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ABSTRACT: The distribution of marine Crenarchaeota Group I, marine Euryarchaeota Group II and
some major groups of Bacteria (SAR 11, Roseobacter, Gammaproteobacteria and Bacteroidetes) was
investigated in the North Atlantic water column (surface to 2000 m depth) along a transect from the
coastal waters of the NW African upwelling to the offshore waters of the Canary Coastal Transition
Zone (CTZ). Catalyzed reporter deposition-fluorescence in situ hybridization (CARD-FISH) was used
to describe the prokaryotic assemblages. Bulk picoplankton abundance and leucine incorporation
were determined. Pronounced changes in prokaryotic assemblage composition were observed from
the coast to the open ocean and at the deep chlorophyll maximum (DCM) with decreasing bulk het-
erotrophic activity. All bacterial groups decreased in absolute abundances from the coast to the open
ocean; both archaeal groups increased towards the open ocean. Prokaryotic abundance and activity
decreased 2 and 3 orders of magnitude, respectively, from the surface to 2000 m. Prokaryotic growth
rates were high in the mesopelagic zone (~0.13 d™!), compared to other reports from the central North
Atlantic. SAR11 in total picoplankton abundance decreased from 42 % in the DCM to 4 % at 2000 m,
while marine Crenarchaeota Group Il increased from 1% in the DCM to 39 % in the oxygen minimum
layer. A clear influence of the different intermediate water masses was observed on the bulk hetero-
trophic picoplankton activity, with lower leucine incorporation rates corresponding to layers where
patches of Antarctic Intermediate Water were detected. Coast—ocean and surface—depth gradients in
bulk prokaryotic abundance and production and assemblage composition were comparable to
changes observed in basin-scale studies, pinpointing the CTZs as regions of strong variability in
microbial diversity and metabolism.
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INTRODUCTION

Over the past few decades it has become clear that
prokaryotes are an important component of marine
plankton communities, playing a key role in mediat-
ing a range of biogeochemical cycles (Azam et al.
1982). Prokaryotic plankton have been enumerated
in a 'black-box' approach, firmly establishing that
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they represent the largest pool of living biomass in
the sea (Gasol et al. 1997). With the advent of molec-
ular biology techniques, marine microbiologists have
been able to analyze the prokaryotic communities
from a ‘Gleasonian’ point of view (Gleason 1926),
focusing on distinct prokaryotic groups that can be
reliably identified and quantified in marine assem-
blages.
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Small-subunit ribosomal RNA (rRNA) genes, ana-
lyzed by molecular techniques, have become the
universal phylogenetic markers and the main criteria
by which microbial plankton groups are identified
(Giovannoni & Rappé 2000). Most of these groups
were first identified by sequencing 16S rRNA genes
cloned from seawater (e.g. Giovannoni et al. 1990).
It soon became apparent that <20 microbial clades
accounted for most of the genes recovered (Mullins et
al. 1995). Nevertheless, 16S rRNA gene-clone libraries
do not accurately reflect the abundance of microbes
from particular phylogenetic clades in the environ-
ment. Such analyses need to be complemented by
other strategies aimed at studying single populations
in situ. Hybridization techniques such as catalyzed
reporter deposition-fluorescence in situ hybridization
(CARD-FISH; Pernthaler et al. 2002) became an in-
dispensable tool in determining the abundance of
specific prokaryotic groups in the natural environ-
ment. Indeed, some groups of marine bacteria had
been known for years from their 16S rRNA gene
sequences before their abundances could be deter-
mined. Paradigmatic examples are bacteria related to
the marine SAR11 (Morris et al. 2002), SAR86 (Pern-
thaler et al. 2002), SAR116 (Fuchs et al. 2005), SAR202
(Morris et al. 2004), or the SAR406 (Fuchs et al. 2005)
clades.

The presence of planktonic prokaryotes in a given
oceanic habitat is thought to be determined by local
environmental conditions and not by restricted disper-
sal (Pedrés-Alié 2006). Members of the SAR11 clade
are among the most common prokaryotes in the
marine plankton. They can contribute >50% to the
total picoplankton abundance in the surface waters of
the northwestern Sargasso Sea, and 25% of meso-
pelagic picoplankton assemblages (Morris et al. 2002).
Bacteria related to Roseobacter, also referred to as the
SARS83 cluster (Rappe et al. 2000), are another common
component of coastal and offshore picoplankton assem-
blages constituting up to 25 % of marine picoplankton
(Gonzdlez & Moran 1997, Eilers et al. 2001). The sea-
sonal dynamics in the abundance of Roseobacter
closely follows the development of phytoplankton bio-
mass in the North Sea (Eilers et al. 2001). Furthermore,
it has been shown that members of these 2 clades
(SAR11 and Roseobacter) efficiently utilize dimethyl-
sulfoniopropionate (Malmstrom et al. 2004a,b). The
Bacteroidetes cluster has been associated with
upwelling events (Fandino et al. 2001, Alonso-Saez et
al. 2007b), and members show a high ability to
degrade high-molecular-weight compounds (Cottrell
& Kirchman 2000). Members of the SAR86 lineage,
related to the Gammaproteobacteria, are characterized
by high growth rates, probably efficiently exploiting
nutrient pulses (Eilers et al. 2000).

