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Abstract. The aim of this study was to compare structural the Baltic Sea has been connected continuously with the At-
differences in thenirS-type denitrifying microbial commu- lantic Ocean over the past 8000 years via the Danish straits
nities along the environmental gradients observed in the wa{Sohlenius et al., 1996; Andn et al., 2000; Sohlenius et al.,
ter column and coastal sediments of the Baltic Sea. To link2001). These straits provide the only salt water supply from
community structure and environmental gradients, denitrifierthe North Sea. Water exchange with the North Sea depends
communities were analyzed by terminal restriction fragmenton wind-induced movements (Meyer-Reil et al., 2000) and
length polymorphism (T-RFLP) based ninSas a functional  mainly affects the upper layers of the water column while
marker gene for denitrificationnirS-type denitrifier com-  water exchange in the deeper layers is quite rare and oc-
munity composition was further evaluated by phylogeneticcurs approximately once in a decade (Feistel et al., 2003a,
analysis ofnirS sequences from clone libraries. T-RFLP b; Nausch et al., 2003). In the Gotland Deep, one of the
analysis indicated some overlap but also major differencesleepest basins in the central Baltic Sea, well-mixed surface
between communities from the water column and the sediwater is separated from dense bottom waters by a halocline
ment. Shifts in community composition along the biogeo- at about 70 m depth (Kotilainen et al., 2002). This barrier
chemical gradients were observed only in the water columrieads to frequent anoxic conditions in deeper waters and to
while denitrifier communities were rather uniform within the accumulations of sulfide #S) that diffuses out of the sed-
upper 30 mm of the sediment. Specific terminal restrictioniment. Therefore, low oxygen @ and sulfidic conditions
fragments (T-RFs) indicative of the sulfidic zone suggest thewith concurrent availability of nitrate (ND) at the suboxic-
presence of nitrate-reducing and sulfide-oxidizing microor-sulfidic interface can be found in the water column (Brettar
ganisms that were previously shown to be important at theand Rheinheimer, 1991; Hannig et al., 2006).
suboxic-sulfidic interface in the water column of the Baltic  Thus, conditions in the water column should be ade-
Sea. Phylogenetic analysismfS genes from the Baltic Sea quate for denitrification and it has been assumed that water
and of sequences from marine habitats all over the world incolumn denitrification contributes significantly to the nitro-
dicated distinct denitrifier communities that grouped mostly gen budget of the Baltic Sea gRner and Srensen, 1985).
according to their habitats. We suggest that these subgrougsignificant denitrification activity has indeed been proven
of denitrifiers had developed after selection through severafor the suboxic-sulfidic interface, indicating sulfide-driven
factors, i.e. their habitats (water column or sediment), impacitchemoautotrophic denitrification (Brettar and Rheinheimer,
by prevalent environmental conditions and isolation by large1991; Hannig et al. 2007).

geographic distances between habitats. Culture-independent approaches based on the analysis
of functional marker genes for denitrification revealed the
lowest denitrifier diversity in the suboxic-sulfidic interface
in the central Baltic (Hannig et al., 2006). In contrast,
cultivation-dependent approaches show the highest diversity

The Baltic Sea is one of the largest brackish water systems i@nd density of heterotrophic denitrifying bacteria (Brettar

the world (Meyer-Reil et al., 2000). After the last glaciation &t &, 2001) with a predominance &hewanella baltica
and Pseudomonasp. (Brettar and Hfle, 1993; Hfle and

Correspondence tdG. Braker Brettar, 1996) in that interface. Furthermore, an epsilon-
(braker@mpi-marburg.mpg.de) proteobacterium, related fchiomicrospira denitrificansvas

1 Introduction
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Although data on denitrifier diversity in different aquatic
and terrestrial habitats are rapidly accumulating, the princi-
pal differences in denitrifier composition between sediment
and water column are not known. The Baltic Sea is an ideal
system for this comparison of denitrifier community struc-
ture as gradients in HNO; and £~ occur both in the wa-
ter column (e.g., in the central basins), at the scale of meters,
and in coastal sediments (e.g. in the Bodden in the south-
ern Baltic Sea), at scales of mm to cm. The Bodden at the
“Nordriigensche Boddenkette” are formed by the accumula-

Denmark e /) tion of sand, which separates areas of shallow water from the

550 % outer Baltic Sea (Meyer-Reil et al., 2000). The water col-

St. RS - sl umn in these shallow water areas is mixed thoroughly, there-

2 . - fore anoxic conditions occur only in the sediments. There

540 A k.l is evidence that coastal sediments are very important in re-
Germany Poland moval of riverborne nitrogen by denitrification (Voss et al.,

100 11.0 120 130 14.0 150 1?.0 17.0 180 190 200 210 220 2005) Denltrlflcatlon rateS have been measured |n Baltlc
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sediments (e.g. central Gulf of Finland) using the isotope

Fig. 1. Sampling stations in the Baltic Sea. Station Rassower StronPd"NY method (Tuominen et al., 1998). This study revealed

(RS) in the Bodden next to the islandigen (Germany) and Gotland  that the bulk of denitrification was coupled to §Cpro-
Deep (GD) in the central Baltic Sea (Map courtesy of Jan Donath,duction by nitrification. However, in the Bodde.n _S_edlment
Baltic Sea Research Institute Warnizmde). only small amounts of N were produced by nitrification

at the aerobic-anaerobic interface resulting in low summer-
time denitrification rates in this area (Dahlke, 1990). Besides
denitrification, anaerobic ammonium oxidation (anammox)
identified as an important chemolithoautothrophic sulfide-a1so contributes to nitrogen loss in coastal sediments (Tham-
oxidizer and nitrate-reducer (Labrenz et al., 200&flel et drup and Dalsgaard, 2002; Risgaard-Petersen et al., 2004).
al., 2005) and suggested to be predominantly responsible for pare we studied communities of denitrifiers in the wa-
autotrophic denitrification in the Gotland Deep (Brettar etal., o column of the central Baltic Sea and in coastal sed-
2006). iments using a culture-independent approach by applying
Heterotrophic and autotrophic denitrifiers reduce oxidizedthe functional marker geneirS amplified from community
nitrogen compounds NDand nitrite (NG') to the gaseous  DNA. Shifts in nirS-type denitrifier communities along bio-
intermediates nitric oxide and nitrous oxide and to dinitro- geochemical gradients were analysed by terminal restric-
gen as the end product in a dissimilatory process. Dention fragment length polymorphism analysis (T-RFLP) as
itrifying bacteria are phylogenetically widespread, thus aa fingerprint technique. AdditionallyirS genes from the
16S rRNA gene-based approach is inappropriate to explor@odden sediment were cloned and included into a phyloge-
the communities of organisms belonging to this functional netic tree comprising atlirS sequences from marine habitats
group.nirK andnirS coding for copper and cytochroneel - available from public databases. Analysis of these sequence
containing nitrite reductase, respectively, were used as funceata suggests that the heterogeneityio genes is driven
tional marker genes to target denitrifiers in PCR-based apby the different ecological niches that the respective marine
proaches (Braker et al., 1998). Both enzymes are functiondenitrifiers occupy. These niches seem to be defined by the
ally equivalent and catalyse the reduction of N@ NO, habitat, water column or sediment, shaped by the prevalent
which is the key reaction in denitrification (Zumft, 1997). environmental conditions, and can be isolated by large geo-
These genes have been targeted to study denitrifier commugraphic distances.
nities in a variety of habitats such as soils (Avrahami et al.,
2002; Prierd et al., 2002), aquifers (Santoro et al., 2006),
waste water treatment plants (Théalk et al., 2004) and ma- 2 Material and methods
rine habitats (Braker et al., 2000; Liu et al., 2003; Jayaku-
mar et al., 2004; Castro-Goaiez et al., 2005; Hannig etal., 2.1 Study area and sampling
2006). Studies of these communities in marine habitats in-
dicated that denitrifier diversity and community structure in Two different sites in the Baltic Sea were studied, namely
the water column and sediments of the world’s oceans werd&rassower Strom which is located in the “Ndidensche
at least in part determined by environmental gradients,of O Boddengewsser” (5433 N, 1312 E) for sediment sam-
NO3, NO, and %~ (Liuetal., 2003, Castro-GonZs etal.,  pling, and the Gotland Deep (240 m water depth) in the cen-
2005, Hannig et al., 2006). tral Baltic Sea (Baltic Sea monitoring station 271°%9 N,
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20°03 E) for water column sampling (Fig. 1). Water sam- ion-selective pH-minielectrode (tip diameter of 1 mm; Toepf-
ples were collected at the Gotland Deep during a cruiseer Lab System PHM-146, &@pingen, Germany) was con-
in August 2004. Coastal sediment samples were taken imected to a pH-meter. The microsensors were mounted to-
July 2004 at the Rassower Strom, a shallow water coastagether on a computer-controlled motorized micromanipu-
inlet of the southern Baltic Sea (4 m water depth). Sincelator (Marzhauser GmbH, Wetzlar, Germany) and inserted
the water column in these shallow water areas is continustepwise into the sediment. Porewater for analyses of NO
ously mixed by wind, anoxic conditions occur only in the and NG, was obtained by centrifugation. Nitrate and NO
sediments. Sampling at the Gotland Deep was performegvere measured by ion chromatography (Sykam) at a wave-
on board the R/V "A. v. Humboldt” with a rosette water |ength of 220 nm.
sampler (51) mounted on a Seabird CTD-system measuring
profiles of temperature, conductivity, oxygen,{Ofluores-
cence and turbidity. For DNA extraction, seawater was fil-3 Nucleic acid extraction from water and sediment sam-
tered immediately after sampling through Dura@)rﬁters ples
(0.2um; Millipore, Billerica, MA, USA). The filters were
snap-frozen in sterile reaction tubes in liquid nitrogen andNucleic acid extraction for all water samples from frozen fil-
stored at-20°C. Sediment samples were collected on boardters was performed as described by Weinbauer et al. (2002).
of the R/V “Prof. F. Gessner” with a multicorer (Black et al., DNA and RNA were obtained by mechanical and chemical
2002). Two subsets of samples were analyzed from the samextraction using glass beads and sodium lauryl sarcosinate-
core. First, for PCR amplification and cloningmifS genes  phenol. Prior to PCR, DNA extracts were purified from RNA
three subsamples from the top 30 mm were taken based oy incubation with RNase | (Roche Diagnostics, Mannheim,
the oxygen distribution as follows: (1) 0-5 mm (of which the Germany) for 30 min at 3C, and DNA concentrations were
upper 2mm were oxic); (2) 5-12 mm (suboxic layer); and determined using a NanoDrop ND-1000 spectrophotometer
(3) 12-30 mm (sulfidic layer). A second set of subsamples(NanoDrop Technologies, Inc., Rockland, ME, USA).
was obtained by slicing the sedimentat 1, 2,5, 7, and 10cm From sediment samples (0.5g), DNA was extracted
depth. The corresponding layers (Oto 1, 1to 2, 2to 5, 5 toby adding 0.5g glass beads, 900 extraction buffer
7 and 9 to 10cm) were homogenized and used for T-RFLR(Kramer and Singleton, 1993) and 10D acid-washed
analysis ofnirS genes. Measurements of chemical param-polyvinylpolypyrrolidone (PVPP; Sigma-Aldrich, Deisen-
eters and DNA extractions were performed within 1 h after hofen, Germany; Ogram et al., 1998). First, cells were lysed
sampling. by freezing (30 min-70°C) and thawing (65C, 5 min) with
concurrent shaking of the suspension at 1000rpm (Ther-
2.2 Determination of chemical parameters in samples frommomixer; Eppendorf, Hamburg, Germany). In addition, cells
the water column and sediment were disrupted by bead beating twice for 30s at 5.5M's
(Fastprep Celldisrupter; Biol01, Carlsbad, CA, USA) and
Oxygen, nitrate/nitrite (NQ/NO5), sulfide (37) concen-  centrifuged at 12000g at £C for 1 min. With the super-
trations and pH were determined for samples from both samnatant two extraction steps were performed: (1) with phenol-
pling sites. In water samples,Ovas measured by the chloroform-isoamylalcohol [24:24:1, v/viv (volume in vol-
Winkler method (Grasshoff, 1983). Ammonium was deter- ume in volume)] and (2) with chloroform-isoamylalcohol
mined in the water column with the modified indophenol (24:1, v/v). Afterwards the DNA was concentrated by
blue method (Koroleff, 1983). Nitrate was reduced toNO ethanol precipitation (2 volumes of 96% ethanol, 1/10 vol-
by a copper cadmium column and determined photometriume of sodium acetate, 30 min af70°C) and centrifuged
cally as NG (Grasshoff, 1983). Sulfide was measured pho-(16 000« g, 15 min, £C). The pellet was suspended in 50
tometrically by the modified methylene blue method (Fon- sterileaqua bidest Humic acids were removed with PVPP
selius, 1983). columns (Ogram et al., 1998; Mendum et al., 1998) and the
In the sediment samples,@nd $~ concentrations and QIAgick Purification Kit (Qiagen, Hilden, Germany).
pH were measured with microsensors only in the upper 3cm,
whereas N@ and NG, were measured at all depths us- 3.1 PCR amplification
ing an ion chromatograph (Sykamiifstenfeldbruck, Ger-
many). Measurements of dissolved Were done with fiber-  Amplification of nirS genes was done with the primer pair
optic microsensors (type B2, tip diameteb0um; PreSens, nirS1F and nirS6R (MWG Biotech, Ebersberg, Germany) as
Regensburg, Germany) connected to gnaniter (Microx  described by Braker et al. (1998)irS was amplified in a to-
TX2, PreSens). Dissolved®S was measured with a poten- tal volume of 25| containing 1ul of environmental DNA,
tiometric Ag/A@S electrode (tip diameter of 140m; Revs- 10 pmol of each primer, 400ng BSA (Roche, Mannheim,
bech et al., 1983) modified according to Cypionka (1986).Germany) ul~1, 200uM each of desoxyribonucleoside
The $~-sensor was connected to a mV-meter (3403 Truetriphosphate (Roche Applied Science, Mannheim, Ger-
RMS Voltmeter, Hewlett Packard d®lingen, Germany). An many) and 1.25U Red AccuTag DNA polymerase (Sigma,
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Taufkirchen, Germany). PCRs were performed in a 9700Shannon diversity index H:

thermal cycler (Perkin-Elmer Cetus, Norwalk, CT, USA)

or in an iCycler iQ (Biorad Laboratories, Inc., Hercules, 1 = _Zpi x log pi @)
CA, USA) with conditions modified according to Braker spsnnon evenness index J:

et al. (2000) and Braker et al. (2001). “Touchdown”-PCR

started at 57C until it reached 52.%C in the firstten cycles. ; _ _f _ 2 pi x10g, pi @)
Additional 25 cycles were performed at an annealing tem- Hmax  >_ pi x 10g; p

perature of 55C. For water samples the same program washere . is the proportion (relative abundance) of T-RF
used except that 26 cycles were performed with an annealing, o community andp; is the equally distributed relative
temperature of 58C.

Aliquots (100ul) PCR products were loaded on 1.5%
[wiv (weight/volume)] agarose gels (SeakBitE agarose; 3.4 Cloning and sequencing
Cambrex Bio Sciende, Rockland, ME, USA) and sepa- _
rated by electrophoresis (120V, 45min). Bands were visu-Unlabelled PCR products (50ng) of the sediment sample
alised by UV excitation after staining with ethidium bromide from the upper three centimeters (0 to 5mm, 5 to 12mm, and
(0.5mg ). Bands of the expected size were excised from12 to 30mm depth) were cloned using the TA Cloning Kit

the gel and purified using the QIAquick gel extraction kit (Invitrogen, Paisley, UK) according to the manufacturer’s in-
(Qiagen, Hilden, Germany). structions. Clones were screened for inserts of the proper size

using vector specific primers (T7, M13). The inserts were se-
T quenced as described previously by Avrahami et al. (2002).

abundance.

3.2 Terminal restriction fragment length polymorphism (

RFLP) analysis for sediment and water samples 3.5 Phylogenetic analysis

For T-RFLP analysis the primer nirS1F wasehd la-  nirS clones were aligned to sequences from the EMBL
belled with 6-carboxyfluorescein (MWG Biotech, Ebers- database with the ARB fast aligner feature. Phylogenetic
berg, Germany). The purified PCR products were di-analyses were performed with ARBt{p://www.arb-home.
gested with 0.3 U of the restriction enzyrhthal [GCG'C] de). Trees were reconstructed with the distance matrix-based
at 37C overnight according to the manufacturer’s instruc- neighbour joining method (ARB) and the overall topology
tions (Promega, Madison, WI, USA). Digested productswas confirmed by trees calculated with PROTPARS and
were cleaned with Autoseq G-50 columns (Amersham Bio-PROTML (PHYLIP; Felsenstein, 1993). Whenever the clus-
sciences, Chalfont St. Giles, UK) according to the manu-tering of a given group of sequences was supported by all
facturer’s instructions. Aliquots of the digest () were  three algorithms, these sequences were considered to be con-
mixed with 12u| deionised formamide (Applera, Darmstadt, sistently grouped together and were designated as clusters
Germany) and 0.21 of an internal DNA fragment length  (Cluster | to VII) and subclusters which were indicated by
standard (X-Rhodamine MapMar@BO—lOOO bp; BioVen- shaded squares and polygons in the tree.

