crenarchaeota actively do so in
the ocean (Francis et al., 2005; Ingalls et al., 2006;
Wuchter et al., 2006; Lam et al., 2007; Mincer et al., 2007;
Beman et al., 2008) – yet a biogeochemical and ecologi-
cal role for ammonia-oxidizing Archaea (AOA) in oceanic
nitrification must be evaluated in the context of what is
presently known about the microbial ecology of marine
Archaea.
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Since their initial discovery off the coast of California
(DeLong, 1992; Fuhrman et al., 1992), comprehensive
efforts to quantify marine Crenarchaeota have demon-
strated that these organisms comprise > 30% of pico-
plankton in the mesopelagic zone of the North Pacific
Ocean (Karner et al., 2001). These and other findings
have established the marine Crenarchaeota as one of the
most abundant microbial groups in the ocean below the
euphotic zone (Herndl et al., 2005; Teira et al., 2006;
Kirchman et al., 2007). However, in nearly every study to
sample a region of the ocean at regular intervals, crenar-
chaeal abundance fluctuates substantially between sam-
pling periods: in Antarctic surface waters, Crenarchaeota
increased 44% between summer and winter (Church
et al., 2003); in the mesopelagic zone of the North Pacific,
Crenarchaeota ranged from 20% to 40% of DNA-
containing picoplankton (Karner et al., 2001); more
recently, Mincer and colleagues observed order-of-
magnitude shifts in crenarchaeal abundance in Monterey
Bay (Mincer et al., 2007). Temporal variability may be
intertwined with spatial gradients in deep waters – for
example, group 1 Crenarchaeota decrease as a propor-
tion of DAPI-stained cells from 65°N to 5°N in the Atlantic
Ocean, and appear to track declining ammonium concen-
trations (although these variables were not significantly
correlated; Varela et al., 2008). Interestingly, the first
study to examine temporal variability in Crenarchaeota in
the marine environment found a significant correlation
between NO2

- and the abundance of group 1 Crenarcha-
eota in the Santa Barbara Channel, California, USA
(Murray et al., 1999). These findings indicate that tempo-
ral variability in crenarchaeal abundance may be quanti-
tatively related to the substrates that are consumed and
produced during nitrification.

It is not yet known how populations of AOA, AOB and
NOB involved in nitrification may collectively vary over
time, and how this may be related to oceanographic and
biogeochemical conditions. For instance, Graham and
colleagues recently identified chaotic instability in nitrifica-
tion in small wastewater treatment reactors, finding that
when AOB became more variable, NO2

- accumulated and
NOB became less abundant (AOA were not detected in
the chemostats; Graham et al., 2007) – does similar
behaviour occur in marine ecosystems? Quantitative
associations between AOA and Nitrospina-like NOB with
depth may be indicative of metabolic coupling between
these two groups in the ocean (Mincer et al., 2007) – but
do these groups co-vary in time? Here we attempt to
disentangle the dynamics of nitrification by analysing
results from multiple depths (150 m, 500 m and 890 m) in
the Southern California Bight on a near-monthly basis
over 4 years. AOA were quantified at all of these depths
based on archaeal ammonia monooxygenase subunit A
(amoA) genes and marine group 1 Crenarchaeota 16S

rRNA genes, and we examined the dynamics of putative
NOB in bacterial community fingerprints. At 150 m, two
individual AOA ecotypes were quantified in addition to
b-AOB in an attempt to assemble a comprehensive view
of nitrification.

Results and discussion

AOA dynamics and oceanographic dynamics in the
Southern California Bight

The San Pedro Ocean Time-series (SPOT) site in the
Southern California Bight is characterized by complex and
variable hydrography: conditions are often oligotrophic
(euphotic zone depths > 60 m) due to eddies of low-
nutrient water moving inshore and up the coast, yet
upwelled water is occasionally swept southward in the
California Current. Surface (5 m depth) bacterial commu-
nities at SPOT nevertheless show predictable seasonality
based on automated ribosomal intergenic spacer analysis
(ARISA) community fingerprints, and these patterns are
quantitatively related to oceanographic conditions, includ-
ing dissolved NO2

- concentrations (Fuhrman et al., 2006).
An analogous time series is developed here for sub-
euphotic zone depths where nitrification is expected to be
more active, and used to explore the temporal dynamics
of nitrifying bacteria (AOB, NOB) and marine Crenarcha-
eota in the context of their presumptive role in chemoau-
totrophic nitrification as AOA.