Archaea are widespread among marine prokaryotic
plankton (De Long et al. 1994, Massana et al. 1998).
Quantitative studies using FISH have shown the domi-
nance of Crenarchaeota in meso- and bathypelagic
waters, whereas Euryarchaeota were thought to com-
prise less than 5 to 8% of total picoplankton abun-
dance in deep waters of the Pacific and the Antarctic
Oceans (Karner et al. 2001, Church et al. 2003). Using
CARD-FISH, in combination with the Proteinase-K
permeabilization of the archaeal cell wall, Teira et al.
(2004, 2006a,b) and Herndl et al. (2005) found higher
(10 to 20%) abundances of Euryarchaeota in deep
waters of the North Atlantic Ocean than reported by
Karner et al. (2001) for the subtropical North Pacific
Gyres. All these studies support the view that diverse
prokaryotic groups are linked to different environ-
mental conditions and, hence, changes in assemblage
structure are likely to be more pronounced in regions
with strong oceanographic gradients.

Most of the studies describing variability in the com-
position of picoplankton have been carried out in
surface oceanic waters (e.g. Alonso-Saez et al. 2007b).
Only a few have quantified the different groups of
prokaryotes in the dark ocean. Among these, some
studies used PCR-based fingerprinting techniques
(Hewson et al. 2006) to identify components of the
prokaryotic community, while others applied PCR-
independent group-level FISH. The latter, however,
have used 2 or 3 prokaryotic probes targeting Bacteria,
Crenarchaeota and Euryarchaeota (Karner et al. 2001,
Teira et al. 2004, 2006b, Herndl et al. 2005). Informa-
tion regarding the activity of deep-water prokaryotic
communities is rather scarce compared to that of sur-
face-water prokaryotic assemblages (Reinthaler et al.
2006). Measurements on depressurized samples indi-
cate a decrease in picoplankton production of 1 to 2
orders of magnitude from the euphotic zone to the
bathypelagic waters (Reinthaler et al. 2006), declining
with depth slightly more than picoplankton abundance.

Variations in bulk prokaryotic activity may be re-
lated to changes in the abundance of specific groups.
Some studies have shown a clear link between the dis-
tribution of the major prokaryotic groups to bulk (Mas-
sana et al. 1998) and group-specific prokaryotic activ-
ity in the dark ocean (Teira et al. 2004, 2006b, Herndl
et al. 2005). This relationship might be more evident in
regions with strong environmental gradients and rela-
tively high picoplankton activity. Aristegui et al. (2005)
measured high prokaryotic activities in the meso-
pelagic waters of the subtropical NE Atlantic, a region
characterized by strong hydrological variability, with
most pronounced gradients close to the NW African
coastal upwelling (Aristegui et al. 2003).

In the present study, we report the distribution of
both the bulk prokaryotic activity and the abundance
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of major prokaryotic groups (marine Crenarchaeota
Group I, marine Euryarchaeota Group II, SAR 11,
Roseobacter, Gammaproteobacteria and Bacteroidetes)
along a transect from the coastal waters of the NW
African upwelling to the offshore waters of the Canary
region. We used CARD-FISH to determine the com-
position of the prokaryotic community and relate it
to bulk leucine incorporation. We hypothesized that
the contribution of marine Crenarchaeota Group I and
marine Euryarchaeota Group II to total picoplankton
abundance increases along the coast—ocean transect
in the mesopelagic waters and, overall, that the sur-
face—depth patterns of abundance and metabolism of
Bacteria and Archaea are related to local hydrographic
conditions.

MATERIALS AND METHODS

Location and sampling. A zonal section of 10 stations
was sampled from the coastal waters of the NW Africa
upwelling (27.9°N, 13.1°W) to the offshore waters of
the Canary Coastal Transition Zone (CTZ) region
(27.5°N, 15.3°W) (Fig. 1) during the

final concentration. Prokaryotes were identified by their
signatures in a plot of side scatter (SSC) versus green
fluorescence (FL1). High and low nucleic acid cells
(H1-NA, H2-NA, L-NA) were separated in the scatter
plot (Gasol et al. 1999). H1-NA cells exhibited slightly
lower SSC and higher FL1 than L-NA cells. H2-NA
cells showed high SSC and high FL1 (see Fig. 2). Pico-
cyanobacteria were discriminated in a plot of FL1 ver-
sus red fluorescence (FL3). When the fluorescence
signal of the prochlorophytes was very low, they were
first enumerated in an unstained sample and their
abundance subtracted from the total prokaryotic abun-
dance determined by SYTO-13 staining. Prokaryotic
carbon biomass was estimated from prokaryotic abun-
dance assuming a conversion factor of 12 fg C cell”!
(Fukuda et al. 1998). A suspension of yellow-green
1 um latex beads (10° beads ml!) was added as an
internal standard (Polysciences). The concentration of
beads was determined under an epifluorescence micro-
scope. Overall, picoplankton abundance determined
by FCM and by DAPI staining and epifluorescence
microscopy gave very similar abundance values (FCM
=0.99 x DAPI - 0.226, R? = 0.84, p < 0.001, n = 14).

