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Nitrogen (N) is an essential element in biological systems and
one that often limits production in both aquatic and terrestrial
systems. Due to its requirement in biological macromolecules, its
acquisition and cycling have the potential to structure microbial
communities, as well as to control productivity on the ecosys-
tem scale. In addition, its versatile redox chemistry is the basis of
complex biogeochemical transformations that control the inven-
tory of fixed (biologically available) N in local environments, on
a global scale and over geological time.

Although many of the pathways in the microbial nitrogen
cycle were described more than a century ago, additional fun-
damental pathways have been discovered only recently. These
findings imply that we still have much to learn about the micro-
bial nitrogen cycle, the organisms responsible for it and their
interactions in natural and human environments. Progress in N
cycle research has been facilitated by recent rapid technological
advances, especially in genomics and isotopic approaches.

The papers in this issue reflect current research focus on N loss
and input processes. The papers are ordered by topic beginning
with N fixation, the only biological process that can increase the
inventory of fixed N, Knapp (2012) reviewed the literature on the
sensitivity of N fixation to dissolved inorganic N and found that
neither cultured cyanobacteria nor natural assemblages are com-
pletely inhibited by the presence of inorganic N substrates. Knapp
was cautious about recent reports of N fixation in subeuphotic
mesopelagic waters but concluded that N fixation does occur in
the presence of fixed N and in geographic ranges not usually asso-
ciated with cyanobacteria, which may substantially change our
understanding of the global marine N budget. Turk-Kubo et al.
(2012) addressed another aspect of the regulation of N fixation
and found that different types of N fixers respond differently and
variably to Fe or P additions. Both N fixation rates and nifH gene
expression indicate complex regional and taxonomic sensitivities
to micronutrient limitation.

Next we include a series of papers about nitrification, a process
which does not directly affect the fixed N inventory, but which
links mineralization to the N loss processes by producing oxi-
dized forms of N that can then be used as respiratory substrates.
Nitrification has been the subject of increasing research inter-
est since the discovery a decade ago that archaea were involved
in ammonium oxidation. A large body of literature has since
developed documenting the diversity, abundance and activity

of ammonia oxidizing bacteria and archaea (AOB and AQA).
For this collection, Casciotti and Buchwald (2012) reviewed
knowledge about nitrification gained from the use of N and
O isotopes. They found consistent support for the occurrence
of nitrification in the euphotic zone, and strong evidence for
nitrite reoxidation in suboxic waters. Beman et al. (2012) mea-
sured distributions of AOB and AOA in marine sediments and
found evidence of their presence as well as active ammonium oxi-
dation in sediments where oxygen was essentially undetectable.
They suggest that bioturbation supplies sufficient oxygen inter-
mittently to maintain nitrification even below the typical redox
gradient in surficial sediments. Peng et al. (2013) investigated
the composition of AOA assemblages in two oxygen minimum
zone (OMZ) environments. Although AOA are found in abun-
dance even in waters that contain essentially zero oxygen, active
nitrification is not detected there, so Peng et al. (2013) hypoth-
esized that AOA assemblages in oxic waters would differ from
those in anoxic waters. Perhaps surprisingly, they found that AOA
communities in the OMZ did not differ significantly from those
in the overlying surface layer, but they found that biogeography
was a significant factor in explaining community composition,
as assemblages from the two OMZs (Arabian Sea and Eastern
Tropical South Pacific) were significantly different. Bouskill et al.
(2012) used trait based modeling to simulate and predict nitri-
fier community composition and nitrification rates. They found
that the relatively simple metabolism of nitrifiers lends itself to
such modeling, potentially allowing predictions of the response
of nitrification to climate change as reflected in changing envi-
ronmental parameters such as temperature, pH and substrate
availability.

The next topic in the collection deals with the processes by
which fixed N is lost from marine ecosystems. Low oxygen envi-
ronments are of particular interest for nitrogen transformations
because they are the sites of fixed N loss via denitrification and
anammox. Francis et al. (2013) report on a large sequencing study
in sediments of Chesapeake Bay. They found significant geo-
graphical patterns in the diversity and composition of denitrifying
communities along the estuarine gradient and found that the
most abundant types in the environment are only distantly related
to anything in culture. Bowles et al. (2012) reported on processes
controlling denitrification and the diversity of denitrifying bac-
teria in the sediments of Guaymas Basin. They found high rates
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of denitrification associated with Beggiatoa mats, but even higher
rates in sediments without mats. The presence of sulfide reduced
denitrification rates, even though the community contained large
numbers of sequences associated with taxa that are capable of
linking sulfide oxidation with nitrate reduction. Kirkpatrick et al.
(2012) and Fuchsman et al. (2012) report on denitrification and
anammox processes and the microbes involved in those trans-
formations in the narrow suboxic zone of the Black Sea water
column. Intrusions of oxygen appear to stimulate autotrophic
(i.e., sulfide linked) denitrification in the Bosporus plume, while
anammox was not detected under these conditions (Fuchsman
etal., 2012). In the northeastern gyre of the Black Sea, Kirkpatrick
et al. (2012) found that the distribution and level of expression of
denitrification genes was more variable than those of anammox
genes, although both processes were consistently detected. They
suggest that dynamics in the denitrifier population in response
to external factors may explain the apparent decoupling between
anammox and denitrification in some environments. Sokoll et al.
(2012) report on the same N loss processes in the sediments of the
Arabian Sea. The two processes showed opposite patterns along
the gradient from shallow to deeper sediments, with the relative
importance of anammox increasing from 7 to 40% of the fixed
N loss at shallow and deep stations, respectively. The sediments
have not previously been quantified as a site for fixed N loss in the
Arabian Sea but their contribution appears to be significant.

Finally, we include a single paper on the use of nitrogen
by the phytoplankton in the surface ocean. Bertrand and Allen
(2012) review the evidence for vitamin B deprivation to mediate
N limitation in phytoplankton. Nitrogen limitation in phyto-
plankton may enhance their demand for Vitamins B12 and B1.
Interactions between heterotrophic bacteria, cyanobacteria and
eukaryotic phytoplankton around the production and demand
for vitamins may influence the timing and structure of phyto-
plankton blooms, including those of harmful algae.
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Autotrophic denitrification was measured in the southwestern coastal Black Sea, where
the Bosporus Plume injects oxidized chemical species (especially O, and NO3) into the
oxic, suboxic, and anoxic layers. Prominent oxygen intrusions caused an overlap of NO;
and sulfide at the same station where autotrophic denitrification activity was detected
with incubation experiments. Several bacteria that have been proposed to oxidize sulfide
in other low oxygen environments were found in the Black Sea including SUPQ5, Sulfuri-
monas, Arcobacter, and BS-GSO2. Comparison of TRFLP profiles from this mixing zone
station and the Western Gyre (a station not affected by the Bosporus Plume) indicate the
greatest relative abundance of Sulfurimonas and Arcobacter at the appropriate depths at
the mixing zone station. The autotrophic gammaproteobacterium BS-GSO?2 correlated with
ammonium fluxes rather than with sulfide fluxes and the maximum in SUPQ5 peak height
was shallower than the depths where autotrophic denitrification was detected. Notably,
anammox activity was not detected at the mixing zone station, though low levels of DNA
from the anammox bacteria Candidatus Scalindua were present. These results provide evi-
dence for a modified ecosystem with different N, production pathways in the southwest
coastal region compared to that found in the rest of the Black Sea. Moreover, the same Sul-
furimonas phylotype (BS139) was previously detected on >30 um particles in the suboxic
zone of the Western Gyre along with DNA of potential sulfate reducers, so it is possible that
particle-attached autotrophic denitrification may be an overlooked N, production pathway

in the central Black Sea as well.

Keywords: Black Sea, autotrophic denitrification, Sulfurimonas, Bosporus Plume, anammox

INTRODUCTION

Three processes are responsible for N, production under low oxy-
gen conditions: (1) heterotrophic denitrification, which converts
nitrate to N, using organic matter as a reductant; (2) anammox,
an autotrophic process which reduces nitrite with ammonium
to form N»; and (3) autotrophic denitrification, which converts
nitrate to N, using reduced sulfur species as a reductant. In both
heterotrophic and autotrophic denitrification, nitrate is reduced
using the same pathway with N,O as an intermediate product
(Sievertetal.,2008). Autotrophic denitrification has been found to
be an important N, production pathway in anoxic water columns
in the Baltic Sea (Hannig et al., 2007), the Benguela upwelling zone
(Lavik et al., 2009), and Mariager Fjord, Denmark (Jensen et al.,
2009).

The Black Sea is a permanently anoxic basin with a well-
defined redox gradient. A 20- to 80-km wide rim current circulates
around the perimeter of the Black Sea, enclosing two cyclonic gyres
(Poulain et al., 2005). In most of the Black Sea, the Cold Intermedi-
ate Layer, with a characteristic core density of og & 14.5, represents
thelower boundary of direct communication with the surface. The
suboxic zone lies between the oxic Cold Intermediate Layer and a
2000-m thick sulfidic zone. In the central Black Sea, autotrophic
denitrification is generally not thought to be important. Anammox

has been detected in the suboxic zone (Kuypers et al., 2003; Jensen
et al., 2008), and nitrate does not co-exist with sulfide or elemental
S (Luther et al., 1991; Konovalov et al., 2003; Coban-Yildiz et al.,
2006). However, the potential for S cycling in suboxic waters with-
out the build up of sulfide has recently been demonstrated in the
Chilean Oxygen Minimum Zone (Canfield et al., 2010), and DNA
from potential sulfate reducers and sulfide oxidizers were found
attached to large particulate matter in the Black Sea suboxic zone
(Fuchsman et al., 2011).

In the southwestern Black Sea, water from the bottom layer
outflow of the Bosporus Strait mixes with the overlying Cold Inter-
mediate Layer forming the Bosporus Plume (Buessler et al., 1991;
Murray et al., 1991; Ivanov and Samodurov, 2001). This plume
enters the Black Sea as thin intrusions into the oxic, suboxic, and
sulfidic layers (Oguz and Rozman, 1991; Konovalov et al., 2003).
These intrusions inject oxygen, nitrate, and other oxidized species
into the anoxic layers, where they are reduced. The rim current
transports water affected by the Bosporus Plume along the coast
to the east (Basturk et al., 1999; Konovalov et al., 2003; Poulain
etal.,2005). From ratios of ammonium and sulfide, Konovalovand
Murray (2001) calculate that 1.11 x 102 mol of sulfide is miss-
ing from the Black Sea, and they attribute this loss to intrusions
from the Bosporus Plume. They calculate that this approximates
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the re-oxidation of 50% of the sulfide production (Konovalov
and Murray, 2001). Most of this sulfide oxidation is due to oxy-
gen, but oxic intrusions also oxidize ammonium to nitrate/nitrite,
which in turn can oxidize sulfide. Oxygen, nitrate, and nitrite
intrusions were previously described at the mixing zone station
in 2001 (Konovalov et al., 2003; Fuchsman et al., 2008). In this
case, an intrusion of water from the Bosporus Plume created a
second maximum in nitrate (up to 3.3 wM) at depths where sul-
fide is usually present (Fuchsman et al., 2008). The potential for
autotrophic denitrification with sulfide is clearly present in the
mixing zone of the Bosporus Plume in the Black Sea.

In this paper we provide evidence for autotrophic denitrifica-
tion activity in the southwestern region of the Black Sea during
an intrusion event of the Bosporus Plume, which caused overlap
of NOg and sulfide. We examine likely denitrifying bacteria by
comparing depth profiles of normalized TRFLP peak height from
the mixing zone with the western central gyre.

MATERIALS AND METHODS

SAMPLING

Samples were collected using a CTD-Rosette with 10 L Niskin bot-
tles and Sea-Bird sensors on three separate cruises in the Western
Gyre of the Black Sea: (1) May 2001 at station 6 Voyage 162 leg 16
of the R/V Knorr (42°31’ N, 30°43.5' E), (2) April 2003 at station
19 on Voyage 172 leg 7 of the R/V Knorr (42°30' N, 31°00" E), and
(3) late March 2005 at station 2 on cruise 403 of the R/V Endeavor
(42°30" N, 30°45" E). Samples were also collected in the mixing
zone where the Bosporus Plume enters the Black Sea (Figure 1)
on two cruises: Station 20 in April 2003 (41°26’ N, 29°34’ E) and
Station 5 in March 2005 (41°26’ N, 29°34’ E).

NUTRIENT CONCENTRATIONS

Oxygen was measured with the classic Winkler method, and sul-
fide by iodometric titration (Cline, 1969). In both cases, reagents
were bubbled with argon to avoid contamination by atmospheric
oxygen. Nitrate, nitrite, and ammonium were analyzed shipboard
using a Technicon Autoanalyzer II system (see Fuchsman et al,,

FIGURE 1 | A map of the Black Sea indicating the stations sampled in
this study. This map was made with Map-It (http://woodshole.er.usgs.
gov/mapit).

2008). Nitrate was not analyzed when there was consensus that
sulfide would be in the sample.

DNA

For DNA samples, 2 L were filtered onto 0.2 pm Millipore Sterivex
filters. Samples were immediately frozen and stored at —80°C. The
DNA extraction protocol was adapted from Vetriani et al. (2003)
and includes 810 freeze thaw cycles between a dry ice/ethanol bath
and a 55°C water bath followed by chemical lysis with lysozyme
and proteinase K.

TRFLP

TRFLP profiles were obtained using universal bacterial primers
27F-FAM and 1517R (Vetriani et al., 2003). PCR products were
amplified for 30 cycles with annealing temperature of 48°C using
Fermentas PCR MasterMix. Purified PCR products (QiaQuick
columns; Qiagen) were separately digested overnight with four
restriction enzymes (Haelll, Hpy1881, Mspl, Mnll) and immedi-
ately ethanol precipitated (Fuchsman et al., 2011). TRFLP data
from the Western Gyre in 2005 are previously published in
Fuchsman et al. (2011).

Planctomycetes-specific TRFLP profiles were obtained using
primers 58F-FAM and 926R (Wang et al., 2002). Planctomycetes
PCR products were amplified for 30 cycles with annealing temper-
ature of 60°C. Purified PCR products (QiaQuick columns; Qia-
gen) were separately digested overnight with restriction enzymes
Haelll, Hpy1881, and MspI and immediately ethanol precipitated
(Fuchsman et al., 2012). Planctomycetes-specific TRFLP data for
the Western Gyre in 2001, 2003, and 2005 are previously published
in Fuchsman et al. (2012).

In both cases, analysis was performed on a MegaBACE 1000
apparatus (Molecular Dynamics) at the University of Washing-
ton Marine Molecular Biotechnology Laboratory. Electrophoretic
profiles were visualized with Dax software (Van Mierlo Software
Consultancy, Netherlands).

TRFLP profiles were normalized by total peak height. If the
height of a peak was below 0.3% of the total peak height, the peak
was removed from further statistical analyses. TRFLP peaks were
binned using frame shifting (Hewson and Fuhrman, 2006) with
four frames at 0.5bp intervals, and for each enzyme, a resem-
blance matrix was obtained using the Whitaker index, which takes
abundance (peak height) into account (Fuchsman et al., 2011).
The maximum similarity of the four frames was used to calculate
the hierarchical cluster analysis (using the group average) with the
Primer 6 program. Error in the resemblance matrix and signifi-
cance level of the cluster diagram was determined using a Monte
Carlo simulation of 50 replicates. We used the average error for
both normalized peak height [£46 relative fluorescence units (rfu)
where total peak height is 18,000 rfu] and base pairs (£0.08 bp)
as determined by 16 sets of duplicate TRFLP profiles. The low-
est similarity between Monte Carlo simulated replicates was 77%
(Fuchsman et al., 2011). The average error for the Planctomycetes
was £83 rfu, where total peak height was 15,000 rfu, and £0.06 bp
as determined by 14 sets of duplicate TRFLP profiles (Fuchsman
et al., 2012).

Due to the replicability of the relative peak heights and the lack
of cloning bias (Rainey et al., 1994), and because each PCR was
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run under the same conditions with similar extracts from the same
amount of material, we were able to compare the relative abun-
dance of the same restriction fragment (i.e., peak height) among
multiple samples. However, due to PCR bias (Polz and Cavanaugh,
1998), comparison of heights among different restriction frag-
ments was avoided. In other words, we only compare the relative
abundance of a single taxon across samples and never compare
the abundances of different taxa. More than one bacterial species
can produce the same restriction fragment size; however, by ensur-
ing that the shape of a fragment’s relative abundance profile with
depth must be supported by multiple enzymes, and by using a
small bin size, that risk was reduced. Arguments supporting the
similar use of fragment peak height in data from the Southern
California time series station can be found in Steele et al. (2011).

Both TRFLP and pyrosequencing of the V6 region of 16S
rDNA were obtained from the Western Gyre in 2005 (Fuchs-
man et al., 2011). Both pyrosequencing and TRFLP avoid cloning
biases (Rainey et al., 1994), but still contain PCR biases (Polz and
Cavanaugh, 1998; Huse et al., 2008). Despite the use of different
primers, conclusions from TRFLP data and V6 tag sequences com-
pare well and we can identify many of the same OTUs using both
techniques (Fuchsman et al., 2011). Not only are depth profiles of
individual OTUs similar between techniques, but similarity indices
are also similar when only V6 pyrosequences with >1% relative
abundance were used (Fuchsman et al., 2011).

Predicted fragment lengths for the phylotypes discussed here
are shown in Table 1. TRFLP OTUs can represent a variety of
taxonomic levels depending on the variability in the restriction
sites among related phylotypes. Most of the TRFLP OTUs pre-
sented here represent a unique sequence or small group of very
similar sequences. However, with the restriction enzymes used
here Arcobacter clone BS098 (GU145483) has the same restriction
sites as a wide range of Arcobacter members including Arcobacter
nitrofigilis (L14627) and Black Sea sediment enrichment cultures
(AJ271653-4) though they are not particularly closely related.
In this paper, TRFLP OTUs are named after the phylotype that

was present in the V6 pyrosequence data from the Western Gyre
in 2005 (Fuchsman et al., 2011). Full length clones representing
these phylotypes were amplified with TRELP primers and digested
with the restriction enzymes (Fuchsman et al., 2011). The actual
length of digested clones often differ slightly from the lengths
predicted in silico. Identifying TRFLP peaks with a database of
digested clones greatly improves the reliability of peak identifi-
cation. Unfortunately, we do not have a digested full length clone
representing Arcobacter and the in silico prediction deviates slightly
from the observed peaks (Table 1).

AUTOTROPHIC DENITRIFICATION ACTIVITY EXPERIMENTS

Samples for experiments were collected in 2005 at the mixing
zone station at the shallowest depth where sulfide was detected
(09 =16.4; 192 m), 5 m below that depth (op = 16.46; 197 m) and
20m below (og=16.52; 212m) as well as from a depth where
no sulfide was detected (o9 = 16.26; 178 m). Water was collected
directly into 12.5mL exetainers after overflowing with five times
the volume of water. Vials were capped without the presence of
bubbles. ’N-labeled NOj; was added (for final concentration of
27 wM) to duplicate samples from each depth. Samples and con-
trols were incubated at 7°C for 48 h. Experiments were stopped
by addition of HgCl,, and 6 mL of water was replaced by helium
and equilibrated overnight. Samples were measured directly by
a Finnegan Delta XL isotope ratio mass spectrometer using the
Conflo system in the Stable Isotope Lab, School of Oceanography,
University of Washington. After gases were measured, the remain-
ing water was analyzed for nitrite and ammonium concentrations
using the Technicon Autoanalyzer II.

RESULTS

Due to the strong stratification of the Black Sea by salinity, char-
acteristic inflections in the water-column profiles (such as nitrate)
are generally associated with specific density values regardless of
when and where they were sampled, but depths vary (Murray
et al., 1995). Therefore, results presented here are plotted against

Table 1 | Taxonomy and predicted fragment lengths for the phylotypes discussed in this study.

ID Taxonomy Accesssion Haelll Hpy1881 Mspl Mnll Primer
JK200 Scalindua DQ368308 236 530 259 NA 58F926R
BS142 WS3 GU145525 206 e 297 144 27F1512R
BS149 WS3 GU145532 206 —_— 312 144 27F-1512R
BS129 BS-GSO2 GU145512 e —_— 165.3 139.2 27F-1512R
BS098 Arcobacter GU145483 228 — S:474 S:1134 27F1512R
T.477 T:140?

BS134 SAR324 GU145517 406 —_— 160.9 134 27F-1512R
BS139 Sulfurimonas GU145522 —_— e 465 130 27F1512R
BS077 SUPO05 GU145462 193  — 144.2 182.8 27F1512R
BS007 SAR11 I GU145392 292 —_— 147 121 27F-1512R
BS110 Marine group A GU145495 227 290 450 286 27F1512R
BS040 Cytophaga-like GU145425 410 — 90  — 27F1512R

16S rRNA clone PCR products were previously digested with all restriction enzymes and used to identify TRFLP peaks with a range +0.5bp from the length of the

digested clone (Fuchsman et al., 2011) except for Arcobacter. Dashed line indicates that the enzyme did not cut the sequence within the size range examined (550 bp).

NA stands for not applicable, S for in silico, and T for in TRFLP profile.
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potential density (og) rather than depth (m). Densities occurred
up to 75 m deeper at the mixing zone station than at the Western
Gyre station and varied up to 15m between years at the Western
Gyre (Figure Al in Appendix).

CHEMISTRY

A station where the Bosporus Plume enters and mixes with the
Black Sea was occupied in late April 2003 and in March 2005
(Figure 1). Oxygen, sulfide, and nutrient data from this mixing
station are compared to data from the Western Gyre in Figures 2
and 3. In 2003, the Western Gyre and Mixing Zone stations had
similar oxygen profiles above o9 =15.9, but there was an intru-
sion of oxygen at o9 = 16.15 at the mixing zone. In 2003, sulfide
was first detected at og = 16.05 (81 m) in the Western Gyre, while
in the mixing zone, sulfide became detectable above og=16.4
(192 m; Figure 2). Nitrate maximum concentrations were simi-
lar between stations in 2003, and nitrite concentrations remained
below 0.05 uM (Figure 3). In 2005, the oxygen concentrations in
the mixing zone station were greatly elevated. Oxygen was mea-
sured down to og=16.3 (7 M, 180 m; Figure 2). Nitrate was
0.5 WM at 69 = 16.3 while nitrite had a maximum of 0.18 wuM and
was still elevated at og =16.4 (192 m; Figure 3). Sulfide was not
detected at 16.3 on the two casts at this station but was 12 wM just
6 m deeper on the cast not shown here. Given the detection limit
for sulfide (3 wM), it is possible that nitrate and sulfide overlapped
at this station. In any case, the flux of sulfide to g =16.3 was
303 wmol m 2 day_l, so both nitrate and sulfide were available at
this depth.

In the Western Gyre, oxygen extended deeper in the water
column in 2005 than in other years. The top of the suboxic
zone, defined as <10 WM O,, was at o9 = 15.38 (72 m) in 2001,
09 =15.6 (61 m) in 2003, and ¢ = 15.65 (78 m) in 2005. Higher
oxygen concentrations at the Western Gyre in 2005 are due to
a transitory lens of colder, more highly oxygenated water that
appeared in the og = 15.4-15.6 range. On March 29th and 30th,
the lens of more oxygenated water increased to 22 uM oxygen
at g =15.6 and then decreased to 12 uM at og = 15.6. When

microbial samples were collected in 2001, oxygen concentrations
(Figure 2) decreased from the top of the suboxic zone to near the
detection limit at g = 15.85 and then increased to 2—4 uM from
op = 15.92-16.05.

Ammonium was consistently present in the lower suboxic zone
at both stations and during all years. However ammonium fluxes
at 09 = 16.0 (calculated with diffusion coefficients from Ivanov
and Samodurov, 2001) varied between stations and years with the
lowest fluxes (190 umol m~2 day™!) at the mixing zone station in
2003 and the western gyre in 2001 and the highest fluxes (330 and
310 umol m~2 day~!) from the mixing zone station in 2005 and
from the western gyre in 2003. In 2005, the Western Gyre in 2005
had an intermediate flux (270 pumol m—2 day’1 ).

EVIDENCE FOR AUTOTROPHIC DENITRIFICATION

In incubation experiments at the mixing zone station in 2005,
where "N-labeled NOj; was added, enriched 830N, indicative
of denitrification, was found in all sulfidic samples but 8°'N,
was not enriched in the non-sulfidic sample [0 = 16.26 (178 m;
Figure 4)]. The amount of enriched N; increased with depth from
an enrichment of 590%o at 6 = 16.4 (192 m) to an enrichment of
9800% at 6¢ = 16.52 (212 m). In the 1> N-nitrate enriched samples
from the sulfidic zone, there was substantial build up of nitrite,
up to 18 uM at o9 =16.46 (197 m; Figure 4) while ammonium
concentrations were not different from controls.

Formation of 8N, from '°N - NOjJ enriched experiments is
usually used to denote anammox activity. No enrichment in 82N,
was detected in the non-sulfidic sample (o9 =16.26), though
ammonium was available from the ambient water, indicating that
the anammox process was not occurring at that depth even though
nitrite and ammonium were present. In the sulfidic zone, 329N,
was enriched by 1%o compared to controls. The relative abun-
dance of Candidatus Scalindua, the genus of anammox bacteria
in the Black Sea (Kirkpatrick et al., 2006), was low but present
at og = 16.4 (Figure 3). However, the enrichment in 829N, could
also be from denitrification using small amounts of unspiked NO
or N,O.
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BACTERIAL COMMUNITY
A Spearman Rank correlation between environmental ([O3],
[HS], [NO5 I, [INH, ], [NO; ], [PMn]) and biological (TRFLP)
data indicated that a combination of nitrate, ammonium, and
particulate manganese best explained all the bacterial data
(R=10.698). Oxygen was not found to be a significant factor, likely
because samples with 82 and 5 M oxygen have similar bacter-
ial communities. However, if instead, the samples are binned into
groups >4 WM oxygen, <4 LM oxygen, and sulfidic (see sym-
bols in Figure 5), an ANOSIM analysis indicates that oxygen
is a significant factor determining the differences in the bacte-
rial communities (R=0.460, p=0.001). In a pairwise test, the
>4 uM oxygen and <4 uM oxygen communities were different
(R=0.316, p=10.001). The bacterial community does not seem
to react linearly to oxygen, but instead to have a threshold.

The community at the mixing site and the central gyre were
fundamentally similar. At some depths, the community at the

mixing zone has >60% similarity with the Whittaker index to
communities at the western central gyre (Figure 5). However, there
are some significant differences, especially in the sulfidic samples.
We directly compared mixing zone station samples from 2005 to
the same density at the central gyre station at two depths using the
Mspl, Mnll, and Haelll restriction enzymes with a cutoff of 3%
total peak height to reduce noise (Figure 6). At 69 = 16.0, a density
surface which contained no oxygen in the Western Gyre (97 m) and
47 uM oxygen at the mixing zone station in 2005 (166 m), the rel-
ative abundance of SAR11 clusters II phylotype BSO07 was greater
in the mixing zone station (Figure 6). The relative abundance
of potential sulfur cycling bacteria Sulfurimonas phylotype BS139
and SUPO05 BS077 phylotype along with unidentified Mspl peak
498 was also greater at the mixing zone station. The Haelll enzyme
does not cut Sulfurimonas phylotypes, allowing Cytophaga phylo-
type BS040 to creep above the 3% total peak height threshold for
that enzyme. At 69 = 16.4, a density surface which is in the sulfate
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incubation (diamonds). Error bars indicate duplicate measurements.

reduction zone in the Western Gyre (141 m) but where autotrophic
denitrification was detected at the mixing zone station (192 m),
potential S oxidizers SUP05 BS077, Sulfurimonas BS139, Arcobac-
ter BS098, and unidentified Mspl peak 91/Mnl peak 254 pair had
much higher normalized peak height in the mixing zone station
compared to the Western Gyre (Figure 6). For the Haelll enzyme,
peak 206 representing the Black Sea WS3 group and unidenti-
fied peak 339 also had higher normalized peak height for the
mixing station. The 206 cut site from Haelll represents multiple
WS3 phylotypes that are separate peaks when different restriction
enzymes were used. Two WS3 phylotypes have been identified by
TRFLP in the sulfidic zone of the Black Sea (Fuchsman et al., 2011,
supplemental).

When we look at all profiles over five stations instead of just
the two depths in 2005, we see that the relative abundances
of BS139 from the Sulfurimonas genus of epsilonproteobacteria,
BS077 from the SUPO5 group of gammaproteobacteria, BS098
from the Arcobacter genus of epsilonproteobacteria, and uniden-
tified Mspl peak 91/Mnl peak 254 pair are clearly greater in the
mixing zone station (Figures 7 and 8). Peaks 91/254 are in fact
only seen in the mixing zone station in 2005 (Figure 8). Contrast-
ingly, both group WS3 and peak 339 (Haelll) have maxima in the
sulfidic zone in the Western gyre (Figure 8), implying that their
presence at the mixing zone station is not due to the intrusions
there.

This dataset also allows us to examine variability in the bacterial
community within the Western Gyre. Upper suboxic zone samples
(0g =15.5-15.7) from the Western Gyre in 2003 are included in
the Suboxic cluster while upper suboxic zone samples from 2001
and 2005 are included in the Hypoxic cluster (Figure 5), perhaps

due to the influence of oxygen intrusions in 2001 and 2005. In the
deep suboxic zone, samples from 2001 clustered in a separate sub-
cluster from samples from 2003 and 2005 (Figure 5). There was
an oxygen intrusion into the deep suboxic zone in 2001 (Figure 2)
and the particulate manganese maximum was also deeper. The
maximum in particulate manganese at the Western Gyre varied
0g = 16.05 in 2001 (Konovalov et al., 2003) to o9 = 15.8—-15.85 in
2003 and 2005 (Trowborst et al., 2006; Fuchsman et al., 2011).

PLANCTOMYCETES COMMUNITY

The members of the Planctomycetes community at the mixing sta-
tion were similar to those described in Fuchsman et al. (2012) with
60-70% community similarity to samples from the Western Gyre.
Mspl peak 263, representing WS3 bacteria, had high peak height in
the sulfidic mixing zone samples from 2005, corroborating infor-
mation from the bacterial primers. At the mixing zone station,
Scalindua peak height increased with depth starting at o9 = 15.7
in 2003, while in 2005 Scalindua peak height had a maximum
at og = 16.2 (Figure 3). At op = 16.0, in the mixing zone station,
Scalindua normalized peak height was significantly lower in 2005
than in 2003 (Figure 3).

The chemical parameters that most strongly correlated with the
Planctomycetes community similarity among samples (Spearman
Rank correlation) were nitrate, ammonium, and sulfide (R = 0.730
when combined), but ammonium and nitrate without sulfide
explained most of the data (R=0.729). Oxygen concentration
was not found to be an important variable. However, the bacterial
communities generally cluster by the presence of >3 or <3 uM
oxygen or sulfide (ANOSIM R = 0.386, p = 0.001) supporting the
importance of an oxygen threshold.

DISCUSSION

In the southwestern coastal Black Sea, intrusions from the
Bosporus Plume inject oxygen, nitrate, and other oxidized species
into the sulfidic layer (Konovalov et al., 2003). In 2005, there
was abundant evidence of intrusions at the mixing zone station.
Oxygen, usually only measurable to around og = 15.8, was mea-
sured down to o¢ = 16.3 (Figure 2). Nitrate and nitrite were also
unusually elevated at op =16.3 and nitrite concentrations were
still elevated at o9 = 16.4 (Figure 3). Sulfide was not detected at
16.3 (detection limit 3 wM), but the flux of sulfide to o9 =16.3
was 303 wmol m—2 day_l, so both nitrate and sulfide were avail-
able. In experiments at the mixing zone station in 2005, where
N-labeled NO; was added, enriched 8°°N, was found in all
sulfidic samples but not in the non-sulfidic sample (cg = 16.26;
Figure 4). This implies autotrophic denitrification activity with
sulfide as an electron donor. If we convert these enrichments to
experimental rates, they range from 4 nM N day~! at 6y = 16.4 to
10nM N day~! at 69 =16.46 and 78 nM N day~! at og = 16.52.
These rates are an order of magnitude lower than experiments
with comparable nitrate concentrations in Mariager Fjord (Jensen
et al., 2009). These experimental rates do not represent in situ
rates because nitrate additions (27 uM) were much higher than
the largest values seen in situ (~3 wM; Fuchsman et al., 2008).
Additionally, the positive dependence of autotrophic denitrifica-
tion on sulfide concentration and the large accumulation of nitrite
in the experiments (18 WM) are both consistent with trends seen
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in Mariager Fjord, Denmark (Jensen et al., 2009) and may be due
to sulfide limitation. The accumulation of nitrite could also be
due to the slower kinetics of nitrite reduction compared to nitrate
reduction (Jensen et al., 2009) or to bacteria that merely perform
the first step of nitrate reduction (Zumft, 1997). However, the con-
sumption of five moles of sulfide for every two moles of nitrate
(Jensen et al., 2009) indicates that sulfide limitation was likely in
all of the experiments, but would have been especially important
in the o9 =16.4 experiment (14 uM H;S). While not indicating
in situ rates, these experiments do indicate the ability of the bacte-
rial community in the sulfidic zone of the mixing station to reduce
nitrate when it becomes available, likely through intrusions from
the Bosporus Plume.

Though the highest denitrification activity was seen at
0¢ = 16.52 with the addition of nitrate (Figure 4), it seems more
likely that in situ rates at the time of sampling were higher
between 09 =16.3 and 16.4 where in situ nitrate/nitrite were
naturally present (Figure 3). We also have DNA samples from
0p = 16.4. The relative abundances of BS139 from the Sulfuri-
monas genus of epsilonproteobacteria, BS077 from the SUP05
group of gammaproteobacteria, BS098 from the Arcobacter genus
of epsilonproteobacteria, and unidentified MspI peak 91/Mnl peak
254 pair are all clearly greater at o9 = 16.4 of the mixing zone sta-
tion in 2005 compared to the Western Gyre (Figure 6). Members of
the Candidatus genus Scalindua, known to mediate the anammox

reaction but typically missed by universal bacterial primers, were
also present at op = 16.4 at the mixing zone. Additionally, a labeled
bicarbonate stable isotope probing experiment at the chemosyn-
thesis maximum in the upper sulfidic zone of the central Black
Sea in 2007, attributed autotrophic activity not only to members
of the genus Sulfurimonas and the SUP05 (Glaubitz et al., 2010),
found to be enriched in the mixing zone station in this study, but
also to members of the BS-GSO2 group of gammaproteobacteria
(Glaubitz et al., 2010). In the following section we examine these
six bacteria to determine which was the most likely to mediate N,
production in the mixing zone site in 2005.

ANAMMOX

Sequences of potential anammox bacteria in the Black Sea are of
the Candidatus Scalindua genus (Kirkpatrick et al., 2006). In the
mixing zone station in 2005, Scalindua peak height had a maxi-
mum at g = 16.2 (Figure 3). This maximum was much reduced
from the maximum at the same station in 2003 and from the West-
ern Gyre in 2005 (Figure 3). Anammox activity was not detected
at the mixing zone station in 2005, though only one depth was
examined. However, that depth did correspond to the maximum
in Scalindua peak height. Scalindua DNA at the mixing zone sta-
tion may be remnants from previous activity, or Scalindua may
be mediating Fe or Mn oxide reduction (van de Vossenberg et al.,
2008).
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height are shown.

SUP05

A metagenome of SUP05 bacteria from Saanich Inlet, a season-
ally anoxic fjord on Vancouver Island, Canada indicated that
the SUPO5 group of gammaproteobacteria had the ability to
autotrophically oxidize sulfur compounds and also contain genes
for the production of N,O (Walsh et al., 2009). Subsequently,
SUPO05 phylotypes were shown to be autotrophic in the upper
sulfidic zone of the central Black Sea (Glaubitz et al., 2010). Tran-
scripts of sulfur oxidizing genes from the SUP05 group have also
been detected in the Chilean Oxygen Minimum Zone (Stewart
et al., 2012). Altogether, this evidence could suggest a potential
for autotrophic denitrification. Normalized TRFLP peak height
for BS077 (the dominant SUP05 phylotype in the Black Sea) was
much greater in the mixing zone stations than in the Western Cen-
tral Gyre stations. However, phylotype BS077 had a maximum

peak height at 6 = 16.2 in the 2005 mixing zone station, which
was shallower than the depths where autotrophic denitrification
was detected (Figure 7).

BS-GS02

A second group of uncultured gammaproteobacteria, BS-GSO2,
was implicated in autotrophic activity in the upper sulfidic zone of
both the Black and the Baltic Seas (Glaubitz et al., 2009, 2010) and
linked to autotrophic denitrification in the Benguela upwelling
zone (Laviketal.,2009). Autotrophic activity in these sulfidic zones
implies this group might be involved in sulfur oxidation (Glaubitz
et al., 2009, 2010). BS129 (the dominant BS-GSO2 phylotype in
the Black Sea) was identified in all years and stations but its relative
abundance was greater in the Western Gyre than in the mixing zone
station in 2005 (Figure 8). At the mixing station in 2005, BS129
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the five stations: (A) Black Sea SUP05 phylotype BS077, (B) (Figure 4).

had a maximum peak height at g = 16.2, and its relative peak
height was greatly reduced at og = 16.4, where autotrophic deni-
trification activity was detected (Figure 8). In fact, the normalized
peak height for BS129 at o9 = 16.0 appears to be anti-correlated
with ammonium flux (Figure 8; p=0.004 for Mspl). Normal-
ized TRFELP peak height was greatest at the mixing zone station
in 2003 and the Western Gyre in 2001 where ammonium fluxes
were lowest. BS129 peak height was lowest in the Western Gyre in

2003 and the mixing zone station in 2005, both of which had high
ammonium fluxes. Interestingly, an unknown gammaproteobac-
terium was found to mediate ammonium oxidation in the lower
suboxic zone (Lam et al., 2007). Therefore, considering its correla-
tion with ammonium fluxes, depth profile (Figure 8), and ability
to fix carbon (Glaubitz et al., 2010), BS129 seems a likely candi-
date for autotrophic ammonium oxidation, but not autotrophic
denitrification.

www.frontiersin.org

July 2012 | Volume 3 | Article 257 | 15


http://www.frontiersin.org
http://www.frontiersin.org/Aquatic_Microbiology/archive

Fuchsman et al.

Autotrophic denitrification in the Black Sea

B
15.2 BS-GSO2 BS129  — W, Gyre 2001 = 3000 BS-GSO2 BS129 o Mspl
Mspl = W.Gyre2003 b 1 " e Mnll
<~ W.Gyre2005 2 . R*=0.95 . Haelll
—+— Mixing St. 2003 "2 . p=0.004
15.6 -e- Mixing St. 2005 %
N 5 2000
- 2:
2 2 Jd R*=0.68
= 8 p=0.08
= _ °
g 16 g _
50 5 1000 ¢ -
7 r4 ]l o
g S ;
16.4 = - 0.71 . )
I L o o e e
16.8 S —————— 160 200 240 280 320
) NH,* Flux (umol/m*d
0 1000 2000 3000 4 G )
c D
15277 WS3Haelll  —w. Gyre 2001 Mixing St 2005 ] Peak 339 Haelll
-8 W. Gyre 2003 -®-Peak 91 Mspl -®- Mixing St 2005
15.6 -~ W. Gyre 2005 —+—Peak 254 Mnll -~ W. Gyre 2005
: —+ Mixing St. 2003
8 -@- Mixing St. 2005
2 16
= -
£
5164
wn
16.8
17.2 I L] l L] I L] l I L] l L] I I L] l | I L] I
0 400 800 1200 0 400 8000 1000 3000
Normalized TRFLP Peak Height Peak Height Peak Height
FIGURE 8 | Examination of autotrophic denitrification candidates (A) profiles of unidentified peak 91 from digestion with Mspl and peak 254
TRFLP peak height depth profiles of BS-GSO2 phylotype BS129, (B) the from digestion with Mnll and peak 339 from digestion with Haelll.
inverse correlation of BS129 peak height with ammonium fluxes at Dashed line indicates a typical depth for the shallowest detection of sulfide in
o, =16.0 at all five stations with a comparison between restriction the Western Gyre. The gray box indicates the range of autotrophic
enzymes, (C) TRFLP peak height depth profiles of WS3, and (D) depth denitrification activity seen in the Mixing Zone station in 2005 (Figure 4).

ARCOBACTER

In the Benguela upwelling zone the epsilonproteobacteria Arcobac-
ter were found at depths where autotrophic denitrification
occurred (Lavik et al., 2009). Arcobacter sulfidicus has been found
to autotrophically oxidize sulfide with oxygen forming elemen-
tal S mats (Wirsen et al., 2002; Sievert et al., 2007). Arcobacter
phylotypes have been associated with such mats at sulfidic/oxic
boundaries at hydrothermal vents, cold seeps, and the sediment
water interface (Taylor and Wirsen, 1997; Moussard et al., 2006;
Grunke et al., 2011). The Arcobacter depth profile in the Black Sea
(Figure 7) would be consistent with either autotrophic denitrifica-
tion or microaerophilic sulfide oxidation. The cultured represen-
tative, A. sulfidicus, which is closely related to BS098 found in the
Black Sea (Figure 9), is microaerophilic and is incapable of oxi-
dizing sulfide with nitrate (Wirsen et al., 2002). Some Arcobacter
species can reduce nitrate heterotrophically (Heylen et al., 2006)
but these isolates are not closely related to BS098 (Figure 9). Other
Arcobacter enrichment cultures from sediments, such as Black Sea
sediments (Thamdrup et al., 2000), have been found to reduce

manganese oxides with acetate (Vandieken et al., 2012). The maxi-
mum in particulate manganese at the mixing zone station in 2005
is at og = 16.3 (B. Tebo, personal communication). The versatility
of the Arcobacter genus makes predictions of the activity of the
species at the mixing zone station particularly difficult.

SULFURIMONAS

Members of the Sulfurimonas genus of Epsilonproteobacte-
ria have been associated with autotrophic denitrification in
the marine environment; many known strains of Sulfurimonas
from hydrothermal vents and marine sediments can carry out
autotrophic denitrification (Gevertz et al., 2000; Takai et al,
2006), and environmental clones affiliated with the genus have
been extracted from marine sediments and correlated with active
autotrophic denitrification (Shao et al., 2009; Zhang et al,
2009). Sulfurimonas phylotype GD17 has been found to mediate
autotrophic denitrification in the Baltic Sea (Brettar et al., 2006).
Black Sea sequences are closely related to GD17 from the Baltic
Sea as well as to Sulfurimonas denitrificans (Glaubitz et al., 20105
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FIGURE 9 | A bootstrapped (1000) neighbor joining phylogenetic tree of relevant members of the Arcobacter genus was created in arb after aligning
to a master database using NAST (greengenes.lbl.gov). The Arcobacter sequence from the Black Sea suboxic zone is in bold.
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FIGURE 10 | Examples of potential sulfate reducers (blue) or sulfide
oxidizers (red) enriched in particulate sample (30 um filter) from

oy =15.8 in the Western Gyre in 2005 compared to a bulk sample from
the same depth, as determined from V6 pyrosequences (data from
Fuchsman et al., 2011, supplemental).

Fuchsman et al., 2011). The normalized TRFLP peak height of
Sulfurimonas phylotype BS139 was up to 10 times greater in the
mixing zone stations than in the Western Central Gyre stations
(Figure 7). The phylotype BS139 had a maximum peak height
from og = 16.2-16.4 in the 2005 mixing zone station and still had
significant abundance at 6y = 16.6 (Figure 7). Thus the Sulfuri-
monas peak spanned the depths where autotrophic denitrification
activity was detected (Figure 4) and remains the leading candidate
for mediating autotrophic denitrification.

Sulfurimonas was also enriched at og = 16.2. The presence of
Sulfurimonas DNA at the Western Gyre site in 2005, 2007, and
1988 (Vetriani et al., 2003; Glaubitz et al., 2010) also implies Sul-
furimonas can live at depths where sulfide is not detectable. There
are two possible explanations for this. First, the depth profile
for thiosulfate, another potential electron source for autotrophic
bacteria (Takai et al., 2006) is unknown in the Black Sea dur-
ing this time period. Second, pyrosequences of the V6 variable
region of 16S rRNA identical to Sulfurimonas phylotype BS139
were also present in the particulate fraction in the suboxic zone
in Western Gyre of the Black Sea, along with a Desulfobacter
phylotype BS105 (GU145490) and pyrosequences from potential

sulfate reducers from the Desulfobulbaceae and Desulfuromon-
adales families (Figure 10; data from Fuchsman etal., 2011). Many
but not all cultured members of these families are sulfate reducers
(e.g., Finster et al., 1994; Hoeft et al., 2004; Tarpgaard et al., 2006;
Vandieken et al., 2006). Arcobacter V6 pyrosequences were also
found on the particulate material and BS098 was sequenced from
the particulates (Fuchsman et al., 2011). If Sulfurimonas phylo-
type BS139 or Arcobacter phylotype BS098 are indeed responsible
for autotrophic denitrification in the mixing zone station, their
presence on large particles in the nitrate-rich suboxic zone of the
Western Gyre indicates that autotrophic denitrification may be fed
by sulfate reduction inside sinking aggregates. This form of deni-
trification could easily have been missed in experiments by Jensen
etal. (2008) due to the patchy nature of sinking particulate matter
and the hydrodynamics of Niskin bottles (Altabet et al., 1992).

CONCLUSION

Chemical profiles indicate that nitrate and sulfide may have co-
existed at the mixing zone station in 2005 (Figures 2 and 3).
°N - NOJ tracer experiments indicate autotrophic denitrifica-
tion occurred in the sulfidic zone at this station (Figure 4).
Though SUP05 and BS-GSO2 bacteria are autotrophic and have
been found in sulfidic environments (Glaubitz et al., 2009, 2010;
Lavik et al., 2009; Walsh et al., 2009), their depth profiles are not
consistent with autotrophic denitrification at this station. Instead
the depth profile for BS-GSO2 phylotype BS129 correlated with
ammonium fluxes. In contrast, Sulfurimonas BS139, Arcobacter
BS098, and unidentified Mspl peak 91/Mnl peak 254 pair have
their greatest relative abundance in the zone where autotrophic
denitrification was detected (Figure 7). Out of these three bacteria,
we consider the Black Sea Sulfurimonas to be the most likely can-
didate for this denitrification because many Sulfurimonas species
have previously been found to mediate autotrophic denitrifica-
tion (Gevertz et al., 2000; Brettar et al., 2006; Takai et al., 2006).
Evidence for the involvement of Arcobacter and peak 91 is less
clear.

For most of the Black Sea, both anammox (Kuypers et al., 2003;
Jensen et al., 2008) and heterotrophic denitrification (Fuchsman
et al., 2008) are the important nitrogen loss pathways. Biogeo-
chemical modeling indicates that autotrophic denitrification from
overlapping depth profiles of nitrate and sulfide may only con-
tribute 1% to nitrogen loss in the central Black Sea (Konovalov
et al., 2008). However, where the Bosporus enters the Black Sea,
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autotrophic denitrification appears to be more important, and
autotrophic denitrification associated with sinking particles has
not yet been quantified. Future work should investigate these
possibilities in order to better constrain the role of autotrophic
denitrification in the Black Sea’s nitrogen cycle.
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FIGURE 7 | Depth breakdown of groups noted in Figure 6. Areas of
bubbles are proportional to percentage of clone library sequences for a
given depth found in a given group.

2007) anammox activity could still be detected as deep as og =
16.3, where H»S = 10 M. Evidence for the presence of anammox
bacteria coincident with low levels of sulfide has been previously
found in the Black Sea (\Wakeham et al., 2007; Fuchsman et al.,
2012). This suggests some sulfide tolerance for Groups II, 1lI,
and IV. Theoretically, these groups could be actively involved in
S-linked processes (Kalyuzhnyi et al., 2006), provided that a flux
of NO3 or NO, penetrates down to these density surfaces. While
this is speculative, it is known that NO, levels for g = 16.2 were
below the detection limit for October 2007, when deep activ-
ity was sampled (Figure2). Other explanations for anammox
activity require a supply of nitrite such as horizontal advection
(Stunzhas and Yakushev, 2006) or in situ production with sparse
oxidants such as trace levels of MnOx; a fast sinking mechanism
to import active cells and their mRNA; or perhaps the utilization
of abundant sulfate as the ultimate electron acceptor (Liu et al.,
2008). While the specific adaptations of the four different anam-
mox types are speculative, it is nonetheless apparent that there are
some micro-heterogenities in this population.

DENITRIFICATION AND RELATION TO ENVIRONMENTAL FACTORS

Expression patterns of denitrification appeared more complex
than anammox. October 2007 stands out in this data set due sev-
eral factors, including deeper samples that were not available for
the other two timepoints. Even excluding these samples, how-
ever, several “intermittent” groups were detected in October 2007
that were not found other times. Denitrifiers in the upper sub-
oxic zone (og = 15.6) were not only active, unlike other seasons,
but included Marinobacter and Group V phylotypes not found
at other times (Figures 6, 7). Group V contains sequences up to
100% similar to a sequence known from the Baltic Sea’s upper,

oxic waters (AAY87380; Hannig et al., 2006), suggesting a toler-
ance for relatively oxidizing conditions. The Marinobacter-type
sequences were distinct from strains previously isolated from the
Black Sea (bootstrap support 98%) (Oakley et al., 2007). July
2008 also had transcripts at a relatively shallow density surface
(o9 = 15.7), but unlike the varied phylogeny of October 2007,
the shallower July expression was only an extension of consis-
tent, deeper Group | activity. This was perhaps in response to the
shoaling of the oxycline (Figure 1).

Interestingly, October 2007 surface waters exhibited rela-
tively high biological productivity (Figure 9A). October 2007 also
had a large dissolved oxygen minimum below the mixed layer
(Figure 10), suggestive of enhanced productivity, though assess-
ing a rate to this deeper production is problematic. Although
the linkage is indirect, if either mixed layer or deeper productiv-
ity resulted in sinking organic matter, this could have impacted
heterotrophic denitrification. October 2007 was also unusual in
the detection of elevated Nj supersaturation levels, indicative
of biological Ny production, in both the upper suboxic zone
(15.6 < 0g < 15.8) and the upper sulfidic layer (16.1 < 0p <
16.25) (Figure2). Part of this N2 build-up was potentially a
result of these intermittently detected denitrifiers, particularly
in the upper suboxic zone (0g < 15.8) where anammox type
nirS expression was not found for our three time points. The
deeper Ny peak (0g = 16.1-16.2) was found at the transition
from suboxic to sulfidic zones, and nutrient profiles (Figure 1) are
suggestive of deeper H2S consumption in October; it is possible
that autotrophic denitrification could also have been enhanced at
this time.

Looking at the diversity of denitrifiers, the Shannon-Wiener
index for the suboxic zone also peaked in October (Figure 9B;
Hyiay = 1.4 Hoge = 1.9, Hyy = 0.6). This is excluding the deep
samples unique to the October cruise. In October, when the N»
build-up had both a shallow and a deep peak (Figure 2), oy =
15.6 in the upper suboxic zone had some nirS expression not seen
other times (Figure 7), in addition to the consistent deep expres-
sion. This multiplicity of apparent niches was one of the drivers of
diversity in October. If in fact greater productivity led to C export
which stimulated denitrification at depth, this would be consis-
tent with other studies that have linked organic C input to changes
in denitrification activity (Engstrom et al., 2005; Fuchsman et al.,
2008; Ward et al., 2008, 2009).

Many denitrifier groups, on the other hand, seem more simi-
lar to the detected anammox expression in that their expression
was detected regularly between seasons and in the lower sub-
oxic zone. These “consistent” denitrifiers include an unknown
type (Group 1V), a Group that was previously known from
Black Sea clone libraries as the “dominant” type (Oakley et al.,
2007)—here, Group VI—and a third type (Group I) identical
to a different Baltic Sea clone, this one from suboxic waters
(AAY87345; Hannig et al., 2006). Transcripts of this Baltic Sea
type were found into the sulfidic layer. Whether this represents
autotrophic or heterotrophic denitrification is unknown. While
there were some sequences shared with Baltic Sea studies, it is
notable that the consistent expression pattern typical of Black Sea
groups I, 1V, and VI discussed here are different from the tempo-
ral changes documented in the Baltic Sea (Hannig et al., 2007).
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FIGURE 8 | Clone library comparison tree for two different primer pairs:
nirS1F/6R, indicated by filled circles, and cd3aF/R3cd, in empty circles.
All are from October 2007, oy = 16.0 or 16.2. References, in gray, include
cultured strains (in italics), Baltic Sea environmental clones (Hannig et al.,
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2006), and DNA-based sequences previously obtained from the

Black Sea (Oakley et al., 2007). Tree was constructed from amino acid
sequences ( 140aa, necessarily shorter than other alignments) as per
Figure 3.

Denitrification was indicated in the Baltic mainly in instances
where the suboxic zone was compressed or absent and nitrate
and sulfide overlapped, with the establishment of a stable sub-
oxic zone favoring anammox (Hannig et al., 2007). Measurable
levels of nitrate and sulfide do not commonly overlap in the Black

Sea (Murray et al., 1995), though as noted above and in Figure 1
some variability was observed in this study. Several lines of pub-
lished evidence point toward autotrophic metabolism by €- and
y-proteobacteria in the sulfidic zone, including the autotrophic
denitrifier Sulfurimonas (Grote et al., 2008; Glaubitz et al., 2010).
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In the case of Sulfurimonas, primer mismatch could have pre-
vented detection of MRNA transcripts by our methods; see primer
bias considerations, below.

CONCURRENT DENITRIFICATION AND ANAMMOX ACTIVITY

Both denitrification and anammox type nirS expression were
consistently detected at the same density surfaces in the lower
suboxic zone. This occurs despite the fact that they have different
metabolic requirements, and in spite of the restricted, relatively
stable environment formed by the redox gradient; this seems to
indicate that conditions are conducive for both processes to per-
sist simultaneously. As both require nitrite, a competitive playoff
between the two processes is often assumed (e.g., Hannig et al.,
2007; Bulow et al., 2010; Lam et al., 2011). Our data set suggests
that this may not be the case, with the ongoing activity of both
processes more similar to the balanced activity seen in Skagerrak
sediments (Thamdrup and Dalsgaard, 2002) or the waters of
Golfo Dulce (Dalsgaard et al., 2003).

PRIMER BIAS CONSIDERATIONS

Regarding primer sets, it should be noted that the nirS primer
set used here (nirS1F/nirS6R), while degenerate, is not consid-
ered universal (Throback et al., 2004). Nitrite reductase genes,
here focusing on nirS, are fairly diverse and exhibit significant
sequence divergence, making whole-community analysis difficult

and subject to bias. A fairly comprehensive analysis of differ-
ent primer sets was conducted in 2004 for cultured organisms
and soil samples (Throbéack et al., 2004). Studies of ocean OMZs
have commonly relied on nirS1IF/6R (Braker et al., 1998) or
cd3aF/R3cd (Michotey et al., 2000; Throbdck et al., 2004). In
order to assess possible primer pair bias in our data sets, products
of both primer sets were analyzed. It must be noted that while we
could compare between primer sets and samples, it is difficult to
infer what other potential sequences were missed entirely. There
could have been a large number of organisms contributing to the
mMRNA pool that remained undetected due to primer mismatches,
including Sulfurimonas, which has previously been detected in the
Black Sea (Grote et al., 2008). Compared to the Braker primers
(Braker et al., 1998), we found Sulfurimonas denitrificans DSM1
to have 6 mismatches and one deletion over the 18 bp of nirS1F
and 10 mismatches over the 16 bp of nirS6R. Regardless of what
was missed, given the data at hand it was possible to compare data
produced by these two primer sets in an effort to understand what
relative biases may have been present.

While nirS1F/6R amplified sequences throughout the suboxic
zone, albeit intermittently for the upper suboxic zone (Figure 2),
cd3aF/R3cd amplification was only successful in the lower suboxic
zone (0g = 15.9). This suggests that the upper suboxic zone com-
munity may be “missed” not only because of changes in activity
but also due to poor amplification if analyzed with a different
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primer set. This was further indicated by analyzing the entire
nirS1F/6R data set (all depths) for mismatches to the cd3aF/R3cd
priming site, both of which are internal to the amplicon produced
by nirS1F/6R. 73% of nirS1F/6R clones mismatched the cd3aF
primer, and 99% mismatched R3cd. The same analysis for nirS1F
or 6R binding sites is not possible, as both sites are outside of the
amplicons produced by cd3aF/R3cd.

In order to check for systematic discrimination of specific
phyla by the different primer sets, sequences of both for October
samples og = 16.0 and 16.2 were obtained (Figure 8). It isimpor-
tant to note that ribosomal contamination was intermittently
found in both data sets. This contamination, typically found in
the absence of nirS template, was detected when sequences con-
tained multiple stop codons and could not be aligned; it was
confirmed with BLAST searches to the Genbank database. For
nirS1F/6R this only happened in the upper suboxic zone. This
was true even when bands of the proper size were excised and
purified from the agarose gel and even when, additionally, mRNA
purification of the RNA extract (MICROBExpress®, Ambion)
was conducted before reverse transcription. This suggests that
gPCR methods cannot be easily applied to these primer sets.
Considering phylogeny, groups I, Il, and V were present in both
data sets, suggesting fairly good overlap between primer prod-
ucts (Figure 8). While it is not easy to make conclusions about
groups that were not present, due to sampling depth, overall
diversity of the two different data sets is similar (Shannon-Wiener
index of 1.6 for 1F/6R, 1.8 for cd3aF/R3cd). In summary, while

no clade-specific bias appeared when comparing sequences from
successfully amplified PCR products of both primer sets for the
same depths, for other depths nirS1F/6R was the only primer set
that produced any nirS-type sequences at all. This suggests that,
for some marine environments such as OMZs, cd3aF/R3cd may
undersample diversity.

CONCLUSIONS

Our results, based on analysis of dissimilatory nitrite reduc-
tase (nirS) expression over three sampling seasons, revealed that
both denitrification and anammox were consistently found in the
lower suboxic zone, for three sample sets spanningl5 months.
Consistent nirS-expression was localized to the lower suboxic
zone, and included both anammox and conventional denitrifi-
cation type genes. Intermittent nirS expression was detected in
the upper suboxic zone (0g < 15.7) and varied between sam-
pling times, perhaps in response to environmental variables such
as oxygen and organic C input. This connection is inferred, and
not proven; other studies are required to directly investigate this
linkage. The fluctuating response of some denitrifiers appears not
just the opportunistic response of phylotypes otherwise routinely
active at other depths, but characteristic of several groups that
were not found to be active at other times, within the acknowl-
edged limitations of sampling and sequencing for this study. This
underscores the problematic nature of making global N bud-
gets based on instantaneous measurements of rate or activity,
and points toward the necessity of time-integrated approaches in
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order to resolve conflicting estimates. Further work is needed to
directly examine the interplay between surface productivity and
deeper denitrification, resolve inconsistencies between methods
based on in situ parameters versus incubations, and to understand
the ongoing activity and interplay of anammox, heterotrophic
denitrification, and autotrophic denitrification.
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