Archaeal amoA genes were quantified on a near
monthly basis from 2003 to 2006 at SPOT using all extant
DNA samples, and similar archaeal amoA gene abun-
dances were found at 150 m, 500 m and 890 m: average
abundances from 2003 to 2006 were 2.76 ¥ 104 amoA
copies ml-1 at 150 m, 2.22 ¥ 104 amoA copies ml-1 at
500 m, and 2.20 ¥ 104 amoA copies ml-1 at 890 m (Fig. 1).
This similarity is surprising given depth-related variability
in biogeochemistry at the SPOT site, where oxygen (O2),
NO2

-, and nitrate (NO3
-) all show fluctuations at 150 m but

are relatively constant at 500 m and 890 m (Fig. S1). This
is particularly true for dissolved O2 concentrations: deep
waters below about 700 m have restricted flow to the
open sea and were suboxic (< 10 mM O2) for more than
90% of the time series. However, AOA and Crenarchaeota
are known to be present and abundant under low-oxygen
conditions (Kuypers et al., 2001; Sinninghe Damste et al.,
2002; Francis et al., 2005; 2007; Coolen et al., 2007; Lam
et al., 2007; Beman et al., 2008) and our results at 890 m
lend further support for these findings. As a percentage of
microbial (bacterial and archaeal) cell counts, archaeal
amoA genes ranged from 1% to 45% at 150 m, 1% to 8%
at 500 m, and 1% to 19% at 890 m. These percentage
values were calculated by dividing amoA abundances by
cell counts, yet they are consistent with archaea-specific
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FISH counts at the same location and depths reported by
Fuhrman and Ouverney (1998), as well as with the ranges
reported for marine Crenarchaeota throughout the deep
ocean (Karner et al., 2001; Herndl et al., 2005; Teira et al.,
2006; Kirchman et al., 2007).

The wide range of calculated percentages at SPOT is
indicative of substantial temporal variability in archaeal
amoA gene abundance. At 150 m, 500 m and 890 m
amoA standard deviations were similar to or exceeded
average values, and maximum and minimum values
ranged from barely above detection (> 10 copies ml-1) to
> 105 amoA copies ml-1 (Fig. 1). Given the dynamics of
bacterial communities in surface waters, similar 5- to
6-month cycles in archaeal amoA genes might be
expected, and Lomb-Scargle spectral analysis (Lomb,
1976) for unequally spaced data was applied to both
molecular and oceanographic data to identify significant
modes of variability in the time series. AOA time series
from 150, 500 and 890 m all exhibited different dominant
periods of variability – 1.42 months and 3.36 months at
150 m, 12.6 months at 500 m and 4.31 months at 890 m
– none of which were significant (Table S1). In contrast,
NO2

- concentrations showed significant annual variability
at all depths, with a period of 12 months at 150 and 500 m
and 11.3 months at 890 m. NO3

- concentrations varied
systematically at 500 and 890 m, but over longer domi-
nant periods of 20.6 months and 27.2 months. Tempera-
ture also exhibited significant annual cycles at 150 and
500 m, annual changes in salinity were only significant at
500 m, and dissolved O2 concentrations did not display
significant recurring cycles at any depth (Table S1).

Many of these patterns are obvious when SPOT data
are plotted at full depth resolution over time. In the upper
150 m, annual variability is clearly visible in salinity, O2,
NO3

- and NO2
- (Fig. 2). Most conspicuous is the appear-

ance of saltier, high NO3
-, low O2 water that reaches into

the euphotic zone in May/June of every year with remark-
able regularity. Coincident with this, a ‘plume’ of NO2

-

extends from the primary nitrite maximum at 30–40 m
down to 300 m (Fig. 2). These annually recurring events
are likely periods of intense nitrogen cycling as nitrogen is
absorbed, then remineralized and potentially nitrified
throughout the upper 300 m of the ocean.