CONAFRICA cruise (22 March to 7

April 2006) on board the RV 'Hes- 20’ il

pérides’. At each station, temperature,

salinity and fluorescence were re- Jl

corded down to 2000 m depth using a 28°

SeaBird 911 plus CTD system, mounted

on a General Oceanics rosette sampler,

equipped with twenty-four 12 1 Niskin 40

bottles. Samples for prokaryotic hetero-

trophic production and abundance

were collected at each station from 5 20"

depths ranging from 5 to 2000 m, in-

cluding the deep chlorophyll maximum

(DCM; 30 to 82 m), 200 m and the I

oxygen minimum zone (OMZ; 740 to 20

760 m). Samples for CARD-FISH were

only collected at 6 selected stations and

at 3 depths (DCM, OMZ and 2000 m). 28°
Prokaryotic abundance and biomass.

Prokaryotic abundance was determined

by flow cytometry (FCM) using a FAC-

SCalibur (Becton Dickinson) with a

laser emitting at 488 nm wavelength.

Samples (1.5 ml) were fixed with 20"

paraformaldehyde (1 % final concentra-

tion), incubated at 4°C for 15 to 30 min

and then stored frozen in liquid nitro- 27°?6°W

gen until analysis. Prior to counting the

cells by FCM, 200 pl of sample was

stained with a DMS-diluted SYTO-13

(Molecular Probes) stock (10:1) at 2.5 ptM
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Fig. 1. (A) Near sea-surface temperature, and (B) Sea-viewing Wide Field-of-view
Sensor (SeaWiFS) chlorophyll image from 7 April 2006. Station positions (4 to 70)
overlaid on maps. Note the upwelling filament extending offshore from the coast
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Fig. 2. Abundance of low and high nucleic-acid (NA) content

cells as percentage of total prokaryotic abundance, at (A) the

oxygen minimum zone (OMZ), and (B) 2000 m depth. The in-

set in (A) shows the 3 prokaryotic populations (Low, High-1

and High-2) according to their size (side scatter; SSC-H) and
NA content (green fluorescence; FL1-H)

Prokaryotic heterotrophic production. Prokaryotic
heterotrophic production was estimated from the rates
of protein synthesis determined by the incorporation
of tritiated leucine using the centrifugation method
(Smith & Azam 1992). *H-Leucine (Leu, Amersham,
specific activity = 171 Ci mmol') was added at saturat-

ing concentration (40 nmol 1"!) to 4 replicate subsam-
ples of 1.2 ml. Duplicate controls were established by
adding 120 pl of 50 % trichloroacetic acid (TCA) 10 min
prior to isotope addition. The Eppendorf tubes were
incubated at in situ temperature in temperature-
controlled chambers for 2 to 7 h. Incorporation of
leucine in the quadruplicate sample was stopped by
adding 120 pl ice-cold 50% TCA. Subsequently, the
subsamples and the controls were kept at —20°C until
centrifugation (at ca. 12000 x g) for 20 min, followed by
aspiration of the water. Finally, 1 ml of scintillation
cocktail was added to the Eppendorf tubes before
determining the incorporated radioactivity after 24 to
48 h on a Wallac scintillation counter with quenching
correction using an external standard. Leucine in-
corporated into prokaryotic biomass was converted to
carbon production using the theoretical conversion
factor of 1.5 kg C mol™! Leu assuming no isotope dilu-
tion (Simon & Azam 1989). Since both Bacteria and
Archaea incorporate leucine, it is more appropriate to
refer to the term ‘prokaryotic heterotrophic produc-
tion' instead of the commonly used 'bacterial produc-
tion' (Herndl et al. 2005).

CARD-FISH. Immediately after collecting the sam-
ples from the Niskin bottles, 10 to 40 ml subsamples
were fixed with paraformaldehyde (2% final concen-
tration) and stored at 4°C in the dark for 12 to 18 h. The
cells were collected on a 0.2 pm polycarbonate filter
(Millipore, GTTP, 25 mm filter diameter) supported by
a cellulose nitrate filter (Millipore, HAWP, 0.45 pm),
washed twice with 0.2 pm filtered Milli-Q water, dried
and stored in a microfuge vial at —20°C until further
processing in the laboratory. Filters for CARD-FISH
were embedded in low-gelling-point agarose and
incubated either with lysozyme for the Bacteria probes
Eub338-III (mixture of probes Eub338, Eub II and Eub
IIT; Amann et al. 1990, Daims et al. 1999), for Roseo-
bacter using Ros537 (Eilers et al. 2001), for Gamma-
proteobacteria Gam42a (Manz et al. 1992), for Bac-
teroidetes CF319a (Amann et al. 1990) and for SAR11
using SAR11-441R (Morris et al. 2002), or Proteinase-K
for the marine Euryarchaeota Group Il probe Eury806
and for the marine Crenarchaeota Group I probe
Crenb537 (Teira et al. 2004). Filters were cut in sections
and hybridized with horseradish peroxidase (HRP)-
labeled oligonucleotide probes and tyramide-Alexa
488 for signal amplification, following the protocol
described in Teira et al. (2004). Cells were counter-
stained with a DAPI mix: 5.5 parts Citifluor, 1 part
Vectashield (Vector Laboratories) and 0.5 parts phos-
phate-buffered saline (PBS) with DAPI (final concen-
tration 1 pg ml™!). The slides were examined under a
Zeiss Axioplan 2 microscope equipped with a 100 W
Hg lamp and appropriate filter sets for DAPI and
Alexa488. More than 800 DAPI-stained cells were
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counted per sample in a minimum of 30 fields of view.
For each microscopic field, 2 different categories were
enumerated: (1) total DAPI-stained cells, (2) cells
stained with the specific probe. The counting error,
expressed as the percentage of the standard error
between replicates, was 2 % for DAPI counts.

RESULTS
Regional oceanographic settings

The stations were placed along a coast—ocean tran-
sect crossing an upwelling filament and an offshore
anticyclonic eddy centered at Stn 57 (Fig. 1A). Fila-
ment-eddy systems have been described in previous
studies for the same region (Barton et al. 2004). The
eddy entrained filament-water with a higher chloro-
phyll content in a meandering fashion, giving rise to
sharp fronts in chlorophyll and temperature. Fig. 1B
(from 7 April 2006) illustrates the advection of high
chlorophyll-containing water along the filament, coin-
ciding with a low surface temperature field (Fig. 1A)
recorded during the course of the study (22 March to

Stn_ 70
0

7 April 2006). Fig. 3A shows the vertical cross-section
of density and chlorophyll concentrations. The DCM
was located between 20 and 40 m depth near the
upwelling region and deepened slightly towards the
open ocean, with the most pronounced deepening of
the DCM in the eddy center at Stn 57. The sharpest
gradients in density and chlorophyll were found be-
tween Stns 11 and 20 (upwelling front), Stns 57 and 64
(eddy-filament front) and Stns 64 and 70 (eddy-open
ocean water front).

The North Atlantic Central Water (NACW) occupied
the main thermocline (Fig. 3B). Below the NACW,
2 intermediate water masses dominated the 600 to
1500 m depth range: the Antarctic Intermediate Water
(AAIW) with its fresh anomaly values (salinity values
<35.3), and the warm, high-salinity Mediterranean
Sea Outflow Water (MSOW). The AAIW was mani-
fested as tongues of lower-salinity water, centered at
750 to 900 m depth, in the eastern part of the section
(Stns 20, 36 and 43; Fig. 3B). The AAIW is transported
northward by a current wider than the usual along-
shore poleward undercurrent (Herndndez-Guerra et
al. 2001). All stations from the western part of the
section (Stns 70, 64, 57, 51) as well as Stn 27 were
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Fig. 3. (A) Potential density (kg m~3, grey lines) and chlorophyll fluorescence (relative units, in grey scale), and (B) salinity. AAIW,
Antarctic Intermediate Water; NACW, North Atlantic Central Water
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dominated by MSOW. The water masses below the
intermediate waters represented a mixture between
North Atlantic Deep Water (NADW) and intermediate
waters. The presence of the different hydrographic
structures or water masses clearly influenced the dis-
tribution and activity of the prokaryotic community.

Prokaryotic abundance and activity

Generally, prokaryotic abundance in the surface
waters and the DCM decreased from the upwelling
region to the open ocean while for the 200 m depth
horizon, the OMZ and the 2000 m depth horizon,
no distinct lateral trend was detectable (Fig. 4A).
Prokaryotic abundance in the surface and the DCM
ranged from 1.5 to 8.3 x 10° cells ml™!, decreasing
exponentially to 0.8 to 3.7 x 10* cells mI™! at 2000 m
depth (Fig. 4A).

Similar to prokaryotic abundance, leucine incorpora-
tion rates were highest in the surface waters and the
DCM in the coastal upwelling region (398 pmol Leu 1"}
h’1), decreasing more than 20-fold towards the oceanic
stations (16.7 pmol Leu I"* h™!) and by 3 orders of mag-
nitude with depth (Fig. 4B). The highest values of cell-
specific production were also found at the stations
close to the upwelling region in the surface and the
DCM layer (3.8 and 3.6 fmol C cell™* d7!, respectively),
decreasing towards the open ocean stations (Stn 70:
0.3 fmol C cell'* d'1) (Fig. 4C). Interestingly, leucine
incorporation and cell-specific production followed a
similar pattern in the OMZ and at 2000 m depth, albeit
1 order of magnitude lower than in the epipelagic zone
(Fig. 4B,C). Cell-specific leucine incorporation between
the 200 m layer and the OMZ was not significantly
different (Student's t-test; p = 0.24, n = 8) (Table 1);
however, it was only half at 2000 m depth (Table 1,
Fig. 4C). The prokaryotic biomass turnover time (pro-
karyotic abundance divided by production; Kirchman
2002) increased with depth (from <2 d in the surface

Table 1. Mean (+SE) prokaryotic activity along the coast—off-
shore transect. CSHP: cell-specific heterotrophic production;
PGR: prokaryotic growth rate; H-NA: high nucleic acid con-
tent prokaryotes; DCM: deep chlorophyll maximum; OMZ:
oxygen minimum zone. Ten measurements were made at 5 m
(surface) depth; 8 measurements were made at all other depths

Stn 4 11 20 27 36 43 5157 6470
Upwelling Offshore
Fig. 4. (A) Prokaryotic abundance, (B) bulk leucine incorpora-
tion rates, and (C) cell-specific heterotrophic production
along the coast-offshore transect in the surface waters (5 m),
deep chlorophyll maximum (DCM), 200 m depth, oxygen
minimum zone (OMZ) and 2000 m depth. Standard errors
are not visible since they are smaller than the symbols.
Note that the coastal stations have no deep samples

Depth CSHP (fmol PGR Turnover % H-NA
Ccell’td™) (dm time (d)

5m 171030 1.02+0.18 14+04 23+3

DCM 145x029 134+027 1.1+03 27.8+4

200m 0.15+0.02 0.14+0.02 10.5x4 36.6 +4

OMZ 0.13+0.03 0.12+0.03 249=+15 66.5=+17

2000m 0.08+0.02 0.07+0.02 30.2+12 67.6=+19
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waters to >30 d at 2000 m depth; Table 1). The longest
turnover times were observed at Stn 70, where pro-
karyotic activity was very low at all depths but cell
numbers were higher in the deeper layers compared to
the other stations, coinciding with the presence of large
prokaryotic populations with H-NA content (Fig. 2).

At this station, a pronounced decrease in the per-
centage of L-NA cells and in one of the groups of the
H-NA (H1-NA) was observed compared to the same
depth layer of other stations. This decrease in the per-
centage of L-NA coincided with the highest relative
abundance of the other H-NA group (H2-NA). Re-
markably, the percentage of the H2-NA cells was
higher in the 2000 m layer than in the OMZ (Fig. 2).
As a general pattern, the dynamics of the individual
NA groups followed a similar trend in the OMZ and
the 2000 m layer along the transect.

Prokaryotic assemblage structure
The recovery efficiency of the prokaryotic commu-

nity measured using CARD-FISH, i.e. the sum of the
relative abundance of Bacteria, Crenarchaeota and

Euryarchaeota, was 77 + 3% (mean + SD, n = 14) of
total DAPI-stainable cells. On average, Bacteria ac-
counted for 54 + 2% (n = 6) in the DCM and 45 + 2%
(n = 8) at 2000 m depth of DAPI-stained cells.

Bacteria were relatively more abundant in the up-
welling region and decreased in contribution to total
prokaryotic abundance towards the oceanic stations,
particularly in the layers between the DCM and the
OMZ, while the archaeal contribution increased to-
wards the open ocean (Fig. 5). The most abundant
prokaryotic group in the DCM was SAR11, with a rela-
tive contribution to total DAPI-stainable cells ranging
from 36 to 42% (Fig. 5). In the OMZ, the relative
contribution of marine Crenarchaeota Group I and
Bacteroidetes increased from the upwelling region
towards the open ocean, while the contribution of
SAR11 decreased and marine Euryarchaeota Group II
and Roseobacter remained almost invariant along the
transect (Fig. 5). The abundance of SAR11 declined
steeply with depth, reaching the lowest relative abun-
dance at 2000 m depth (Fig. 5). Marine Crenarchaeota
Group I showed a contrasting trend with a low rela-
tive contribution in the DCM and the highest relative
abundance in deep waters, where they accounted for

B %g M % cF B %E B %g M % CF W %E B %g M % cF W %E
160 B %R O % s11 O %cC B %R O % s11 0 %cC B %R O % s11 O %cC
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Fig. 5. Relative abundances of prokaryotic groups detected by horseradish peroxidase-oligonucleotide probes and CARD-FISH scaled
to DAPI counts at the deep chlorophyll maximum (DCM), the oxygen minimum zone (OMZ) and at 2000 m depth. C: Marine Cren-
archaeota Group I; E: marine Euryarchaeota Group II; S11: SAR11; CF: Bacteroidetes; R: Roseobacter; g: Gammaproteobacteria
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up to 39.5% of the DAPI-stained cells. The highest
abundance of marine Crenarchaeota Group 1, Bacteroi-
detes (with the exception of Stn 20) and Gammapro-
teobacteria were found in the OMZ. Marine Eury-
archaeota Group II contributed up to 13 and 20% to
the DAPI-stained cells in the DCM and 2000 m depth
layer, respectively, without a clear vertical distribu-
tion pattern. Roseobacter, however, exhibited highest
relative abundance in the DCM, particularly in the
upwelling region, and lowest in the deep waters.

DISCUSSION

Variability in bulk prokaryotic abundance and
heterotrophic production

The range of variability in leucine incorporation rates
(16.7 to 398 pmol Leu I"! h™!) measured in the surface
waters along the coast—ocean transect (13 to 15.3°W)
was similar to other studies covering much larger
spatial scales. For instance, Alonso-Séez et al. (2007a)
found leucine incorporation rates from 15 to 331 pmol
Leu I"! h™! in the eastern boundary region of the North
Atlantic Ocean (14.5 to 26° W), and Hoppe et al. (2006)
reported a range of 2 to 141 pmol Leu I"! h™! along a
meridional transect across the central Atlantic Ocean
(63°N to 65°S). The highest prokaryotic activities in
the present study were measured in the upwelling
stations (Fig. 4B), while the lowest activities were
measured in the most oceanic station. Leucine incorpo-
ration at the 200 m depth horizon was highest in the
upwelling region and decreased to Stn 20, remarkably
increasing thereafter towards Stn 64 (Fig. 4B), proba-
bly reflecting the accumulation of organic matter in the
core of the anticyclonic eddy. Aristegui et al. (2003)
observed large accumulations of dissolved organic car-
bon in the center of anticyclonic eddies in this region.

The most pronounced changes in the incorporation
rate of leucine and cell-specific production were the
decrease observed from Stn 64 to Stn 70 (Fig. 4B,C). In
contrast, prokaryotic abundance did not decrease
significantly (in the DCM), or it increased (in the
OMZ and at 2000 m depth) (Fig. 4A). As indicated in
Fig. 1, Stn 64 is located within the offshore extension
of the filament while Stn 70 represents open ocean
waters. Aristegui & Montero (2005) reported high
abundance of prokaryotes in the epipelagic zone at
frontal regions between filaments and eddies. In their
study, an increase in prokaryotic abundance was
noticed at the 200 m depth horizon and deeper, but not
in shallower waters. Excursions of isopycnals down to
800 m depth in eddy-pair fronts have been reported
previously (e.g. Aristegui et al. 2003). This would
explain the high abundance of prokaryotes at Stn 70,

although surprisingly, this increase is observed even at
2000 m depth (Fig. 4A). None of the prokaryotic groups
enumerated by CARD-FISH seemed to contribute
specifically to this increase in prokaryotic abundance.
However, it is evident that large cells with H-NA
content contributed to the increase in prokaryotic
abundance in the OMZ and 2000 m depth (Fig. 2).

These patterns may be related to the differences in
the water masses. In intermediate waters such as the
OMZ, prokaryotic activity was lower in the AAIW than
in the MSOW, except at Stn 70, which exhibited the
lowest prokaryotic activity in almost all depth layers.
The lower activity in the AAIW is presumably the
result of lower (or more refractory) organic carbon
concentrations in this old water mass. At 2000 m depth,
the prokaryotic activity pattern paralleled that of
the OMZ, suggesting mixing of the NADW with the
intermediate waters (Fig. 4B).

Cell-specific prokaryotic production in surface
waters was about 1 order of magnitude higher than
in deep waters (Table 1), resulting in an average
prokaryotic growth rate of 1.0 + 0.2 d! for surface
waters. Our growth rates are substantially higher than
the 0.4 + 0.1 d"! reported by Aristegui et al. (2005) for
the Canary Current region using the same approach as
in the present study, although their stations were more
oceanic. For Stn 70, the most oceanic station occupied
in the present study, prokaryotic growth rate in surface
waters was 0.26 d™!, comparable to those reported by
Aristegui et al. (2005).

The average cell-specific prokaryotic production in
the mesopelagic (~0.14 fmol C cell'! d°!) and bathy-
pelagic (0.08 fmol C cell"! d°!) zones is considerably
higher than the range of 0.01 to 0.06 fmol C cell"! d!
obtained by Reinthaler et al. (2006) for the meso- and
bathypelagic realms of the eastern and western North
Atlantic basin. Consequently, their estimated turnover
times of 34 to 54 d are longer than the turnover times of
24 and 30 d obtained in the present study for the OMZ
and 2000 m depth, respectively (Table 1). Moreover,
Reinthaler et al. (2006) used a conversion factor of
3.1 kg C mol! Leu (assuming a 2-fold isotopic dilu-
tion), whereas we used 1.5 kg C mol™! Leu (assuming
no isotopic dilution). If we recalculate their data with
1.5 kg C mol! Leu, the cell-specific prokaryotic pro-
duction would be even lower and, consequently, the
turnover times longer, increasing the differences with
our results even more. Hence, the variability in the
metabolic rates between these 2 studies must be
caused by factors other than the carbon-to-leucine con-
version factors used to calculate prokaryotic production.

Differences in prokaryotic activity between the deep
waters of the central North Atlantic and the eastern
boundary region of the subtropical North Atlantic are
likely caused by the greater supply of organic matter
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to prokaryotic communities closer to the continental
margin. Aristegui et al. (2005) estimated an average
prokaryotic growth rate of 0.13 + 0.02 d~! for the
mesopelagic zone of the Canary Current, which is in
agreement with the growth rate obtained in the pre-
sent study for the 200 m horizon (0.14 + 0.02 d™!) and
the OMZ (0.12 = 0.03 d™!). Aristegui et al. (2005) con-
cluded, after analyzing a set of metabolic indices, that
prokaryotic communities in the mesopelagic zone are
very active, acting as major sinks for organic carbon in
the subtropical NE Atlantic Ocean.

Prokaryotic assemblage variability

One of the main goals of our study was to decipher
patterns in distribution in bulk prokaryotic properties
and assemblage structure linked to water mass charac-
teristics and hydrographic regimes, particularly in the
deep ocean. Previous studies using PCR-independent
methods have identified and quantified the dominant
bacterial groups in surface waters (Eilers et al. 2001,
Fuchs et al. 2005); however, only rather rudimentary
information is available on the abundance of the major
bacterial groups in the meso- and bathypelagic zones
using FISH (see ‘Introduction’). In some of the surface-
water studies, minor differences in the proportion of
major phylogenetic groups, but larger differences in
the proportion of more specific groups such as SAR86,
SAR11, SAR116 (Fuchs et al. 2005) and SAR202 (Mor-
ris et al. 2004), were found. Alonso-Séez et al. (2007Db),
using CARD-FISH, found that bacterial assemblage
structure in surface waters of the subtropical NE
Atlantic was highly influenced by environmental fac-
tors, with a distinct community in the upwelling region
different from the more oceanic waters. In the present
study, we observed a large variability in the prokary-
otic assemblage along the coast—ocean transect. At
the DCM, the relative contributions of SAR11, marine
Euryarchaeota Group Il and marine Crenarchaeota
Group I to DAPI-stained cells increased towards the
open ocean, while Gammaproteobacteria, Roseobacter
and Bacteroidetes were more abundant towards the
upwelling region (Fig. 5), where bulk prokaryotic
activity was generally higher (Fig. 4B,C). This is in
agreement with other studies, which also report high
contributions of the Bacteroidetes cluster to total
prokaryotic abundance in upwelling systems (Fandino
et al. 2001, Alonso-Séez et al. 2007b). Roseobacter was
also related previously to the presence of high phyto-
plankton biomass (Gonzédlez & Moran 1997, Eilers et al.
2001), while the Gammaproteobacteria were associ-
ated with nutrient pulses (Eilers et al. 2000, Alonso-
Sédez et al. 2007b). SAR11 was the most abundant
group in the DCM, as also described in previous stud-

ies (Morris et al. 2002, Alonso-Séez et al. 2007a). This
cosmopolitan group represents >50 % of the prokary-
otic abundance in the surface waters of the NW
Sargasso Sea and 25% of the mesopelagic microbial
assemblages (Morris et al. 2002), declining in its contri-
bution to prokaryotic abundance with depth, however
(Morris et al. 2004; our Fig. 5).

In the OMZ, the SAR11 clade showed a different dis-
tribution pattern than in the DCM, being more abun-
dant at Stn 20 affected by upwelling AAIW (Fig. 5).
Marine Crenarchaeota Group I and Bacteroidetes in-
creased in their relative abundance towards the open
ocean, with Stns 51 to 70 (affected by MSOW) exhibit-
ing very similar community composition (Fig. 5). At
2000 m depth, no clear gradient in prokaryotic commu-
nity composition was discernable, although Bacteroi-
detes and the marine Crenarchaeota Group I were
more abundant in the more oceanic waters (Fig. 5).
The estimated relative abundance of marine Eury-
archaeota Group II (4 to 13 % in the DCM and 6 to 20 %
in deep waters) is in agreement with the observations
reported by Teira et al. (2006b) for the North Atlantic
Ocean, where marine Euryarchaeota Group Il ranged
from <10 to >30% in subsurface waters and <15% of
the total picoplankton community at the 100 m layer.
While SAR11 decreased in relative abundance with
depth, marine Crenarchaeota Group I increased with
depth (Fig. 5). The highest relative abundance of
marine Crenarchaeota Group [, Bacteroidetes and
Gammaproteobacteria were found in the OMZ, except
at Stn 20, where the OMZ was influenced by AAIW.
Teira et al. (2006a) also found the highest absolute
abundance of marine Crenarchaeota Group I (account-
ing for >40 % of DAPI-stained cells) in the OMZ of the
North Atlantic. The increase of marine Crenarchaeota
Group I and Gammaproteobacteria in the OMZ might
be related to nitrification processes in the OMZ.
Marine nitrification is mediated by 3 different groups
of prokaryotes belonging to the Beta- and Gammapro-
teobacteria (Ward 2002), although recently, evidence
has been accumulating that Crenarchaeota also con-
tribute to marine nitrification (Konneke et al. 2005,
Wuchter et al. 2006). It is noteworthy, however, that
Wuchter et al. (2006) did not find any gammapro-
teobacterial amoA genes, a gene indicative for the
potential to oxidize ammonia. Only betaproteobacterial
and marine crenarchaeotal Group l.1a amoA genes
were retrieved (Wuchter et al. 2006). It is worth noting
that crenarchaeal amoA gene copy numbers deter-
mined by q-PCR dominated over betaproteobacterial
amoA gene copy numbers throughout the North
Atlantic mesopelagic waters (Wuchter et al. 2006). In
soils, the copy numbers of crenarchaeal amoA genes
also outnumber betaproteobacterial amoA genes (Lei-
ninger et al. 2006). Crenarchaeota oxidizing ammonia
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could play an important, previously unrecognized, role
in the biogeochemical cycling of nitrogen in the ocean,
although their actual nitrification rates in natural envi-
ronments remain to be determined.

Bacteria versus Archaea

Recent reports on the distribution of Bacteria and
Archaea in the oceans indicate that planktonic marine
Crenarchaeota Group I increase in their relative con-
tribution to prokaryotic abundance with depth, reach-
ing cell numbers similar to or higher than those of Bac-
teria in the mesopelagic zone (Karner et al. 2001, Teira
et al. 2006b). Marine Euryarchaeota Group II, the other
major archaeal group, is, however, commonly more
abundant in surface than deep waters (Massana et al.
2000, Karner et al. 2001, Church et al. 2003), com-
prising up to 10-30% of picoplankton abundance in
subsurface waters (Herndl et al. 2005, Teira et al.
2006b). Some Euryarchaeota in surface waters har-
bor proteorhodopsin, a light-harvesting pigment that
allows light to be used as an additional energy source,
while deep-water Euryarchaeaota lack proteorhodopsin
(Frigaard et al. 2006).

The fact that marine Crenarchaeota Group I increase
in their relative abundance with depth while bacterial
abundance decreases (e.g. Massana et al. 1997, Herndl
et al. 2005, Teira et al. 2006a) suggests that they
occupy different ecological niches, likely caused by
environmental conditions and different substrate
requirements. These different ecological niches, how-
ever, cannot be deciphered at the moment, as both
marine Crenarchaeota Group I and Bacteria are capa-
ble of utilizing similar model substrates (Teira et al.
20064, Kirchman et al. 2007). Our results show a rela-
tive increase with depth (Fig. 5) of both marine Crenar-
chaeota Group I and marine Euryarchaeota Group II,
although absolute archaeal abundances were always
higher at the DCM. In all cases the ratio of total
Archaea:Bacteria was <1 (average + SD: 0.24 + 0.08 for
the DCM, 0.82 + 0.11 for the OMZ and 0.68 + 0.17
for the 2000 m depth layer).

An even more pronounced trend in the distribution
of Bacteria versus Archaea than over depth was ob-
served laterally along the coast—offshore gradient in
the DCM (Fig. 5). Although Archaea were always 2
to 7 times lower in abundance than Bacteria, the
decrease in bacterial abundance from the upwelling
region towards the open ocean coincided with a con-
comitant increase in Archaea as described by the
equation: Bacteria (cells ml™!) = 0.61 x Archaea (cells
ml!) - 60255 (R* = 0.98, p < 0.00001). A similar, al-
though less pronounced, contrasting abundance pat-
tern of archaeal and bacterial abundance was found

for the OMZ (data not shown). Marine Crenarchaeota
Group [ constituted 79% of the total abundance of
Archaea in the OMZ, while in the DCM both archaeal
groups contributed roughly equally. Lateral gradients
in the relative abundance of Bacteria versus Archaea
have not been reported thus far. The decrease in bulk
leucine uptake along the coast—ocean gradient was
positively related (R? = 0.72, n = 6) to the decrease in
bacterial abundance in the DCM, and negatively
related (R? = -0.76, n = 6) to the increase in archaeal
abundance. This suggests that most of the bulk pro-
karyotic heterotrophic production, as estimated by
leucine incorporation, was due to bacterial activity. In
addition, SAR11 was the most abundant prokaryotic
group in the DCM, decreasing 2-fold from Stn 4 to
Stn 70, although increasing in the relative contribution
to prokaryotic abundance towards the oceanic sta-
tions. