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foraminifera in sedimentary nitrate storage
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[1] Until recently, the process of denitrification (conversion of nitrate or nitrite to
gaseous products) was thought to be performed exclusively by prokaryotes and fungi.
The finding that foraminifera perform complete denitrification could impact our
understanding of nitrate removal in sediments as well as our understanding of eukaryotic
respiration, especially if it is widespread. However, details of this process and the
subcellular location of these reactions in foraminifera remain uncertain. For example,
prokaryotic endobionts, rather than the foraminifer proper, could perform denitrification, as
has been shown recently in an allogromiid foraminifer. Here, intracellular nitrate
concentrations and isotope ratios (§'°Nyos and §'®Ono3) were measured to assess the
nitrate dynamics in four benthic foraminiferal species (Bolivina argentea, Buliminella
tenuata, Fursenkoina cornuta, Nonionella stella) with differing cellular architecture and
associations with microbial endobionts, recovered from Santa Barbara Basin, California.
Cellular nitrate concentrations were high (12-217 mM) in each species, and intracellular
nitrate often had elevated 6'°Nyo3 and 6'®Onos values. Experiments including suboxic and
anoxic incubations of B. argentea revealed a decrease in intracellular nitrate concentration
and an increase in 6" Nyos and §'®0yno3 over time, indicating nitrate respiration and/or
denitrification within the foraminifera. Results illustrate that nitrate reduction occurs in a

range of foraminiferal species, including some possessing endobionts (including a
chloroplast-sequestering species) and others lacking endobionts, implying that microbial
associates may not solely be responsible for this process in foraminifera. Furthermore,
we show that benthic foraminifera may represent important reservoirs of nitrate storage in

sediments, as well as mediators of its removal.
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1. Introduction

[2] Nitrogen can be a limiting nutrient in the marine realm.
Bioavailable nitrogen occurs mainly in the forms of nitrate
(NO3), nitrite (NO5 ), and ammonium (NHy), which can be
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converted to less accessible nitrogen gas (N,) by the pro-
cesses of denitrification (NO3 to N,) and anammox (anaer-
obic ammonium oxidation; NO5 and NHj to N,). These
processes occur in marine sediments and portions of the
water column with oxygen levels below ~5 uM. Denitrifi-
cation was thought to be performed exclusively by prokar-
yotes (eubacteria and archaea) and a few fungi until a report
suggested that denitrification is performed by certain fora-
minifera [Risgaard-Petersen et al., 2006]. Additional recent
reports support this finding for a relatively wide range of
foraminifera [i.e., Hogslund et al., 2008; Koho et al., 2011;
Pifia-Ochoa et al., 2010]. This important observation
impacts our understanding of nitrogen cycling in the marine
environment as well as fundamental concepts of protistan
respiration. Whether foraminifera themselves perform deni-
trification or host symbionts that perform denitrification, the
capacity of foraminifera to store large quantities of nitrate
and migrate in sediments to reach the optimal redox poten-
tial for denitrification may affect the relationship between
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bottom water conditions and denitrification potential in
sediments.

[3] Currently, the details of the denitrification process and
the subcellular localization of denitrification subreactions in
most foraminifera remain unclear. A recent study found that a
gene for nitrite reduction, the second step in the denitrifica-
tion process, was localized to endobionts in an allogromiid
foraminiferal species, indicating that this process is per-
formed by the endobionts, not the eukaryote itself in this case
[Bernhard et al., 2012]. Sequence analysis and fluorescent in
situ hybridization (FISH) approaches led to the conclusion
that the endobionts of this allogromiid foraminifer are likely
denitrifying pseudomonads. It should be recognized that
there is a wide variety of physiologies, morphologies, and
lifestyles among benthic foraminifera [e.g., Sen Gupta,
1999]; these attributes may lead to differing physiological
strategies for survival in low-oxygen and anoxic sediments.

[4] In an effort to gain more insights into the role of fora-
minifera in benthic nitrogen cycling, a series of experiments,
field analyses, and laboratory analyses were performed on four
foraminiferal species that live with or near the allogromiid
foraminifer found to have denitrifying endobionts [Bernhard
et al., 2012]. The species analyzed in this study, all of which
have calcareous tests (shells), were Nonionella stella, Bulimi-
nella tenuata, Fursenkoina cornuta, and Bolivina argentea.
Among these species, N. stella is the only one to have been
previously assayed for denitrification [Risgaard-Petersen
et al., 2006], although other species of Bolivina have been
found to denitrify (B. seminuda, B. plicata, B. subaenariensis)
[Pifia-Ochoa et al., 2010]. The abundances of the four species
studied here are known to vary in the Santa Barbara Basin
(SBB, California, USA) along oxygen-concentration and
water-depth gradients (0—~15 uM O,; ~430-595 m,
respectively), with N. stella tolerant of anoxia, B. tenuata and
F. cornuta occurring in varved sediments with detectable but
depleted oxygen (~2-15 uM O, and ~550-585 m water
depth) [Bernhard et al., 1997; Bernhard et al., 2000], and
B. argentea occurring in very high densities in bioturbated
sediments from shallower water depths (430 m; ~3.5—
15.4 uM O,) [Bernhard et al., 1997]. With respect to cell
physiology and ultrastructure, N. stella harbors chloroplasts
[Bernhard and Bowser, 1999; Grzymski et al, 2002],
B. tenuata in SBB harbor rod-shaped endobionts [Bernhard
et al., 2000; Buck and Bernhard, 2001], and, at the beginning
of this study, we hypothesized that B. argentea lacked sym-
bionts given its prevalence in more aerated habitats [Bernhard
et al., 1997]. The ultrastructural attributes of F. cornuta were
unknown at the beginning of this study. Our aim was to study
nitrate accumulation and reduction in a variety of foraminiferal
physiologies such as symbiont-bearing, non-symbiont bear-
ing, and chloroplast-sequestering taxa in order to assess their
potential importance in benthic nitrogen cycling.

2. Materials and Methods

2.1. Sites

[5] Foraminifera were collected from sediments in and
near SBB; which is centered at 34°13.5'N, 120°02'W off
Southern California (USA). The SBB has restricted water
circulation below the depth of a sill (~475 m) [e.g., Reimers
et al., 1990], isolating it from the Southern California Bight;
the deepest part of the Basin (~570-600 m) commonly
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supports copious growth of the filamentous sulfur-oxidizing
bacterium Beggiatoa [e.g., Bernhard et al., 2003]. Sediment
samples were collected from multiple water depths using
either an MC-800 multicorer or a Soutar boxcorer, during five
different sampling events between 2007 and 2010 [Bernhard
et al., 2012]. Most targeted sites were >570 m water depth,
where bottom waters are typically greatly depleted in or even
lacking dissolved oxygen [Bernhard et al., 1997; Bernhard
et al, 2006] and contain sulfide, sometimes in high con-
centrations [Bernhard et al., 2003; Kuwabara et al., 1999]. A
shallower site on the SBB periphery at 430 m was also sam-
pled to obtain foraminifera from a relatively aerated habitat
[Bernhard et al., 1997] compared to the deeper sites. Collec-
tions from that 430 m-deep site served as the source of
B. argentea.

2.2. Cellular Ultrastructure

[6] Transmission Electron Microscopy (TEM) was per-
formed on F. cornuta and B. argentea. Foraminiferal-bearing
sediments were fixed in 3% TEM-grade glutaraldehyde
buffered with 0.1 M sodium-cacodylate acid (pH 7.2) within
~30 min of sediment recovery. Samples were kept chilled
until aliquots were sieved over a 90-um screen using chilled
(5°C) buffer. Specimens were processed for TEM using our
standard methods [e.g., Bernhard et al., 2000] and examined
with either a Zeiss 902A or a Zeiss 10CA Transmission
Electron Microscope.

2.3. Collection of Samples for Chemical Analyses

[7] To determine in situ intracellular nitrate concentrations
and nitrate isotope values of foraminifera, small sediment
cores (2.6-cm inner diameter) were obtained from boxcores
immediately after the corer was secured on deck. The cores
were securely capped on each end and were taken into an
environmental van set at 5°C (£3°C), which is similar to
bottom water temperature of ~6°C (www.CalCOFI.org).
Within ~20 min, the overlying water was removed for nitrate
analyses (see below) and each core was sectioned into 1-cm
intervals to a depth of 3 cm. Pore waters were isolated from
each sediment interval by allowing coarse sediments (and
foraminifera) to settle for a short period (~30 s), after which
water was carefully pipetted from settled sediments. These
pore waters were separated from entrained fine sediments by
successive centrifugation (5000 g for 10 min, repeated 2 or
3 times until clear). The settled coarse (noncentrifuged) sedi-
ments served as the source for foraminifera for these analyses.
Specimens were isolated from the coarse residue after sieving
sediments with a 90-um screen, rinsed twice in 0.2 pum-
filtered, nitrate-free seawater, measured for length and diam-
eter or width, and individually air-dried in acid-cleaned tubes.
Further procedures are described in Section 2.6.

2.4. Maintenance of Live Specimens

[8] To serve as a source for living specimens for experi-
mental manipulations at a later time, sediments collected
from >570 m that were taken to our shore-based laboratory
were maintained in tightly closed bottles in a 7°C environ-
mental room. In contrast, sediments from the aerated (430 m)
site were placed on a recirculating seawater system in the
same 7°C environmental room and fed weekly an algal
mixture of Dunaliella tertiolecta and Isochrysis galbana
[e.g., Filipsson et al., 2010], for up to six months.
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2.5. DNA Extraction, PCR Amplification, Alignment
and Phylogenetic Analysis

[v] DNA was extracted from ~10-20 conspecifics
obtained from sediments, after briefly washing with sterile
seawater and homogenizing in lysis buffer, using either a
standard CTAB extraction protocol [ Winnepenninckx et al.,
1993] or the Qiagen DNeasy Plant DNA Extraction Kkit.
The same DNA extraction protocol did not work for all
organisms, most likely due to unidentified differences
between species. For B. argentea and B. tenuata, 18S rRNA
gene fragments were amplified from foraminiferal DNA
extracts using the primers S14F3A [Habura et al., 2004] or
S14F1 with Rib sB [Pawlowski, 2000]. PCR conditions
were: 95°C for 2 min, 48°C for 1 min, and 70°C for 2 min
followed by 35 cycles of 30 s at 95°C, 1 min at 48°C, and
2 min at 70°C followed by 95°C for 30 s, 48°C for 1 min,
and 70°C for 15 min. 16S rRNA genes were amplified from
the symbiont-bearing B. fenuata using primers 8F [Lane,
1991] and 1492R [Longnecker and Reysenbach, 2001].
PCR conditions were: 95°C for 5 min followed by 35 cycles
of 95°C for 1 min, 45°C for 1 min, and 72°C for 90 s fol-
lowed by an additional 7-min 72°C incubation. Dissimilatory
nitrite reductase genes (nirK, nirS) were PCR amplified from
3 species by touchdown PCR using extracted DNA and
published primers and protocols: Cunir3/Cunir4 [Casciotti
and Ward, 2001] for B. argentea, Cunird/nirK1F [Braker
et al., 1998] for N. stella, and FlaCu/R3Cu [Hallin and
Lindgren, 1999] for B. tenuata. Touchdown PCR condi-
tions were: 95°C for 2 min followed by 10 cycles of 94°C for
30 s, 45-50°C for 40 s, and 72°C for 40 s with —0.5°C/cycle
followed by 31 cycles 0f 94°C for 30 s, 43-50°C for 40 s, and
72°C for 40 s followed by 70°C for 7 min.

[10] PCR products from positive amplifications were gel
purified using the Qiaquick Gel Extraction Kit (Qiagen) and
cloned into the pCR4 vector in the TOPO TA cloning kit
(Invitrogen) according to the manufacturer’s instructions.
Selected clones were sequenced using an Applied Biosystems
3730XL capillary sequencer. Sequences were then edited and
assembled into contigs using Sequencher (Gene Codes Cor-
poration). Chimeric and low-quality sequences were removed
from further analyses by visual inspection and by using the
CHECK CHIMERA program [Cole et al., 2003].

[11] Clone sequences were aligned using the autoaligner
function within the software ARB [Ludwig et al., 2004] using
the SILVA Reference database, and then the alignment was
manually corrected using secondary structure information.
Only reliably aligned sites were included in subsequent phy-
logenetic analyses. Bootstrapping and determination of the
best estimate of the ML tree topology were conducted with the
Rapid Bootstrapping algorithm of RAXML (1000 bootstrap
replicates) version 7.0 under the GTR+I model running on the
CIPRES portal [Stamatakis, 2006; Stamatakis et al., 2008]
(www.phylo.org).

2.6. Nitrate Content and Isotopic Composition

[12] To determine intracellular nitrate concentrations, air-
dried individuals (isolated and rinsed twice in nitrate-free
seawater on the ship, as noted above) were analyzed as
described in Bernhard et al. [2012]. Briefly, nitrate content
was measured using isotope ratio mass spectrometry (IRMS)
and the denitrifier method [Casciotti et al., 2002; Sigman
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et al., 2001], which relies on conversion of NO3 to N,O
and sensitive detection of N,O via IRMS. The size variation
in targeted foraminiferal species was substantial, so while
analyses could be conducted on individual foraminifera for
three of the species (B. argentea; F. cornuta; B. tenuata), a
pooled sample of 5-10 specimens was typically required for
analyses of N. stella. Air-dried specimens were dissolved
overnight in 100 uL of 1% acetic acid in distilled deionized
water. These extracts were injected into replicate 20 mL
headspace vials containing 3 mL of the denitrifier cultures
[Mcllvin and Casciotti, 2011] that had been purged with
high purity nitrogen gas for four hours prior to injection of
the sample to remove all background nitrate, nitrite, and
N,O from the vials. The resulting N,O was quantified
against low-level (0.1-2.5 nmol) nitrate standards (also
injected in 50 uL volumes) using the peak area of the major
ion beam (m/z = 44). Typical standard regressions yielded
signals of around 1 mV-s per pmol NO3 , with an uncertainty
on the regression of less than 2%. Major ion peak areas from
100 pL injections of the 1% acetic acid solution were within
18 mV:-s of the denitrifier vials with no additions, reflecting a
small and consistent blank of less than 20 pmol per 100 uL,
or 10 pmol per 50 pL sample. Intracellular nitrate concentra-
tions were determined from the nitrate contents using recorded
dimensions and volume calculations for idealized geometric
shapes. B. fenuata was considered a cone (1/37[12WTL,
where L = length and W = width); B. argentea considered
an flattened elliptical cone (1/87L[12W1?); F. cornuta a pro-
late spheroid (4/3w 12L][12W]?); N. stella an oblate
spheroid (4/3#[1/2L][1/2W]).

[13] When nitrate content was sufficient (>0.5 nmol),
the nitrate 615N (615NN03 = ((ISN/14N)N03 - (BlsN/V‘N)AIR —
1) * 1000) and 80 (6"™0nos = ((**O/*°O)nos +
("*0/"°0)yspmow — 1) * 1000) were determined for the
sample. 6" Nyos and 6'®0nos were normalized to the AIR
and VSMOW reference scales, respectively, by analysis of
nitrate reference materials USGS32 (6'°N = +180%o versus
AIR, 6§80 = +25.7%o versus VSMOW), USGS34 (6'°N =
—1.8%o versus AIR, 6'%0 = —27.9%o versus VSMOW), and
USGS35 (used for 'O only; 6'0 = +57.5%0 versus
VSMOW [Béhlke et al., 2003]) at 0.5-5.0 nmol levels.
Triplicate analyses of each nitrate standard were performed
at four nmol levels for each batch of samples (0.5, 1.0, 2.5,
and 5.0). Standards were made fresh for each run from
200 M stock nitrate solutions, and standards, samples, and
acetic acid blanks were all injected into prepared vials in
50 puL volumes. Isotopic values of the samples were calcu-
lated using the isotopic standards that bracketed the amount
of nitrate in the sample to minimize blank effects. Some B.
argentea (n = 21) were also analyzed for the presence of
nitrite by treating an aliquot of the acetic acid digest from
each of the specimens with sulfamic acid to remove any
nitrite [Granger and Sigman, 2009]. Both treated and
untreated aliquots were then analyzed for nitrate concentra-
tion and isotopic composition using the methods described
above, and the difference between the two was used to
determine nitrite content in each of the 21 specimens.

2.7. Laboratory Experiments With B. argentea

[14] To establish whether the concentration and 6'°N
value of nitrate contained in foraminifera was altered in
response to exposure to environmental redox perturbations,
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a manipulative experiment was conducted using Bolivina
argentea collected from the 430-m site that had been main-
tained under oxic conditions in the laboratory environmental
room. B. argentea were picked from these sediments into
50-ml glass tubes containing a 2% agar plug and low nutri-
ent seawater that was either (1) fully aerated, (2) purged with
N gas, or (3) purged with N, gas in addition to the agar plug
being permeated with 100 mM H,S. For this first experi-
ment, two types of seawater were used: artificial seawater
(Instant Ocean™) and natural aged (nitrate free) seawater
from the Sargasso Sea. The first experiment lasted 14 days.
[15] In a second experiment, freshly collected B. argentea
were incubated in He-purged bottom water collected from
the site using the same three treatments described above
(aerated, N,-purged and N,-purged with H,S added). For
this (second) experiment, half of the vials from each treat-
ment also received an antibiotic treatment of mixed chlor-
amphenicol (0.3%), dihydrostreptomycin sulfate (1%),
neomycin sulfate (1.5%), K penicillin G (2.5%), and tetra-
cycline HCI (0.4%), which is known not to inhibit growth or
reproduction in certain benthic foraminifera [Pierce, 1965].
The foraminifera were incubated for 1 (T;) or 2 weeks (T»)
at 7°C under these conditions, then individually sorted and
analyzed for [NOjz], 8 Nno3, and §®0nos as described
above. For reference, a set of individuals were collected and
analyzed as described at each experiments’ initiation (Ty).

2.8. Denitrification Rate Measurements

[16] Two separate experiments were carried out to mea-
sure denitrification potential ('’N-labeled N, production
from '’NO3) by B. argentea and F. cornuta. Individual
foraminifera were picked in groups of 5 (February 2009) or
10 (June 2009) into replicate 12 mL Exetainer®™ vials con-
taining N,-purged 0.2 pum filtered natural bottom water
obtained from the collection site. The vials were sealed
without a gas headspace and 12 pL of 50 mM 95-atom %
I5NO; was added, for a final NO3 concentration near 80
pM and atom % "N — NO3 of 60%. In the first '’NO3
experiment (February 2009), vials were killed with HgCl,
after incubating for 0, 6, 12, 24, 36, and 48 h (B. argentea)
or 48 h (F. cornuta) at 7°C. In the second '"NOj3 experiment
(June 2009), vial contents were killed with HgCl, after 0, 26,
51, 75, and 98 h (B. argentea only). Controls containing the
N,-purged filtered seawater, but no added foraminifera, were
incubated in parallel.

[17] Production of '*N-labeled N, (both 2°N, and *°N,)
was determined by membrane inlet mass spectrometry in the
Giblin laboratory at the Ecosystems Center of the Marine
Biological Laboratory (MBL, Woods Hole, MA). Samples
were analyzed for 28N,:Ar, 2°N,:Ar, and *°N,:Ar, and were
normalized to the same measurements from air-equilibrated
seawater held at the same temperature as the samples
(technique described by Kana et al. [1994]). Denitrification
rates (pmol/day) were calculated using the isotope pairing
technique [Nielsen, 1992], which includes production of
both 2N, and *°N,; rates were divided by the number of
individuals to give a cell-specific rate. Atom % '°NOj in the
incubations was verified by isotope ratio mass spectrometry
at the University of California Davis after conversion to N,O
using the denitrifier method [Sigman et al., 2001]. These
samples were analyzed by purging and trapping the N,O

BERNHARD ET AL.: NITRATE CYCLING BY BENTHIC FORAMINIFERA

G03002

cryogenically using a Finnigan GasBench and PreCon in
line with a Finnigan Delta V Plus isotope ratio mass spec-
trometer. Atom % '*NOj3 values were normalized to aliquots
of "NOj3 (99.5%) analyzed in parallel.

3. Results

3.1.

[18] All four species investigated in this study contain
large vacuoles (Figures 1b—1c and 1f-1h) that appear to lack
particulate material (i.e., not food vacuoles). Prior publica-
tions have noted the plethora of large vacuoles in forami-
niferal cytoplasm [e.g., Bernhard and Reimers, 1991;
Bernhard and Bowser, 2008], and some have asserted that
these large vacuoles contain seawater with high concentra-
tions (70 = 49 mM) of nitrate [e.g., Bernhard et al., 2012].
Bolivina argentea exhibits typical benthic foraminiferal cell
ultrastructure in that mitochondria can be concentrated at the
cell periphery and at pore plugs (Figure 1a). Also, B. argentea
cytoplasm occasionally includes chloroplasts, although these
can be in a state of significant decay (Figure 1c) or can appear
intact and, thus, in a state of potential sequestration (Figure 1c).
B. argentea appears to be a detritivore (Figure 1b) as does
F. cornuta (Figure 1f). Some F. cornuta vacuoles contained
ingested bacteria (Figure 1f), but their sparse abundance
and inconsistent presence among specimens is not indica-
tive of symbiosis (compare Figure 1f to Figure 1h). Thus,
F. cornuta from SBB are considered symbiont-free bacter-
ivores. Our observations are also consistent with N. stella
harboring plastids (Figure 1g) and B. tenuata harboring rod-
shaped endobionts (Figure 1h) [Bernhard et al., 2000; Buck
and Bernhard, 2001]. In sum, these new TEM results and
prior knowledge indicate that the species analyzed for this
study included a variety of cell physiologies (Table 1), ranging
from non-symbiont bearing taxa (B. argentea; F. cornuta) to a
symbiont-bearing species (B. tenuata) to a plastid-harboring
species (N. stella).

Cellular Ultrastructure

3.2. Sequence Analysis

[19] The 18S rRNA gene sequence obtained from Bolivina
argentea indicates that it is closely related to Bolivina sub-
aenariensis, as indicated by BLAST analysis (94% sequence
similarity). Specimens of Buliminella tenuata, as identified
by morphology [i.e., Bernhard and Bowser, 2008; Bernhard
et al., 1997; Bernhard et al., 2000; Cannariato et al., 1999;
Stott et al., 2002], were sequenced from the shallower (430
m) site as well as deeper sites (>580 m). BLAST analysis
indicates that the 18S rRNA sequences obtained for B.
tenuata from both water depths are nearly identical (2
nucleotide differences out of 1000) and group most closely
with Bulimina sp. (GenBank ID: FM999863.1, 99%
sequence similarity over 84% coverage). In a phylogenetic
analysis incorporating the nearest relatives of this sequence,
B. tenuata groups with Bulimina sp. with 80% bootstrap
support under maximum likelihood (Figure 2). As noted, the
SBB Nonionella stella 18S tRNA sequence was obtained
previously [Grzymski et al., 2002], and we did not sequence
the 18S rRNA gene from F. cornuta, so that taxon’s iden-
tification is based on morphology only. Small subunit rRNA
sequences for B. tenuata and B. argentea have been depos-
ited in GenBank (accession numbers JQ013743-JQ013745).
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Figure 1. Micrographs of the four species studied. TEM micrographs of Bolivina argentea: (a) Image
showing intact mitochondria (m) under a pore plug (p), t = test; (b) Image showing food vacuoles (fv)
and “empty” vacuoles (v); (c) Image showing chloroplasts (c), one of which is being digested (c*) and
one of which appears sequestered. Note lack of endobionts in Figures la—1c. Fursenkoina cornuta: (d,
e) SEM micrographs showing overall morphology from two side views; (f) TEM micrograph showing
vacuoles (v) and food vacuoles (fv), sometimes containing bacteria (black arrowheads). (g) Transmitted
light micrograph through a section of Nonionella stella showing the large vacuoles (v) in most chambers.
(h) TEM micrograph of Buliminella tenuata showing mitochondria (m), lipid (1), peroxisomes (white
arrowheads) complexed with endoplasmic reticulum, vacuoles (v), and abundant rod-shaped endobionts
(arrows). Scale bars equal 1 gm in Figures la and 1 h; 5 yum in Figures 1b, 1c, and 1f; 20 ym in Figure 1d;
and 50 pm in Figure 1g.

[20] The 16S rRNA sequences obtained from pooled deltaproteobacteria, and uncultured Fe-oxidizing bacteria.
specimens of symbiont-bearing B. tenuata from the deeper The most common sequence recovered (12/23 high-quality
(>580 m, low-oxygen) sites included sequences affiliating sequences) affiliated with the uncultured gammaproteo-
with uncultured gammaproteobacteria, sulfate-reducing bacteria, which we presume are the copious rod-shaped

Table 1. General Characteristics, Distributions, Detected Genes, Nitrate Concentrations and Nitrogen Isotope Values of the Four Species
Studied®

SBB Depth  SBB [0,] Nitrite [NO3]

Range (m) Range (uM) Symbionts Ref(s)  Reduction Gene (mM) £SD (n) 8" Nnos (%o) +SD (n)
Bolivina argentea 431-537 2-15.4 none® 1 nirS 195.1 £ 160.3 (47) 25.6 + 4.2 (39)
Buliminella tenuata 339-591 1.2-22.6  rod-shaped endobionts 1-3 nirk 217.4 £ 150.5 (13) 19.8 £ 0.9 (11)
Fursenkoina cornuta ~ 431-578 1.2-154 none® 1 No data 125.2 + 68.9 (18) 27.8 £ 5.8 (14)
Nonionella stella 431-591 0-15.4 sequestered plastids ~ 1-2, 4-5 nirS 11.6 £+ 15.7 (6°) 36.4 +4.8(3)

“Depth and oxygen concentration ranges and symbiont attributes are from published literature on SBB. References are as follows: 1 = Bernhard et al.
[1997]; 2 = Bernhard et al. [2000]; 3 = Buck and Bernhard [2001]; 4 = Grzymski et al. [2002]; 5 = Bernhard et al. [2006].

®Ultrastructural observations presented here.

“Due to the small size of N. stella, each analysis required pooling of specimens. In this case, 6 analyses were made, each of from 1 to 7 pooled individuals.
The mean accounts for this pooling.
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Figure 2. Phylogenetic analysis of the 18S rRNA gene from Buliminella tenuata from Santa Barbara
Basin (>580 m). Maximum likelihood tree is based on an alignment of 559 nucleotides. Bootstrap support
values >50% under maximum likelihood are shown at nodes. Scale is given as substitutions per site. See
the description of our methods in section 2.5 for details.

endobionts (Figure 1h) [see also Bernhard et al. 2000; Buck
and Bernhard 2001]. In B. tenuata specimens collected from
the aerated site (430 m), we only recovered one sequence
type (n = 18 out of 18 nonchimeric sequences) also affiliat-
ing with the gammaproteobacteria. In preliminary phyloge-
netic analyses within ARB, all the 16S rRNA sequences
obtained from B. fenuata from the aerated site (430 m) and 2
out of 12 sequences from the low oxygen (>580 m) sedi-
ments were 99% similar, and loosely affiliated with a clade
of gammaproteobacterial sequences that include members of
the Enterobacteriales and sequences of uncultured bacteria,
some of which are from marine sediments (data not shown).
Ten of twelve gammaproteobacterial sequences recovered
from the B. tenuata in the low oxygen (>580 m) sediments
were 99% similar and affiliated with members of Alter-
omonadacea and, in particular, the genus Marinobacter.
Many known sulfide-oxidizers are gammaproteobacteria
that also carry out denitrification [Kelly and Wood, 2006;
Robertson and Kuenen, 2006]. The confirmation of this
identity will constitute future work in our laboratories using
fluorescent in situ hybridization (FISH) studies with fresh
specimens. Bacterial small subunit rRNA sequences have

been deposited in GenBank (accession numbers JQ846276
and JQ846277).

[21] The dissimilatory nitrite reductase gene nirK was
detected only in DNA extracts of B. tenuata collected from
>570-m water depth, while another nitrite reductase gene,
nirS, was detected in DNA extracts from N. stella and B.
argentea (F. cornuta was not screened for either nir gene).
The B. tenuata nirK sequence was most closely related to a
nirK sequence from a uncultured soil bacterium (GenBank
ID:DQ784059) and the closest cultured relative based on
BLAST analysis was Rhodopseudomonas palustris, a
(phototrophic) purple nonsulfur bacterium. The two nirS
sequences from B. argentea were most closely related to the
nirS of uncultured bacteria from the Hai River, China
(JF966833 and JF966815). Four nirS sequence types (dif-
fering by 1-3 bp over ~850 bp sequence length) were
obtained from N. stella and all were related to uncultured
bacterial nirS sequences (Jiaozhou Bay, China, GenBank ID
EU048455; San Francisco Bay SF04-BC11-B07, GenBank
ID GQ453735; Hai River, China, GenBank ID JF966844,
and a sequence found in the Cupriavidus metallidurans
complete genome, GenBank ID CP000352). Cupriavidus
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Figure 3. Plots showing §'°Nyos from SBB foraminifera, presented by species and site, with respect to
co-occurring pore waters (solid horizontal lines) and overlying bottom (dashed lines) water. Different
symbols reflect sediment depth interval and/or sampling date (see key).
metallidurans is a heavy metal-resistant facultative chemo- ¢ SNnos  values higher than overlying bottom waters,

lithoautotrophic betaproteobacterium that appears to use
reduced sulfur compounds as electron donors and to be
capable of full denitrification by the successive reduction of
nitrate to molecular nitrogen based on its possession of a
nirS gene and other genes associated with denitrification
[Janssen et al., 2010]. Sequences for nirK and nirS obtained
in this study have been deposited in GenBank (accession
numbers JQ846278-JQ846284).

3.3. Nitrate Concentrations and Isotopic Ratios

[22] In specimens sacrificed at sea, nitrate contents were
variable within populations of each species. Mean NOj
concentrations for each species were, however, quite high
(Table 1) relative to bottom water and pore water nitrate
concentrations. In those field-collected specimens with suf-
ficient NO3 contents to measure 6 Nyos (>0.5 nmol)
values ranged from 15 to 42%o (Figure 3). Each species had

although the relationship of foraminiferal §'°Nyo3 to pore
water showed differences among foraminiferal species as
well as between individuals of a single species. For example,
N. stella contained §°Nyos values consistently elevated
relative to pore water (Figures 3b—3c¢), while B. argentea and
F. cornuta had individuals with higher and lower 8" Nyos
values (Figures 3a-3c). B. fenuata 8" Nnos values were
generally lower than pore water values.

[23] B. argentea specimens were collected from the 430-m
site in June 2009 and April 2010, and while the pore water
8 Nnos values showed some variation with depth in the
sediment and between dates, B. argentea §'*Nyos values did
not show significant differences in a Tukey-Kramer test of
means (p = 0.05). N. stella, which were collected from sur-
face sediments of the 570-m and 588-m sites in April 2010,
contained NO3 with consistently elevated §'°N values that
did not differ significantly between the two sites (Tukey-
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Figure 4. Box and whisker plots showing results from nat-
ural abundance Experiment 1, with B. argentea. (a) Intracel-
lular nitrate concentrations just before the experiment began
(Initial) and after 2 weeks in each treatment (Final). (b)
8" Nnos values in specimens with sufficient nitrate remain-
ing to obtain a reliable analysis. Each box represents the
25th—75th percentile of individual measurements, while the
bar inside each box represents the mean value (50th percen-
tile), and the whiskers represent the full range of data for each
treatment. Parenthetic values indicate numbers of specimens
included in the analysis. ND = not determined because
NOj contents were too low for isotopic analysis. Circled dots
indicate outliers.

Kramer test, p = 0.05). F. cornuta was also collected from
the 570-m and 588-m sites in April 2010. These cells had
mid-range §'°N values: significantly lower (Tukey-Kramer
test, p = 0.05) than N. stella, but higher than B. tenuata for
cells collected from the 588-m site. Similar trends were also
observed at the 570-m site, although the differences were not
significant. F. cornuta 6 5Nvos values were often lower than
in pore water. B. tenuata §'°Nyo3 values were generally the
lowest among the foraminiferal species, and rarely exceeded
pore water 6 "Nyos. Regardless of site or depth, B. tenuata
8"°Nnos values remained fairly constant at approximately
20%o (Table 1). B. argentea and F. cornuta had 6" Nyos

BERNHARD ET AL.: NITRATE CYCLING BY BENTHIC FORAMINIFERA

G03002

values around 26%o and 28%., respectively. N. stella had
8" Nnos around 36%o (Table 1).

[24] For B. argentea (n = 17), the nitrate concentrations of
aliquots from which nitrite was removed via sulfamic acid
treatment were not significantly lower than those from paired
aliquots without nitrite removal (Wilcoxon signed ranks, p >
0.05). The mean 6'°Nyos values of these two populations
also did not differ significantly (Paired t-test, p > 0.05).
Although in almost all paired analyses, the concentration of
nitrate was slightly less in samples that had been treated with
sulfamic acid, the lack of statistical difference leads us to
infer that the amount of NO, was small, and not sufficient to
affect the measured 6'°Nyo; values.

3.4. Laboratory Experiments

[25] At Ty for Experiment 1, the B. argentea had high
nitrate concentrations (Figure 4a) and very low §'°Nyos
values (Figure 4b). We believe these patterns are due to their
pre-incubation in our laboratory’s recirculating seawater
system, which contains artificial seawater (Instant Ocean®)
with (reagent) nitrate containing an anomalously low 6'°N
value (—27%o).

[26] At the end of Experiment 1 (t = 2 weeks), mean
intracellular nitrate concentrations had decreased signifi-
cantly in all treatments (Figure 4a), and mean 6" Nnos
values had increased significantly, compared to T, (Tukey-
Kramer test, p = 0.05) in all treatments except in aerated
natural seawater gFigure 4b). Among the final NO3 con-
centration and §'°Nyo; measurements, there were no sig-
nificant differences between treatments in artificial seawater;
however, in natural seawater addition of H,S to the agar plug
resulted in significantly lower nitrate concentrations than in
N,-purged seawater alone (Figure 4a; Tukey-Kramer test,
p = 0.05). It should be noted that in many specimens incu-
bated with N,-purged artificial seawater (ASW), N, purged
ASW + H,S, and N,-purged natural seawater (NSW) + H,S,
specimens contained less than 500 picomoles of nitrate, and
thus, could not be reliably analyzed for §'*Nyos. This could
explain, for example, why mean [NO3 | and ¢ 15NNO3 com-
parisons sometimes give contrasting results (e.g., aerated
natural seawater).

[27] In general, for Experiment 1, high 8" Nnos values
were associated with low NOj3 concentrations, although low
concentrations were not always associated with high
8""Nnos values (Figure 5a). This may represent a non-
fractionating loss of NOj (such as leakage) occurring in
some of the individuals. Leakage could arise from cell lysis
if a given specimen died during the experiment. However, it
should be noted that the range in NO3 concentration among
individuals at T, was quite high, although the ranges in
8" Nos (Figure 4) and 6'%0yos (Figure 5b) were not. The
trends in Figure 5a therefore may represent a population of
foraminifera with different starting NO3 concentrations but
similar §'°Nyos values undergoing a fractionating NO3
consumption process along different trajectories. This inter-
pretation is partially supported by the proportional increase
in both 6" Nyo3 and §'®*0Onos (Figure 5b), which shows that
at least 85% of the increase in 6'°N is paralleled by an
increase in §'®Onos. Individual treatments did not yield
significantly different §'*Ono3 versus 8'°Nyos slopes when
regressed separately (95% CI overlapped). This suggests that
initial 8'°Nno3 and §'®0nos were relatively uniform among
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individuals, and that the same fractionating consumption
process occurred in most individuals.

[28] In Experiment 2, which included antibiotic treat-
ments, the mean nitrate concentration of freshly collected B.
argentea (that had not been installed on the recirculating
artificial-seawater system) also decreased compared to T, in
all treatments (Figure 6a). Nitrate removal was observed in
incubations with and without antibiotic, and the differences
in mean nitrate concentration between +/— antibiotic treat-
ments were not statistically significant (Figure 6; Tukey-
Kramer test, p = 0.05). Due to the low levels of nitrate in
many specimens, fewer measurements were made for
8" Nyos. In two cases (aerated + antibiotics T, N,-purged —
antibiotics T;), the decrease in nitrate concentration was
associated with increases in nitrate §'Nyo3 (Figure 6b) and
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8003 (not shown) values relative to Ty, while in one case
(aerated + antibiotics T,), nitrate disappearance was associated
with a decrease in both §'°Nyos and 6'®0nos values. In the
remaining cases, there was no significant difference (Tukey-
Kramer test, p = 0.05) in mean ' Nyos or §'%0Onos values
relative to T, despite lowered nitrate concentrations. It should
be noted, however, that similar to Experiment 1 (Figures 4
and 5), there are real differences in 6'*Nyo3 and &' °Onos
values among individuals, with lowered concentrations gen-
erally associated with higher ¢ 15NNO3 and ¢ 1E‘EON03 values,
and a correlation between §'°Nyoz and §'%0no; values
(slope = 0.83, r* = 0.89) (not shown), suggestive of intracel-
lular nitrate consumption rather than leakage.

3.5. Foraminiferal Denitrification

[29] B. argentea, F. cornuta, and N. stella were assayed for
denitrification (production of N, and *°N, from '"NO3)
over a 48-h period (‘°N Experiment 1), and B. argentea was
assayed over a 98-h period ('°N Experiment 2). In '°N
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Figure 6. Box and whisker plots showing results from
Experiment 2, with B. argentea. (a) Nitrate concentration
of freshly collected B. argentea (time point 0), after 7 days
(time g)oint 1) and after 14 days (time point 2) of incubation.
(b) 6" Nyos values from freshly collected B. argentea (Ty),
after 7 (T;) and 14 days (T,). Note that in many treatments,
nitrate contents were too low to obtain reliable isotopic mea-
surements. Each box represents the 25th—75th percentile of
individual measurements. The bar inside each box represents
the mean value (50th percentile), and the whiskers represent
the full range of data for each treatment. Parenthetic values
indicate numbers of specimens included in the analysis. Cir-
cled dots indicate outliers.
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Table 2. Denitrification Rates Measured for the Two Species Analyzed®

Frequency of Positive Results

Denitrification Rate (pmol N/cell/day)

Intracellular NO3 (pmol N/cell)

Bolivina argentea
Fursenkoina cornuta

53% (8 of 15)
67% (2 of 3)

1976 £ 1103
1386 + 320

1285 £ 696
796 £ 809

*Values presented are means (and standard deviations) of the positive results.

Experiment 1, where incubations contained 5 individuals per
replicate vial, denitrification was only detected in F. cornuta,
not in the vials containing B. argentea or N. stella. In the
second '°N experiment, we focused on B. argentea (this was
the only species for which enough specimens were avail-
able), and we included 10 individuals per tube. Here, we
detected production of N, and *°N, over 98 h, in ratios
consistent with random isotope pairing of NOj3 during
denitrification. Denitrification was not observed in controls,
containing N,-sparged filtered seawater spiked with '>NO3
with no added foraminifera, from either experiment. The
calculated denitrification rate obtained for F. cornuta in the
first experiment and for B. argentea in the second experiment
were 1386 + 320 pmol N/cell/day and 1976 + 1103 pmol
N/cell/day, respectively (Table 2). Together with the average
intracellular NO3™ contents (Table 2), these rates suggest that
nitrate should be turning over 1.5-2 times per day.

4. Discussion

4.1. Contributions of Benthic Foraminifera
to Sedimentary Nitrate Storage

[30] Nitrate concentrations (12-217 mM) in all four
foraminiferal taxa analyzed here were elevated relative to
bottom water, although not all specimens of any species had
high nitrate concentrations and the data for all species varied
considerably. This latter observation is consistent with earlier
publications regarding nitrate content and its variability in
foraminifera [Hogslund et al., 2008; Koho et al., 2011; Pifia-
Ochoa et al., 2010; Risgaard-Petersen et al., 2006]. Intra-
cellular concentrations of nitrate in our foraminifera were
comparable to those reported by Risgaard-Petersen et al.
[2006] (35-180 mM), even though the species analyzed
were different, aside from N. stella. Reports of nitrate con-
centrations in other Bolivina species average 153 £+ 49 mM
[Pifia-Ochoa et al., 2010], which are slightly lower than
nitrate concentrations in our B. argentea (195 £ 160 mM).
Although Buliminella was not analyzed by other authors,
species of the closely related genus Bulimina is documented
to have nitrate concentrations of 116 4+ 43 mM [Piria-Ochoa
etal.,2010], compared to our Buliminella tenuata, which had
217 + 150 mM nitrate. The B. fenuata concentrations were
the highest we obtained, but these were lower than the
highest values reported by Pifia-Ochoa et al. [2010] for a
species from the same superfamily (Globobulimina cf. ovula,
375 £ 174 mM).

[31] The SBB sediments are known to have high subsurface
nitrate + nitrite peaks [Bernhard and Reimers, 1991; Reimers
et al., 1996] but, at the time of those reports, the source of
this peak was unclear. In the past, it was thought that the peak
could be due to the large populations of the sulfur-oxidizing
denitrifying bacterium Beggiatoa, which can contain high
concentrations of nitrate [McHatton et al., 1996] that could
have been released during pore water sampling. Our present

data suggest that nitrate storage in foraminiferal vacuoles may
have also contributed to the peak in SBB sediment nitrate +
nitrite reported by Bernhard and Reimers [1991]. However,
a more quantitative assessment of foraminiferal abundances
and distributions, with respect to sediment porosity, are
required to answer this question completely.

4.2. Bacterial Associations With Benthic Foraminifera

[32] High intracellular nitrate contents suggest that these
SBB foraminifera are either intentionally transporting nitrate
inside their cells or producing it intracellularly. Because these
organisms inhabit oxygen-deficient sediments, and nitrate
production by nitrification requires oxygen, we discount
intracellular production in our populations. Furthermore, our
data from B. tenuata did not include any known nitrifying
genera among the 16S rRNA genes obtained. While future
studies may more directly address the question of nitrifying
symbionts through functional gene (ammonia mono-
oxygenase) analysis, it would be difficult to sustain high rates
of nitrification in sulfidic sediments, and we find the most
plausible explanation to be active transport of NOj3 into the
foraminifer from surrounding pore waters. Molecular char-
acterization and/or localization of nitrate transport proteins in
these foraminifera may help shed light on this issue.

[33] Most of the small subunit rRNA sequences obtained
from endobionts of B. fenuata from oxygen-depleted sites
most closely affiliate with relatives of Marinobacter, which is
a denitrifying rod-shaped bacterial genus within the gam-
maproteobacteria found commonly in marine sediments [e.g.,
Nakano et al., 2010]. Thus, these sequencing results are
consistent with morphologic results obtained with TEM (i.e.,
rod-shaped bacteria; Figure lh) [see also Bernhard et al.,
2000; Buck and Bernhard, 2001]. There are many repre-
sentatives of denitrifying bacteria within the gammaproteo-
bacteria, and most denitrifiers are facultative, and can grow
by aerobic respiration in the presence of oxygen [Kuenen
et al., 1991]. Some sulfide-oxidizing bacteria will also deni-
trify [Kuenen et al., 1991], an ability that may serve an
additional role in detoxification for foraminiferal hosts in
anoxic sulfidic sediments. A nirK gene was detected in DNA
extracts from B. tenuata from oxygen-depleted sediments,
but it has not yet been localized to the endobionts, attached
bacteria, or the foraminifer host. The bacteria associated with
B. tenuata from more aerated sediments most closely affiliate
with a clade of gammaproteobacterial sequences that include
16S rRNA gene sequences from uncultured bacteria and
some Enterobactriales. The localization and identity of the
gammaproteobacterial associates of the B. tenuata from dif-
ferent habitats needs to be confirmed by positive FISH using
probes specific to each sequence type, but symbiosis plas-
ticity is not too surprising given some B. tenuata from other
habitats lack endobionts altogether [Bernhard et al., 2001].
In this species, the potential for and mediator of denitrifica-
tion remain equivocal.
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[34] The other species investigated in this study contained
no endobionts, although N. stella is known to sequester
plastids that contain nitrate reductase [Grzymski et al.,
2002]. The fact that a gene encoding dissimilatory nitrite
reductase was obtained from each of the foraminiferal spe-
cies analyzed indicates that these eukaryotes and/or their
external bacterial community can perform a critical step of
the denitrification process. We did not survey for genes
involved in the remainder of the denitrification process (i.c.,
norB and norQ for nitric oxide reduction and nosZ for
nitrous oxide reduction); those analyses remain for future
investigations.

4.3. Contributions of Benthic Foraminifera
to Sedimentary Denitrification

[35] Interestingly, the negligible amounts of nitrite present
in our foraminifera, as evidenced by differences between
paired sulfamic and non-sulfamic-treated samples, suggests
that the turnover of nitrite in the SBB foraminifera must be
tightly coupled between nitrate reduction and nitrite reduc-
tion. Furthermore, our measured denitrification rates (1976 +
1103 pmol/B. argentea/day; 1386 + 320 pmol/F. cornuta/
day), while containing a high degree of uncertainty, are higher
than those reported for other species (88 pmol/N. stella/day
and 565 pmol/G. pseudospinescens/day; [Hogslund et al.,
2008; Risgaard-Petersen et al., 2006]). While nitrate con-
tents were not determined for the incubated specimens, aver-
age nitrate contents for these species indicate nitrate turnover
times of 0.5 to 0.7 days, which is similar to the estimate of
2.5 days for N. stella [Hogslund et al., 2008] and much faster
than the estimate of over a month for G. pseudospinescens
[Risgaard-Petersen et al., 2006]. Our data indicate that, when
these SBB foraminiferal populations are actively denitrifying,
they need to replace their cellular quotient of nitrate at least
once every day. These rates are supported by the observation
that intracellular nitrate contents in B. argentea cells dropped
dramatically over a 7-day incubation under anoxic conditions
(Figure 6a).

[36] SBB sedimentary denitrification rates have been esti-
mated to be quite high (~4.5 mM N m 2 day ") relative to
surrounding basins, although the cause of such high rates is
unclear [Sigman et al., 2003]. A typical density of living (as
determined by adenosine triphosphate analysis) benthic
foraminifera in SBB surface sediments is ~200 specimens/
cm’ [Bernhard and Reimers, 1991]. Using our denitrification
rates for B. argentea and F. cornuta (~1500 pmol/cell/day),
foraminifera could account for ~3 mM N'm 2 day ', or 67%
of the estimated sedimentary denitrification [Sigman et al.,
2003]. Other cases where benthic foraminifera account for
two thirds of sedimentary denitrification are known [Piria-
Ochoa et al., 2010], while considerably lower proportions
have also been reported [Glud et al., 2009].

[37] The §'°N of the foraminiferal nitrate provides addi-
tional insights about nitrogen cycling in these protists. To
begin with, when sufficient nitrate was present for analysis, the
observed §'*Nyo3 values for fresh specimens were generally
elevated, as were those reported for another SBB foraminifer
(~18%o) [Bernhard et al., 2012]. Intracellular §'°Nyo3 values
in endobiont-free B. argentea and N. stella were often higher
than the 8" Nyo3 values of pore waters bathing the forami-
nifera, suggesting that the foraminifera may have actively
consumed nitrate in their natural environment. N. stella has
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previously been shown to denitrify [Risgaard-Petersen et al.,
2006], while B. argentea had not. Foraminiferal 8" Nnos
values that lie between pore water and overlying-water
8" Nnos (F. cornuta, B. tenuata, and some B. argentea) sug-
gest that these specimens may have been exposed to overlying
water in the surface sediments, that our pore water sampling
scale was too coarse to resolve §'°Nyos gradients at micro-
habitat scales relevant to these microbes, and/or that these
species or individuals had lower nitrate reducing activity.

[38] In our experiments with B. argentea, the magnitude of
decrease in nitrate concentrations in individuals from the
aerated experimental treatments was slightly less than the
decrease in nitrate concentrations from specimens from either
of the oxygen-depleted treatments. Although the difference
in the mean nitrate concentrations was not significant, there
were more individuals with measurable nitrate concentra-
tions in aerated experiments, and the range of nitrate con-
centrations was greater in cells from oxygenated incubations.
These results suggest that the presence of oxygen may have
partially inhibited or delayed the onset of nitrate respiration.
This species inhabits a more oxygenated habitat and is
thought to be less tolerant of low oxygen than other species
occurring in the vicinity of SBB [Bernhard et al., 1997; Stott
et al., 2002], but elevated 6'°Nyo3 values in pore waters
clearly indicate that these sediments support denitrification.
Prior research has shown that benthic foraminifera appear to
be highly plastic with regards to metabolism, apparently
having the ability to switch from aerobic respiration to
denitrification as necessary [e.g., Pifia-Ochoa et al., 2010].
Indeed, certain benthic foraminifera have been known to
survive considerable periods of anoxia [e.g., Bernhard, 1993;
Bernhard and Reimers, 1991; Moodley and Hess, 1992;
Moodley et al., 1998] and some must have an as-yet-
unknown alternative oxidative pathway, as evidenced by
experiments done with electron transport inhibitors [7ravis
and Bowser, 1986].

[39] As observed for matched field specimens and pore
water data, the disappearance of nitrate associated with
increases in 8" °Nyo3 and 6% 0yno;3 in our experiments pro-
vides evidence for reductive nitrate removal, rather than
nitrate leakage from the foraminifera. In cases where nitrate
disappearance was associated with no change, or even a
decrease, in 6" Nyos and §'®0nos, the fate of intracellular
nitrate is uncertain. Specimens may have died yet not fully
lysed, thereby continuing to have concentrated nitrate in
their cytoplasm. Dormancy may also have occurred [e.g.,
Alve and Goldstein, 2010; Bernhard and Alve, 1996]. The
ratio of increases in §'®*Onos to 6" Nyos (0.83-0.85) was
lower than expected for most bacterial denitrifiers (slope
of 1) [Granger et al., 2008]. This may be indicative of
activity from a periplasmic nitrate reductase, rather than a
more typical respiratory nitrate reductase. This possibility
will have to be pursued in future studies.

[40] The lack of a significant difference in nitrate removal
in the presence and absence of the antibiotic cocktail during
our second experiment with B. argentea is suggestive of
nitrate reduction by foraminifera themselves. It is also pos-
sible that a subset of bacteria was not affected, or was
incompletely inhibited, by the cocktail composed of five
antibiotics, and thus, could continue to denitrify throughout
the experiment. For example, chloramphenicol inhibits RNA
transcription [Jardetzky, 1963; Wolfe and Hahn, 1965] but
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would not inactivate existing enzymes. However, the com-
bination of chloramphenicol, streptomycin, neomycin, tetra-
cycline and penicillin is expected to inhibit most if not all
prokaryotic activity. Given that the foraminiferal species
used in both experiments (B. argentea) lacks symbionts, if
bacterial denitrification was occurring, the bacteria would
have to be contaminants either on the test exterior or as
parasites in foraminiferal endoplasm. Bacterial parasites have
recently been documented in foraminifera from deep-sea
sediments in and adjacent to hydrocarbon seeps [Bernhard
et al., 2010]. However, it is estimated that 6,000-23,000
denitrifying bacteria per foraminifera would be required to
account for denitrification rates reported for foraminifera in
Risgaard-Petersen et al. [2006]; this magnitude of cytoplas-
mic parasites have never been observed in our electron
microscopic imagery of B. argentea although serial sections
including entire specimens have not received dedicated
analysis in this context. To resolve this issue of whether
bacteria or the foraminifer itself is responsible for denitrifi-
cation, methods such as geneFISH [Moraru et al., 2010],
which localizes the sites of denitrification genes to the
eukaryote, symbionts and/or contaminants, will need to be
employed, as has been done for an allogromiid foraminifer
[Bernhard et al., 2012].

4.4. Synthesis and Evolutionary Implications

[41] Results of this study and Bernhard et al. [2012] sug-
gest that foraminifera have evolved at least two ways to
perform the process of denitrification: (1) with symbionts and
(2) by the eukaryote. The allogromiid foraminifer studied by
Bernhard et al. [2012] appears to host denitrifying symbionts.
B. tenuata also contains symbionts, and although their identity
and physiological capacity remain to be determined, initial
data do not exclude denitrifiers. If the nirK gene obtained from
B. tenuata DNA extracts can be localized to the endobionts,
then this system may function similarly to the allogromiid.
The other foraminifera studied here do not contain endobionts
(M. stella husbands plastids), although they may have external
bacterial associates. B. argentea was shown to produce N,
from NOj3 and rapidly consume intracellular nitrate during
both oxic and anoxic incubations. Isotopic fractionation during
nitrate consumption indicates that it is being reduced intra-
cellularly, rather than simply leaking out of the cell or being
consumed by extracellular contaminants. A gene for nitrite
reduction (nirS) was also detected in DNA extracts from
B. argentea although it has not yet been localized. Incubations
of F. cornuta were also found to produce N, from NOs.
Further investigation is needed to determine whether this for-
aminifer is catalyzing the reaction itself, but its intracellular
8" Nnos values were occasionally elevated relative to pore
water nitrate, and no endobionts are known to exist in this
species. N. stella has previously been shown to sequester
chloroplasts containing nitrate reductase [Grzymski et al.,
2002] and has previously been shown to denitrify [Piria-
Ochoa et al., 2010; Risgaard-Petersen et al., 2006], presum-
ably without endobionts. N. stella’s elevated 6 SNyos values
suggest that this organism does participate in nitrate reduction
in the field.

[42] It will be fascinating to determine if additional protists
such as testate amoebae, ciliates, and/or flagellates can per-
form complete denitrification and, if they can, determine the
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mechanisms employed to do so. From a paleontologic per-
spective, both ciliates and flagellates likely evolved approx-
imately 1.9 Billion years ago [Hedges et al., 2004; Wright
and Lynn, 1997], a time in the Paleoproterozoic when a
“whiff” of oxygen entered the atmosphere [e.g., Poulton
et al., 2004]. However, at that time, atmospheric and oce-
anic oxygenation likely did not last long [Frei et al., 2009],
so if these early evolving protists were to survive, an anaer-
obic metabolic pathway(s) was required. Indeed, it is argued
that much of the Proterozoic, during and after the origin of
ciliates and flagellates, was in a “nitrogen crisis” where
oceanic oxygen concentrations remained very low to unde-
tectable while denitrification was prevalent [Falkowski and
Godfrey, 2008; Fennel et al., 2005]. Although nitrate may
have been limited at this time [Falkowski and Godfrey,
2008], the ability to denitrify could have imparted a major
ecological advantage to allow success of early evolving
eukaryotic lineages. In cases where fossilizable protistan
body parts exist, our understanding of protistan physiology
with respect to the nitrogen cycle will help interpret the
paleontologic record in terms of paleoecology.

5. Conclusions

[43] While the involvement of benthic foraminifera in
denitrification has been documented by other workers [e.g.,
Piria-Ochoa et al., 2010; Risgaard-Petersen et al., 2006], it is
difficult to exclude bacteria when assaying foraminifera for
denitrification activity. Our approach was to use a combina-
tion of antibiotics and changes in intracellular nitrate content
and isotopic composition in foraminifera with varying asso-
ciations with bacteria. We have shown that while bacterial
symbionts and/or contaminants may perform a portion of
denitrification detected in foraminifera, it remains possible that
the foraminifera proper also perform complete denitrification.
Our data support the notion that foraminifera and/or their
symbionts may play a major role in the marine nitrogen cycle
through nitrate storage and consumption, and further define a
significant role for protists in benthic marine habitats.
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