Population ecology of AOA

Crenarchaeota may be central to this process as
ammonia oxidizers, yet the distribution of amoA genes
within marine group 1 Crenarchaeota – in terms of both
amoA to 16S rRNA ratios and phylogenetic patterns – is
still poorly constrained. In breaking marine Crenarchaeota
down into finer scale functional and phylogenetic groups,
we found that variations in the proportion of marine group
1 Crenarchaeota containing amoA was essentially nonex-
istent at SPOT: across all samples from 150, 500 and
890 m, group 1 16S rRNA genes and amoA genes were
well correlated (r2 = 0.79; Fig. 3) with a slope of 1.02.
While slopes at 150 m, 500 m and 890 m ranged from 1.2
to 0.90 to 1.08, differences in slopes between depths
were not significant (P > 0.05) based on Analysis of Cova-
riance (ANCOVA). In contrast to recent spatial surveys that
suggest that Crenarchaeota in mesopelagic and bathype-

Fig. 1. Temporal variability in archaeal amoA
gene abundance at SPOT from 2003 to 2006.
Data from (A) 150 m, (B) 500 m and (C)
890 m are expressed as archaeal amoA
copies ml-1. Error bars denote one standard
deviation of the triplicate measurement, and
grey-shaded regions indicate the months April
through September of each year. Breaks in
time series reflect absence of samples.
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lagic waters at lower latitudes may not contain amoA
(Agogue et al., 2008), results presented here indicate that
most and probably all Crenarchaeota harbour amoA
across the depths and dates sampled at SPOT. One pos-
sible explanation for this discrepancy is that Agogue and
colleagues did not collect any samples between 24.5°N
and 49.73°N for their latitudinal transect, whereas SPOT
is located at 33.55°N and in c. 900 m of water; however,
methodological differences between these studies – par-
ticularly the use of different archaeal amoA primer sets –
may also be a factor. For example, Konstantinidis and
colleagues recently demonstrated that the primer set

used by Agogue and colleagues has three mismatches
with archaeal amoA sequences recovered in a metage-
nomic sample from 4000 m (Konstantinidis et al., 2009).

Primers designed to specifically target two different
archaeal amoA sequence types (water column group A
and water column group B; Beman et al., 2008) were
used to quantify and compare these groups at SPOT.
AOA groups A and B were originally identified as distinct
sequence types in the first survey of archaeal amoA diver-
sity in the marine environment (Francis et al., 2005), and
subsequent metagenomic data demonstrated that the
separation among these groups is related to depth

Fig. 2. Oceanographic data from SPOT for
the years 2003–2006 plotted versus depth
using Ocean Data View. Values to 150 m are
shown and colour scales at right denote
concentrations in micromolar or salinity in
psu. Panels represent (A) NO2

-

concentrations, (B) NO3
- concentrations, (C)

O2 concentrations and (D) salinity. NO2
-

contours denote 0.3 and 0.6 micromolar
concentrations.
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(Hallam et al., 2006): group A may be found throughout
the water column, whereas group B is typically confined to
depths greater than 100–200 m. AOA amoB sequence
types partition in parallel with amoA between depths
(Mincer et al., 2007), and a similar depth-related separa-
tion has been noted within the marine group 1 Crenarcha-
eota based on analysis of partial 16S rRNA sequences
(Garcia-Martinez and Rodriguez-Valera, 2000; Massana
et al., 2000), and intergenic (or internal transcribed)
spacer (ITS) sequences (Garcia-Martinez and Rodriguez-
Valera, 2000).

SPOT 500 m and 890 m samples rarely harboured
group A (< 25% of samples; data not shown), but at 150 m
group A and B archaeal amoA genes were both consis-
tently present. The sum of the individual A and B assays
was strongly correlated with the assay for all AOA groups
at 150 m (r2 = 0.91, P < 0.001; Figs. 4A and 5A), and the
slope of this relationship was 1.19 when normalized per
ml and 1.03 normalized per nanogram of DNA (Fig. 4A).
This clearly demonstrates the effectiveness of these
assays for targeting the two sequence types. Archaeal
amoA gene abundances for groups A (r2 = 0.85,
P < 0.001, slope = 0.85) and B (r2 = 0.89, P < 0.001,
slope = 0.32) were also individually correlated with the
overall assay (Fig. 4A). Excluding cases where either of
the groups was not detectable (n = 7), groups A and B
amoA copies correlated with one another (r2 = 0.70,
P < 0.001, n = 24, Fig. 4B). Analysis of Variance (ANOVA)
of square-root transformed data showed significant differ-
ences among the assays (F = 4.7, P = 0.0038) and a post-
hoc Tukey test for honestly significantly differences
showed that the general assay and the sum of A + B were
significantly different from group B but not group A.
Together these data indicate group B comprises 25% (as
a proportion of groups A and B summed together) to 32%
(as a proportion of AOA from the general assay) of total
archaeal amoA abundance.

Group A and B sequence types clearly co-vary in time,
as the relative proportion of the two amoA sequence types

remains consistent despite a broad range of overall
archaeal amoA gene abundances. One possible interpre-
tation of these data is that Crenarchaeota possess mul-
tiple amoA copies per genome with an A : B ratio of 3 or
4:1. However, there were instances where one of the
sequence types was readily detectable and the other was
not (e.g. May 2004, October 2005, December 2005;
Fig. 5A). Extending this argument to encompass variation
in 16S rRNA sequences, ITS sequences and amoB gene
sequences requires consistent variation between multiple
copies of 16S rRNA, ITS, amoB and amoA sequences
altogether within individual genomes. In fact, single
archaeal amoA genes have been identified in available
genomes from Cenarcheum symbiosum and N. mariti-
mus, indicating that group A and B sequence types are
likely representative of independent AOA groups in the
ocean. Considered as independent groups of microorgan-
isms, groups A and B were consistently associated with
one another through time, and their near-‘fixed’ propor-
tions are likely controlled by factors that vary more
strongly with depth than with time – for example, dis-
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solved oxygen concentrations were previously suggested
to play a significant role in structuring AOA communities in
the ocean (Hallam et al., 2006) and may be an important
factor at SPOT.

b-AOB and NOB population ecology

Betaproteobacterial AOB (b-AOB) amoA genes showed
contrasting patterns and were at least an order of magni-

tude less abundant than AOA amoA genes throughout the
SPOT time series (Fig. 5A and B). AOB were undetect-
able in > 80% of samples from 500 m and 890 m, whereas
at 150 m, AOA : b-AOB gene copy ratios ranged from 13
to 5630 (Fig. 5C) – consistent with previous studies in the
ocean (Wuchter et al., 2006; Lam et al., 2007; Mincer
et al., 2007; Beman et al., 2008). A recent study found
b-AOB amoA genes to outnumber AOA amoA genes
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under some conditions in coastal sediments (Santoro
et al., 2008), and in certain cases, b-AOB amoA gene
abundances approached those of AOA gene copies at
150 m at SPOT. In these instances, b-AOB numbered
364–454 amoA genes ml-1 (Fig. 5B) – translating to 0.1%
of the total microbial (bacteria and archaea) cell counts
and in agreement with typical AOB abundances of c. 0.1%
(Ward, 2000). Relatively high b-AOB amoA gene abun-
dances frequently occurred in late fall, with peak annual
abundances occurring in November 2003, in October
2004 and again in November of 2005 (Fig. 5B). Samples
were not collected in October, November and December
of 2006, and peak b-AOB abundance in 2006 occurred in
August. Increases or peaks in b-AOB amoA gene abun-
dance in late fall mirrored changes in NO2

- concentrations
– which were lowest in late fall and highest in spring/
summer (Fig. 5D) – however, there was no significant
correlation between b-AOB amoA genes and NO2

- con-
centrations (r2 = 0.26, P > 0.10). The dominant period of
variability for b-AOB amoA genes was 11.4 months but
was not significant (Table S1).

This lack of correspondence may result from oxidation of
NO2

- by NOB, and putative NOB were identified in ARISA
bacterial community fingerprints as an efficient means of
identifying multiple NOB groups in parallel. In particular,
previously recognized associations between AOA and
Nitrospina-like bacteria indicated that these organisms
may be important NO2

- oxidizers in the ocean (Mincer
et al., 2007), and 16S rRNA genes from Nitrospina-like
bacteria recovered on fosmid clones from the North Pacific
Subtropical Gyre were highly similar to clones recovered
previously at SPOT (Brown et al., 2005; Mincer et al.,
2007). The ITS lengths of SPOT clones correspond to
operational taxonomic units (OTUs) in ARISA profiles, and
two OTUs (728 and 731) could be unambiguously identi-
fied. The relative abundances of each of these OTUs at
150 m varied from 0 to 7.7% of total ARISA peak areas at
150 m (Fig. 5E), but they tended to vary in concert with one
another: when both OTUs were present in ARISA profiles
they were correlated (r2 = 0.54, P < 0.005). Nitrospina
OTUs also had a dominant period of 10.5 months
(P < 0.06), similar to NO2

- concentrations. Neither the indi-
vidual OTUs nor the sum of their relative abundances
co-varied with b-AOB or AOA (all r2 < 0.11, P > 0.05).

Nitrite-oxidizing bacteria OTU 731 could only be
detected four times during 2003–2006 at 500 m and just
once at 890 m over the same time period. At 500 m, OTU
728 ranged from 0 to 15.6% of ARISA peak area, aver-
aging 7.2% compared with 1.8% at 150 m; at 890 m, OTU
728 averaged 8.5% with a range of 1.4–15.6% (Fig. S2).
Multiplying total cell counts by the contribution of OTUs
728 and 731 to total ARISA peak area can be used to infer
approximate per millilitre abundances – although ARISA is
semi-quantitative, peak areas for Prochlorococcus were

strongly related to flow cytometry data at SPOT (Brown
et al., 2005). This approach suggests that population
sizes of these prospective NOB OTUs were similar to
AOA populations based on quantitative PCR (qPCR); for
example, OTUs 728 and 731 numbered from 0 to
3.11 ¥ 104 ml-1 at 150 m, similar to AOA abundances
based on amoA of 0.1-11.4 ¥ 104 ml-1. On average, pro-
spective NOB numbered 1.4 ¥ 104 ml-1 at 150 m,
1.3 ¥ 104 ml-1 at 500 m and 2.6 ¥ 104 ml-1 at 890 m. In
contrast to 150 m, NOB OTUs at 500 m and 890 m did not
exhibit any significant cyclical behaviour (Table S1).

Community ecology of nitrification

Interactions among AOA groups, AOB and NOB OTUs
have an important bearing on how nitrogen is cycled in the
sea, yet few simple relationships between nitrifying micro-
organisms across domains (Archaea, Bacteria) or guilds
(ammonia oxidizers, nitrite oxidizers) were evident over
time at SPOT. amoA genes for different AOA groups
co-varied, and NOB OTUs 728 and 731 co-varied, but
they did not vary in tandem, and neither varied in concert
with b-AOB amoA genes. Instead our data are suggestive
of differences in nitrifier communities with depth. In par-
ticular, amoA genes from b-AOB were not consistently
present at 500 m and 890 m, and were much less abun-
dant than both AOA amoA genes and inferred abun-
dances of NOB OTUs at 150 m. AOA were most abundant
at 150 m and NOB at 890 m, but AOA and NOB were
present in similar numbers at all depths, and differences
in population size with depth were minor compared with
their variation in time.

Correlation between Crenarchaeota and NO2
- identified

in the nearby Santa Barbara Channel (Murray et al.,
1999) also contrasts with the lack of significant relation-
ships between individual nitrifier groups and NO2

- identi-
fied at SPOT. Nitrospina OTUs and NO2

- concentrations
instead formed a circular pattern with an annual progres-
sion that was consistent from year to year (Fig. 6A).
Interestingly, classic Lotka-Volterra or ‘predator–prey’
relationships produce similar circular patterns (Volterra,
1926), and NOB effectively ‘prey’ on NO2

-. This relation-
ship did not follow an expected progression, however, in
that NOB populations declined as NO2

- concentrations
increased, and then increased as NO2

- concentrations
decreased.

This is a probable consequence of differences between
the rates at which NO2

- is supplied by ammonia oxidation
and subsequently consumed by nitrite oxidation – NO2

-

accumulation may be due to rapid ammonia oxidation,
sluggish NO2

- oxidation, or some combination of the two.
NO2

- concentrations were in fact significantly and posi-
tively correlated with the ratio of AOA : b-AOB amoA
genes (r2 = 0.87, P < 0.001; Fig. 6B). Both NO2

- (r2 = 0.35,
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P < 0.001; Fig. 6C) and the AOA : b-AOB ratio (r2 = 0.36,
P < 0.05) were more weakly related with water density
(sq), indicating that hydrographic changes may explain
some of the co-variation between NO2

- concentrations
and AOA : b-AOB amoA genes. However, when this
source of variability was accounted for using partial cor-
relation analysis and holding sq constant, the residual
AOA : b-AOB ratio remained significantly correlated with
residual NO2

- concentrations (r2 = 0.77, P < 0.001;
Fig. 6D). ANCOVA showed that the slopes of the initial and
residual relationship were not significantly different from
one another (P > 0.05). Put another way, shifts in water
density reflective of physical oceanographic fluctuations
explain only a small proportion of co-occurring changes in
NO2

- and AOA : b-AOB, indicating that this relationship
is ultimately biological in nature. We hypothesize that
differences in substrate affinities and activities of AOA and
AOB lead to AOA out-competing AOB, and that subse-
quent accumulation of NO2

- occurs as AOA : b-AOB ratios
increase – particularly when NOB populations are low. In
support of this idea, the AOA N. maritimus exhibits an
unrivalled affinity for ammonia that places it at a clear
competitive advantage in the oligotrophic ocean
(Martens-Habbena et al., 2009).

Taken together, these data are indicative of complex
ecological interactions among different AOA groups,

b-AOB and NOB involved in chemoautotrophic nitrification.
Ammonia oxidation and nitrite oxidation are assumed to be
tightly linked because NO2

- rarely accumulates in the
ocean, yet concentrations at SPOT fluctuate over time and
can reach values of 0.6 mM at 150 m. This accumulation of
NO2

- represents a temporary decoupling of nitrification,
and results presented here suggest that it is driven by
multiple co-occurring shifts in the community ecology of
nitrifiers, specifically an increase in the ratio of AOA : AOB
amoA genes while NOB populations are particularly low.
Based on oceanographic time series data, this decoupling
also occurs with extraordinary regularity each year when
nitrogen cycling appears to be most active. Further inves-
tigation into the collective dynamics of AOA, AOB, NOB –
and how their relative proportions may influence nitrifica-
tion rates and NO2

- accumulation – will be necessary to
more fully understand oceanic nitrification and its central
role in the marine nitrogen cycle.

Experimental procedures

Sample collection

Samples were collected at the SPOT Microbial Observatory
site (33.55°N, 118.4°W), situated approximately midway
between the port of Los Angeles and Catalina Island in the
San Pedro Channel of the Southern California Bight. The
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SPOT programme samples at 10 m resolution in the upper
100 m column and 50–250 m resolution at sub-euphotic zone
depths. While oceanographic measurements were regularly
made from 1998 to 2006 and resumed in 2008, a Microbial
Observatory programme was established for euphotic zone
depths in 2000 and extended to regular sampling at 150 m,
500 m and 890 m in 2003. Samples were collected on board
the R/V Sea Watch on a nearly monthly basis from January
2003 to September 2006 using 20 l Niskin bottles deployed
on a CTD rosette. Water samples were sequentially filtered
through 142 mm Gelman type A/E filters followed by a
142 mm Durapore 0.22 mm filters (Millipore, Billerca, MA,
USA) using positive pressure filtration, and filters were stored
at -80°C. DNA was extracted from 0.22 mm Durapore filters
using a hot SDS, phenol : chloroform : isoamyl alcohol,
ethanol precipitation extraction protocol (Fuhrman et al.,
1988) and DNA concentrations were measured using
PicoGreen fluorescence (Molecular Probes, Eugene, OR)
with phage lambda standards of 0.1, 0.5, 1.0 and 5.0 ng
DNA ml-1. Nitrite concentrations were measured using stan-
dard oceanographic techniques (Strickland and Parsons,
1972).

Quantitative PCR analyses, cloning and sequencing of
amoA genes

Quantitative PCR assays were adapted from Beman and
colleagues (2008) and were performed on a Stratagene
MX3000P (Agilent Technologies, La Jolla, CA, USA). All
archaeal amoA qPCR assays used the following reaction
chemistry: 12.5 ml of SYBR Premix F (Epicentre Biotechnolo-
gies, Madison, WI, USA), 2 mM MgCl2, 0.4 mM of each
primer, 1.25 units AmpliTaq polymerase (Applied Biosystems,
Foster City, CA, USA), 40 ng ml-1 BSA, and 1 ng of DNA in a
final volume of 25 ml. General qPCR assays were run in
triplicate and the group A and B assays in duplicate using the
following cycling conditions: 95°C for 4 min followed by 30
cycles of 95°C for 30 s; 53/55/56°C (general/group B/group A
assays) for 45 s; and 72°C for 60 s; with a detection step at
the end of each cycle.

Archaeal amoA gene fragments were amplified, cloned,
and sequenced using previously described PCR primers
(Arch-amoAF and Arch-amoAR) and conditions (Francis
et al., 2005); these primers were also used for the general
qPCR assay. Forward primers that target AOA groups A and
B individually – Arch-amoAFA (5′-ACACCAGTTTGGYTA
CCWTCDGC-3′) and Arch-amoAFB (5′-CATCCRATGTGG
ATTCCATCDTG-3′) (Beman et al., 2008) – were used in
qPCR reactions with the Arch-amoAR reverse primer of
Francis and colleagues (2005) for group-specific assays.
Plasmids containing cloned and sequenced amoA gene frag-
ments were used as qPCR standards in 10-fold dilution
series from 107 to 102 copies; the clone GOC-G-60-9
(GenBank Accession No. EU340472) was used for the
general and group A assay and GOC-C-450-8 (GenBank
Accession No. EU340542) for the group B assay (Beman
et al., 2008). Group A and B primers were tested against
sequenced clones from clusters A and B and did not exhibit
cross amplification. PCR efficiencies and correlation coeffi-
cients for standard curves were as follows: for the general
assay (n = 7), 84.9–116% and r2 = 0.951–0.998; for the group

A assay (n = 2), 94.7–95.3% and r2 = 0.991–0.999; for the
group B assay (n = 3), 84.1–104% and r2 = 0.987–0.999.

16S rRNA genes from marine group 1 Crenarchaeaota
were quantified using the same reaction chemistry with the
primers GI_741F and GI_956R (Mincer et al., 2007). Cycling
conditions were similar to those of Mincer and colleagues,
however, the total number of cycles was reduced from 50 to
30, and the length of the detection step increased from 1 to
7 s. The marine group 1 Crenarchaeota 16S rRNA sequence
arc11april01.150 was cloned from 150 m and used as a stan-
dard in 10-fold dilutions from 1.0 ¥ 107 to 103 copies
(r2 = 0.947–0.997); PCR efficiencies were 101–106%. b-AOB
were quantified using primers amoAF and amoA2R (Rot-
thauwe et al., 1997) with a reaction chemistry similar to that
above, but with 1.25 units Taq DNA polymerase (New
England Biolabs, Ipswich, MA, USA) and without supplemen-
tation of premix with additional MgCl2. This assay was run in
duplicate using the following protocol: 95°C for 5 min followed
by 40 cycles of 94°C for 45 s, 56°C for 30 s, 72°C for 60 s,
and a detection step at 81°C for 7 s. The clone
HB_A_0206_G01 (GenBank Accession No. EU155190;
Santoro et al., 2008) was used as a qPCR standard in a
dilution series from 107 to 101 copies. PCR efficiencies were
89.1–109% and correlation coefficients for standard curves
were r2 = 0.947–0.995 (n = 3).

Continuity among qPCR assays was maintained by includ-
ing in each run a subset of samples (n = 8) from the previous
run, as well as producing a new dilution series for standard
curves on every third run (where applicable). These new
dilution series were produced immediately following
re-quantification of plasmid DNA concentrations to verify
gene abundance (because concentrations declined upon
storage and freeze–thaw cycles). Finally, different combina-
tions of depths and time frames were included in individual
runs – i.e. an entire year at multiple depths or the entire
2003–2006 time frame at a particular depth was not included
in a single run.

ARISA and identification of OTUs

ARISA for the bacterial community was performed using
primers and reaction conditions as previously described
(Brown et al., 2005; Fuhrman et al., 2006). SPOT clones that
were similar to Nitrospina-like 16S rRNA genes (belonging to
putative NOB) recovered in the North Pacific Gyre (Brown
et al., 2005; Mincer et al., 2007) were identified based on
nucleotide identity. SPOT clone SPOTSFEB02-70m24
(GenBank Accession No. DQ009429) was 98% identical to
HF4000_B4_P1 (GenBank Accession No. DQ300786);
SPOTSFEB02-70m30 (GenBank Accession No. DQ009430)
was 98% identical to HF500_A11_P1 (GenBank Accession
No. DQ300684) and HF500_A9_P1 (GenBank Accession
No. DQ300687); SPOTSMAY03-890m13 (GenBank Acces-
sion No. DQ009472) was 98% identical to HF500_A11_P1;
and SPOTSMAY03-500m10 (GenBank Accession No.
DQ009461) was 96% identical to HF500_A11_P1 and
HF500_A9_P1. The ITS lengths corresponding to these
SPOT clones were 442 bp, 445 bp, 446 bp and 449 bp,
respectively, which corresponds to ARISA lengths (including
primers and partial 16S rRNA sequences) of 724 bp for
SPOTSFEB02-70m24, 727 bp for SPOTSFEB02-70m30,
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728 bp for SPOTSMAY03-890m13 and 731 bp for
SPOTSMAY03-500m10. At least two other groups of organ-
isms present at SPOT are known to have ARISA lengths of
724 and 727 bp, complicating interpretation of these data; as
a result, only data for OTUs 728 and 731 are included. The
resolution of ARISA up to fragment lengths of ~700 bp for the
2003–2004 data was previously reported to be �1 bp (Brown
et al., 2005), potentially precluding identification of specific
OTUs. However, higher resolution internal standards were
used here and repeat analyses of the 700–750 bp size range
indicated precision of < �1 bp (R. Sachdeva and J.A.
Fuhrman, unpubl. results).

ARISA data were also examined for AOB OTUs based on
known ITS sequences from multiple cultivated AOB (Aakara
et al., 1999); however, AOB are at the very limits of detection
via ARISA: ARISA peak areas of less than 0.1% are consid-
ered unresolvable (Brown et al., 2005). Even in samples
where qPCR showed AOB to approach 0.1% of the microbial
community, AOB OTUs could not be identified in ARISA data.

Statistical analyses

All statistical analyses were conducted in MATLAB 7.6.0
(R2008a; MathWorks, Natick, MA, USA), including Lomb-
Scargle analysis. Lomb-Scargle analysis is similar to other
spectral techniques in that it identifies significant frequencies
of variability that may be present in a dataset; it differs mainly
by considering unequally spaced time series. Figure 2 pro-
duced using Ocean Data View (Schlitzer, 2009).
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Supporting information

Additional Supporting Information may be found in the online
version of this article:

Fig. S1. Same as Fig. 2 but including SPOT data from 0 to
890 m and with a change of colour scales for all variables.
Fig. S2. Times series of putative Nitrospina OTU 728 at
500 m and 890 m depth. OTU 728 is reported as per cent of
total ARISA peak area. OTU 731 was only detected at 890 m
once, in May 2004 (3.6%), and was only present at 500 m in
January (2.5%) and March (2.8%) of 2003, November 2004
(5.6%) and December 2005 (3.6%).
Table S1. Results from Lomb-Scargle spectral analysis. For a
given variable at a given depth, table lists the dominant
frequency of variability (month-1) and their significance, as
well as the power associated with this frequency and the total
number of observations. N.s., not significant.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the
article.
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