tures, Murfreesboro, TN, USA). Terminal restriction frag- Nucleotide sequences retrieved from the Bodden sedi-
ments (T-RFs) were separated with an automated DNA sements have been deposited in the EMBL database under ac-
guencer (ABI 310, Applied Biosystems, Darmstadt, Ger-cession numbers AM238454 to AM238510.

many). The length of fluorescently labelled T-RFs was de-
termined by comparison with the internal standard using
GeneScan 3.71 software (Applied Biosystems). Theoreticaf*
T-RFs from Baltic Sea sediment clones were determined by ,

in silico analysis using the ARB-integrated tool TRF-CUT 4.1 Field measurements

(Ricke et al., 2005). In the water column of the Gotland Deep oxygern )@e-
creased rapidly below the halocline (at a depth of 70 m) from
3.3 Analysis of Terminal Restriction Fragments (T-RFs)  300.M in the oxic layers to low concentrations (10-&0)
down to a depth of 220 m (Fig. 2a). The suboxic zone is the
Peaks>60 units of fluorescence from different samples werebiochemical transition zone between oxic layers and sulfidic
normalized by an iterative standardization procedure (Dun-deep waters with dissolved oxygen concentratied® uM
bar et al., 2001). The relative abundance of T-RFs in percen(Kirkpatrick et al., 2006). Oxygen was below the detection
was determined by calculating the ratio between the heightsimit (1 M) starting at a depth of 220 m. SulfideX9 was
of a given peak and the normalized total peak height of eacldetected below a depth of 225 m, reaching its maximum of
sample. Richness of each sample corresponds to the numb8r2uM at 230 m. Thus, the suboxic zone was located be-
of T-RFs. Commonly used diversity indices, namely Shan-tween water depths of 220 and 225 m. While nitrate {NO
non diversity and Shannon evenness index, were calculatedconcentration was low in the oxic layers it increased below

Results

Biogeosciences, 4, 25368 2007 www.biogeosciences.net/4/255/2007/


http://www.arb-home.de
http://www.arb-home.de

S. Falk et al.: Denitrifier communities in the Baltic Sea 259

()) NO," [iM] (b) pH
0.0 0.5 1.0 1.5 2.0 55 6.0 6.5 7.0 7.5
0 [ | 0 //J p
) -
\ P
\ 5 4 / — 0y
| /“ s
| . e

N
o
—L

Water Depth [m]
Sediment Depth [mm]
o

1

N
o
1

25 4\ f
\ :
v
30 | H
1 |
; | ‘
5 10 15 20 0 1 2 3
$2, NOy, NH,* [uM] S2 [mM]
T T T T
0 100 200 300 400 500 0 100 200 300 400
0, [uM] 0, [uM]

Fig. 2. Physical and chemical parameters of sampling sites in the Baltiq&ea&ater column in the Gotland Deefh) coastal sediment in
the Bodden.

the halocline and highest concentrations 4\8) were mea- ments) were detected after hydrolysis withal in samples
sured at a depth of 220 m. Below this depth Nncentra-  from both sampling sites. T-RFLP patterns were highly re-
tion declined rapidly. Nitrite (N@) concentration showed producible for DNA extractions, PCR amplifications and T-
two peaks at depths of 55m and 225m. In contrast, ammoRFLP analyses of replicate samples from the same sediment
nium (NH} ) was consistently low in the upper water column cores (data not shown). Communities were also rather stable
and increased below 225 m. over time showing very similamirS T-RFLP patterns com-

In the coastal sediment samplg Encentration decreased Pared to those from sediment samples taken one month ear-
rapidly from 300.M to O within the top 2 mm (Fig. 2b). Ni- lier (June 2004). Representative T-RFLP profiles for the wa-
trite was detected at two depths (0 to 2mm and 2 to 5 mmier column and sediment are shown in Fig. 3.

depth) with concentrations of 0.28V and 0.1.M, respec- | the water column of the Gotland Deep, a total of 16
tively (data not shown) and was below the detection limit yigterent nirS T-RFs were found. Diversity (H, Shannon di-
below Smm depth. Nitrate concentrations in the overlying ersity) and evenness (E, Shannon evenness) levels were the
water were 0.26M, whereas NQ in the sediment was be-  |q\yest (H=0.48; E=0.44) in the upper oxygenated zone and
low the detection limit in all layers. Sulfide started to accu- ¢ highest at depths from 100 to 200m (H, 1.74 to 1.86:
mulate in the sediment from a depth of 12 mm and reacheqzl 0.84 to 0.90) (data not shown). Changes inrihi-type
its highest concentration (0.5mM) ata depth of 30mm.  gentrifier community structure at depths from 85 to 200m
were mainly based on changes in relative abundance of T-
4.2 Denitrifier community profiles along biogeochemical RFs and few T-RFs of minor relative abundance appearing or
gradients disappearing. While the T-RF of 111 bp dominated the den-
itrifier community profile in the water column at 70 to 85 m,
The communities ohirS-type denitrifiers from water sam- the relative abundance of the 36-bp T-RF increased with wa-
ples (Gotland Deep) and coastal sediments (southern Baltiter depth and it became dominant at a depth of 200m. A
Sea) along the biogeochemical gradients at both samplingtrong shift in the community structure occurred from 200 m
sites were analysed by T-RFLP ldhal digestedhirS ampli- to 225 m depth. In contrast to the oxygenated zone, the 47-bp
cons. The restriction endonucleddbal showed the highest fragment was dominant in the sulfidic zone at 225to 232.5m
level of resolution compared ttadg and Msp as indicated  depth (Fig. 3a). SomeirS T-RFs were specific for some
by the highest number of peaks observed (data not shown)ayers of the water column at the Gotland Deep, i.e. those of
In total, 22 differentnirS T-RFs (terminal restriction frag- 218, 295 and 380 bp. The majority of the T-RFs occurred at

www.biogeosciences.net/4/255/2007/ Biogeosciences, 4 28852007
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Fig. 3. Relative abundance of terminal restriction fragmentsicd® amplicons. Numbers indicate the size of the fragment in base pairs after
T-RFLP analysis, numbers in parentheses indicate size of the fragment after in silico arfajys@snples from the water column at the
Gotland Deep(b), samples from a sediment core taken in the Bodden.

several depths but were unique to the water column, i.e. T4.3 Phylogenetic affiliation afirS sequences from marine
RFs of 45, 47, 118, 120, 275, 299, 341, and 537 bp. Specific habitats

T-RFs dominated some layers of the profiles of either 2003

or 2004. The main difference between profiles of both yearsA total of 57 nirS clones from environmental DNA, which

is i) the reduced number of T-RFs in oxygenated water layeravere obtained from the coastal Baltic Sea sediment sample
(upto 17in 2003 and up to 8 in 2004) and in the sulfidic zone(BSS = Baltic Sea sediment), were included into a phyloge-
i) the dominance of the 47-bp T-RF in 2004 instead of the netic tree (Fig. 4)nirS sequences from the Gotland Deep sta-
111-bp T-RF in 2003 as well as iii) the occurrence of the 273-tion had been gathered in 2003 (Hannig et al., 2006) and were
and 341-bp T-RFs in 2004 but disappearance of the 295-bjalso considered (BS). Besides sequences from taxonomically
T-RF observed in this zone in 2003. described isolates, the overall tree also includediaB se-

The occurrence and relative abundancenio§ T-RFs in  quences of unknown affiliation retrieved from other marine
the coastal sediment profiles was more homogenous (H, 0.95ystems that were available in the database. These sequences
to 1.34; E, 0.66 to 0.76) than in the water column. How- were retrieved from the water column of the eastern South
ever, the occurrence of the T-RFs of 346, 97 and 240 bp wa®acific (ESP, Castro-Gonzd et al., 2005), the Arabian Sea
restricted to the sediment layers of 0 to 1, 1 to 2 and 9 to(ASW, Jayakumar et al., 2004), and the Northern Baltic Sea
10cm depth, respectively (Fig. 3b). In total, 11 different (CBBS, Tuomainen et al., 2003) and sediments of the Pacific
T-RFs were detected in five different sediment layers (0 toNorthwest (PNW, Braker et al., 2000) and the eastern tropical
10cm). The T-RFs of 36 and 111 bp, which occurred alsoNorth Pacific (ETNP, Liu et al., 2003).
in several depths in the water column, were predominant at Phylogenetic analysis revealed seven major clusters of
all sediment depths. Many T-RFs were detected exclusivelymarine nirS sequences (marine Clusters I-VIl). The over-
in the sediment samples, i.e. the 72-, 97-, 240-, 346-, 347-all topology was supported by the parsimony and maximum
and 385-bp T-RF. Several T-RFs i.e. those of 36, 107, 111jikelihood algorithm and clusters were defined if sequences
238, and 273 bp occurred both in samples from sediment andvere consistently grouped together despite low bootstrap val-
water column. ues for some clusters (data not shown). Sequences from

the Baltic Sea sediment (BSS cluster A to F) belonged to
seven subclusters ofirS genes (Fig. 4). The majority of

BSS sequences (29) belonged to BSS Cluster A to E and
were placed in marine Cluster I. For these clones terminal
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Fig. 4. Phylogenetic tree ofirS sequences from all marine habitats. Tree was calculated by the neighbour joining method based on an
alignment of 166 amino acids. Roman numbers indicate maming®sequence clustersiirS sequences from sediment samples from the

Baltic Sea were labelled with BSS. Clones were labelled with numbers to indicate from which depth of the sediment sequences were retrieved
(1, 0to5mm; 2, 5to 12mm; 3, 12 to 30 mm) and a second number for the respectiveruk@eusters from Baltic Sea sediments were
labelled with A to F. The number after the polygon indicates the number of clones of a given cluster. ASW, Arabian Sea water column; BS,
Baltic Sea water column; CBBS, cyanobacterial bloom Baltic Sea; ESP, eastern South Pacific sediment; ETNP, eastern tropical North Pacific
sediment; PNW, Pacific Northwest sediment.
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Fig. 5. Phylogenetic tree afirS sequences clustering in marine ClustarmitS sequences from sediment samples from the Baltic Sea were
labelled with BSS. Clones were labelled with numbers to indicate from which depth of the sediment sequences were retrieved (1, 0 to 5mm;
2,5to0 12mm; 3, 12 to 30 mm) and a second number for the respective dio8elusters from Baltic Sea sediments were labelled with A

to F. The number after the polygon indicates the number of clones of a given cluster. The number after the restriction enzyrte)ame (
indicates the size of the terminal restriction fragment. ASW, Arabian Sea water column; BS, Baltic Sea water column; CBBS, cyanobacterial
bloom Baltic Sea; ESP, eastern South Pacific sediment; ETNP, eastern tropical North Pacific sediment; PNW, Pacific Northwest sediment.
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restriction fragments of 36, 47, 70, 112, 277, 350, and 390 bsequences from the Baltic Sea (Cluster Vlla and VIIb) and
were found by in silico analysis (Fig. 5). These T-RFs cor- the ETNP (Cluster la) were related to those frBaracoccus
responded to the major fraction of T-RFs in the sedimentdenitrificansandRoseobacter denitrificand/lost sequences
profiles. BSS Cluster A sequences were dominated by théound in Cluster VI originate from cultured denitrifiers e.g.
36-bp T-RF, but T-RFs of 350 and 390 bp also occurred forThaueraspp.,Azoarcussppand Pseudomonas stutzemd
two subgroups. BSS Cluster B, C, and D sequences showedralated marine isolates. Sequences from the ETNP (Clus-
common T-RF of 112 bp that also occurred in BSS Cluster E ter Ic) and the Baltic Sea (BS Cluster 1X) were also grouped
Within Cluster E a second T-RF of 337 bp was found. Uniquein this cluster. Marine Cluster VII consisted exclusively of
T-RFs of 47, 70, and 277 bp correspond to single clonesirS genes from clones from the Baltic Sea (Cluster X), the
found in Cluster I. Cluster | also includedrS genes from  ASW (Cluster V) and the PNW (Cluster II) with seveirS
marine sediments (PNW Cluster Ill and IV; ETNP Cluster Ib sequences from the water column of the Baltic Sea and the
and Ic) and water column (ASW Cluster Xl and XlI; ESP sediment of the PNW forming a common subcluster.
Cluster I) as well as sequences from the water column (BS)
and from a cyanobacterial bloom (CBBS) from the Baltic
Sea. An in-depth analysis of Cluster I-sequences showed th& Discussion
nirS sequences from the oxic (0 to 5mm depth, top 2mm
oxic), suboxic (5 to 12mm depth), and sulfidic zone (12 A number of studies to date have explored denitrifier com-
to 30 mm depth) of the Baltic Sea sediment were not clus-munities from marine habitats but they all were from distinct
tered according to the prevalent environmental conditions ingeographic locations. Originating either from the water col-
these zones (Fig. 5). In contrast, sequences from all threemn or sediment, they were separated by large geographic
zones were found distributed in several shared subclusterdistances of thousands of kilometres, e.g. from the Pacific
within Cluster 1. The majority of Cluster hirS sequences Northwest (Braker et al., 2000), the eastern tropical North
were placed in subclusters according to the location fromPacific (Liu et al., 2003), the eastern South Pacific (Castro-
which they originated. However, one subcluster was domi-Gonzaés et al., 2005) or even by continents as for the lo-
nated by sequences from the Bodden sediment, but containeghtions in the Pacific, in the Arabian Sea (Jayakumar et al.,
alsonirS from a cyanobacterial mat within the Baltic Sea, 2004) and in the Baltic Sea (Hannig et al., 2006). Thus, these
and a sequence from Puget Sound (PNW). The most closelgites were presumably influenced by distinct environmental
related sequences to this subcluster weraitd sequences conditions.
from Puget Sound sediment (PNW) which formed a sister In this studynirS-type denitrifier communities were ex-
group to the first subcluster dominated by sequences fronplored from water column (Gotland Deep) and sediment
the Baltic Sea sediment. Another subcluster include8 samples (Rassower Strom, Bodden) of the Baltic Sea (Fig. 1).
from the Baltic Sea water column and sediment, the PNW,The two sites are 550 km apart but belong to the same water
and one from the ASW. body. The difference in salinity between the two sites is also
In marine sequence Cluster Il, BSS Cluster F grouped to-quite small (7—9 at the Bodden, 7-13 at the Gotland Deep).
gether albeit as a distinct subcluster with sequences from se\common to both habitats are the gradients of biogeochem-
eral clusters from the ASW (Cluster IV, VII, VIII, IX), the ical parameters with a strong oxic-anoxic interface (Fig. 2)
ESP (Cluster lla, llb, lic, 1lI), and the Baltic Sea (BS Clus- that never co-occur in both water column and sediment at the
ter IV, V, one sequence each from the BS and the CBBS)same site. Water masses are exchanged horizontally between
For the four BSS clones within Cluster 1l T-RFs of 239 (2), coastal areas and the central Baltic (minimal flow velocity:
277 (1), and 511 (1) bp were found (data not shown). Marine<1cmst; Maagard and Rheinheimer, 1974) and vertically
Cluster Il also comprised sequences from denitrifying iso-between water column and sediment. Despite the fact that the
lates Pseudomonaspp., Thauera mechernichensi8zoar- Baltic proper may represent a closed circulation cell (Voss et
cus tolulyticusand marine isolates affiliated wiMarinobac-  al., 2005) approximately once in a decade an inflow of North
ter spp. andHalomonas variabilis Sea water occurs. This happened in 2003 when a massive
Marine sequence clusters IlI, IV, V, VI, and VII harbored inflow of 200 kn? deep oxygenated North Sea water with a
no sequences from the Baltic Sea sediment but sequencésgh salinity occurred from spring till summer (Feistel et al.,
from the water column of the Baltic Sea and from the other2003a, b). In the summer of 2003, this resulted in succes-
marine habitats. Within these clusters, subclusters were idersive changes in bottom water temperature and salinity along
tified that were located on separate branches within the trea transect from the Darss Sill area (in proximity to our sam-
and harbored sequences from either water column or sedsling site at the Rassower Strom) via the Bornholm Deep
iment habitats. Cluster Il contained sequences from theto the Gotland Basin (Feistel et al., 2004). This suggests that
Baltic Sea (Cluster VIII) and the ESP (Cluster IV). Clus- not only water masses are exchanged but also microbial com-
ter IV containednirS from the ASW (Cluster I, Il and Ill),  munities. Furthermore, both locations were characterized by
the ETNP (Cluster la and Ib), and the Baltic Sea (Cluster Vladifferent anthropogenic influence @Hel et al., 1998). In
and VIb) andnirS from Ralstonia eutropha Marine nirS contrast to the Baltic proper, coastal areas are affected by
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high riverine nitrogen inputs which lead to high denitrifica- suboxic, and anoxic zones as the sequences grouped in com-
tion N-losses (Voss et al., 2005), but for the coastal area infmon subclusters (BSS Cluster A to F). This also agrees with
cluded in our study summertime denitrification rates werethe nirS-sequences retrieved from three layers of the Puget
low (Dahlke, 1990). Sound sediment core clustering in a common Puget Sound
Oxygenated surface water in the Gotland Deep is sepaeluster (Braker et al., 2000). In the shallow waters of the
rated by a stable halocline from deeper waters at 60 to 70 mBodden, turbulence causes greater input pfr@o the upper
This halocline prevents vertical mixing and results in long- sediment. Furthermore, the sediment stratification and the
lasting suboxic zones and sulfidic/anoxic conditions in thedistribution of porewater solutes (e.gz)3can be influenced
near bottom water. However, recently even deep layers oby bioturbation through feeding and locomotion activity of
the Gotland Deep were provided with oxygen{®ecause marine invertebrates. Thereby @ inserted into the anoxic
of several inflows of dense North Sea from summer of 2002sediment layers (Forster et al., 1995). After a bioturbation
to the summer of 2003 (Feistel et al., 2003a, b, 2004). Afterevent, the observed chemical gradients, which are the result
the disappearance of sulfide?(S in 2003, a newly devel- of differential metabolic activities of microbial communities
oped redoxcline appeared during 2004 at a depth of 225 tin the sediment, are re-established much faster than gradients
230m where the concentration of nitrate (NOdecreased in bacterial community structure.
and that of &~ increased towards the sediment. In contrast, In contrast, the water column zonation of denitrifier com-
the sediment samples of the Bodden were anoxic below th&unities is probably more stable as each stratified layer ex-
first 2mm. Sulfide appeared below a depth of 7 mm and actends across a range of several meters. The highest level of
cumulated at concentrations two orders of magnitude highegiversity of cultivable denitrifying heterotrophic bacteria was
than in the water column. The accumulation 8f Sn the found at the suboxic-sulfidic interface in the water column of
anoxic layers of both habitats suggests active sulfate reduche Gotland Deep (Brettar et al., 2001). This was not visi-
ing microbial communities. ble by T-RFLP analysis, which revealed approximately sim-
ilar numbers of T-RFs in the different layers. With a con-
5.1 Denitrifier communities along vertical chemical gradi- current accumulation of NDin the water column the com-
ents in the water column and sediment munity structure shifted with depth from 85 to 200 m depth
(Figs. 2 and 3). However, the most pronounced shift oc-
Terminal restriction fragment length polymorphism (T- curred with the transition to the sulfidic zone. At the suboxic-
RFLP) ofnirS amplicons has been successfully used as a finsulfidic interface, where ND and $- frequently co-occur,
gerprinting method to analyse denitrifier community struc- autotrophic denitrification has been demonstrated (Brettar
ture (Braker et al., 2001; Castro-Ga@tez et al., 2005; Han- and Rheinheimer, 1991; Hannig et al., 2007). Our commu-
nig et al., 2006). We focused amrS as a functional marker nity profiles, e.g. the dominance of the 47-bp T-RF and the
gene to detect denitrifiers since amplificatiomoK encod-  appearance of the 273-bp T-RF, indicate that specific plank-
ing the second, copper-containing type of nitrite reductaseonic denitrifiers are adapted to thrive under sulfidic condi-
failed for the marine samples explored in this study whentions. Similar shifts in denitrifier community composition
specific primers developed by Braker et al. (2000) were usedand the appearance of abundant T-RFs specific for the sul-
Whether this reflects a primer bias or it is of ecological rele-fidic zone were recently observed for the water column at
vance remains unknown. In any case, the majority of studiesne station in the vicinity of the Gotland Deep in August and
on marine denitrifier communities had focusednin®, thus ~ October 2003 (Hannig et al., 2006). However, these T-RFs
making comparisons between the Baltic Sea and other mawere not identical to those dominating the sulfidic zone one
rine systems based on this gene more reasonable. year earlier (2003). This observation presumably indicates a
T-RFLP analysis ohirS genes demonstrated partial over- shift in community composition despite similar biochemical
laps between water and sediment communities but also regradients in the water column within one year after the inflow
vealed unexpected dissimilarities between communities deef North Sea water.
spite comparable physico-chemical gradients in the water Two dominant T-RFs (36 and 111 bp) were found in all
column and the sediment. While community profiles from layers of the sediment and were identical to the two T-RFs
the water column showed strong vertical shifts, particularly dominating the oxygenated zone (111-bp T-RF) down to the
from the oxygenated through the low oxygen zone to sul-top of the suboxic zone (36-bp T-RF). The 273-bp T-RF
fidic conditions, this was not the case for the sediment com-seems to be indicative of denitrifier communities in sulfidic
munity profiles (Fig. 3). Minor changes imirS-type deni-  environments as it was also found in the respective zones
trifier, bacteria and archaea community composition despiteén the water column. This suggests a more general occur-
strong small-scale biogeochemical gradients were also obrence of organisms capable of autotrophic nitrate reduction
served with depth in a sediment core collected from the Pugeand sulfide oxidation, such ahiomicrospira denitrificans
Sound, Washington, USA (Braker et al., 2001). Sequencdike bacteria. These epsilon-proteobacteria were identified as
analysis of clones from the Bodden sediment core showedome of the dominant denitrifiers at the suboxic-sulfidic in-
a comparably uniform community composition for the oxic, terface of the water column at the Gotland Deep (Labrenz et
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al., 2005; Brettar et al., 2006). However, according to our lat-a continuous exchange occurs between sediments and over-
est phylogenetic analysisrS from Thiomicrospira denitrifi-  laying water.

cansis not closely related to any other knowitS sequence
and consequently also not to any of our clones. It should b
noted thamirS is not a phylogenetic marker and that these
genes are possibly transferred between phylogenetically u
related strains by horizontal gene transfer. Therefore, it i
difficult if not impossible to infer a phylogenetic relationship
betweenThiomicrospira denitrificansand other denitrifiers
based exclusively on the analysis of thairS genes.

Interestingly, a group of sequences from all depths of the
odden sediment, grouping in marine Cluster |, were closely
related tonirS genes found in a sediment core from the Puget
nSound, WA. Sediments from both locations share similar
Sfeatures, i.e. denitrifier communities were stable with depth
within the core, and electron acceptors @nd NG; were
consumed within the first few millimetres. However, oS
was detected at these depths in the core from Puget Sound
) ) ) (A. H. Devol, personal communication). Only littierS se-
5.2 Phylogeny ofnirS sequences from marine environ- guence overlap among denitrifier communities was observed
ments for sediments of the Puget Sound and offshore Washington
coast (Braker et al., 2000). This was attributed to sepa-
Community profiles were studied by T-RFLP based on cleav-ration of microbial communities by large distances and to
age ofnirS PCR products using a single restriction enzyme.the degree of degradation of the organic matter reaching
This approach is suitable to analyse shifts in denitrifier com-the sediment. Distinct sediment characteristics at large geo-
munities along environmental gradients but may be limitedgraphic distances, bottom topography at the metre scale and
due to the occurrence of identical T-RFs that correspond tesmall scale (cm) differences due to meio- and macrofaunal
sequences from different clusters within thieS tree. This  abundance were shown to impact marine sediment denitrifier
was indeed the case for sequences showing a common 112emmunities to an extent ranking in the orderkm>cm
bp T-RF that belonged to BSS Cluster B, C, D, and E. How-(Scala and Kerkhof., 2000). However, we conclude that in
ever, other clusters harbored sequences with different T-RFsediments with comparable environmental conditions sim-
such as those with the 36- and 350-bp T-RF in Cluster A andlar nirS-type denitrifier communities can develop despite
T-RFs of 112 and 337 bp in Cluster E. A better resolution canlarge geographic distances. Physico-chemical parameters
be achieved by the use of different restriction enzymes (Os{e.g. G, NOg, NO,, NHj{, PQq, dissolved organic carbon,
born et al., 2006) or phylogenetic analysis of sequences fronsalinity) were shown to impact the composition and distribu-
clones. tion of denitrifier communities (Liu et al., 2003; Taroncher-

The phylogenetic tree (Fig. 4), containing most of the pub-Oldenburg et al., 2003; Jayakumar et al., 2004; Castro-
lishednirS sequences from marine environments, shows thaf30nzaés et al., 2005; Hannig et al., 2006). ThieS tree
only few nirS sequences are similar to those from denitri- (Fig. 4) reveals that similar environmental conditions (with
fying isolates (e.g. in marine Cluster Il: ASW Cluster VIII, respectto @ NO3, and NG) in the water column of the
95.6 to 100% identical t®°seudomonas aeruginos&sp  distantly located ESP and the ASW also seem to have trig-
Cluster I, 93.7 to 96.9% identical t®seudomonas fluo- 9ered the development of similar communities (ESP Cluster
rescenks Whether these genes were indeed derived froml @nd ASW Cluster XI, within marine Cluster I).

Pseudomonaspp. is unknown because a distribution of den- | conclusion, from the data base obtained so far it seems
itrification genes via horizontal gene transfer among phylo-that distinct marineirS-type denitrifier communities occupy
genetically unrelated organisms is possible (Etchebehere angitferent ecological niches which are defined by the habitat,
Tiedje, 2005). Therefore our results confirm that the ma-yater column or sediment, shaped by the prevalent environ-
rine environment is strongly dominated by diverse and novelmental conditions, and can be isolated by large geographic
nirS-type denitrifiers that are presumably not cultured yet.  gjstancesnirS subgroups are mostly site-specific but overlap
Most environmentahirS sequences grouped in separate if communities are impacted by similar environmental condi-
subclusters according to the site from which they were ob-tions. It is evident that denitrifiers are widespread, occurring
tained (Fig. 4). The habitat, water column or sediment, obvi-also in habitats in which denitrification does not appear to oc-
ously has a strong impact on denitrifier community compo-cur in the bulk of the water column, e.g. due to lack of NO
sition. Nonetheless, there were also some interesting overmr presence of @ However, all the DNA-based studies in-
laps of denitrifier communities. Only within marine Clus- dicate the genetic potential for denitrification but they do not
ter I, water column and sediment sequences grouped withimeveal whether these communities are actively denitrifying
the same subclusters (Fig. 5). Three of them harboured sesr not. Most cultured denitrifiers grow preferentially as het-
quences from both sites of the Baltic Sea, covering sequencesrotrophs in the presence o ®ut not as denitrifiers if pos-
from all sediment depths but only from the oxygenated zonesible. Thus, the ability to denitrify is probably not the factor
of the water column. This is not surprising since horizon- that exclusively selects for subgroups of denitrifier communi-
tal currents lead to constant water exchange within the uppeties in the different habitats. We assume that the subclusters
layers of the Baltic. Further, within the shallow coastal areasof closely relatechirS sequences belong to the same bacterial
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taxa. These are adapted to a specific niche due to their set teria, and archaea along redox gradients in Pacific Northwest
of genetic and phenotypic characters among which the ca- marine_ sediment; by termi_n_al re_str_iction fragm_ent length poly-
pacity for denitrification is only one. Nothing is known yet ~ morphism analysis of amplified nitrite reductasérg) and 16S
about the phylogenetic affiliation and ecophysiology of the  'RNA genes, Appl. Environ. Microbiol., 67, 1893-1901, 2001.
organisms from which the noveiirS sequence types from Braker, G., Fesefeldt, A., and Witzel, K.-P: Development of PCR
marine habitats were retrieved. Future studies should there- PTimer systems for amplification of nitrite reductase gemas(
fore aim to combine different ap.proaches in order to gain fur- andnirS) to detect denitrifying bacteria in environmental sam-

.. . . . 2 ples, Appl. Environ. Microbiol., 64, 3769-3775, 1998.
ther insights in the adaptation and regulation of denitrifying g .a1er G Zhou J. Wu. L. Devol. A. H.. and Tiedje, J. M. Ni-

communities; for example, species-specific activity measure- yite reductase genesitk andnirS) as functional markers to in-
ments and phylogenetic analysis, metagenomic libraries and vestigate diversity of denitrifying bacteria in Pacific Northwest
cultivation-based studies. marine sediment communities, Appl. Environ. Microbiol., 66,
2096-2104, 2000.
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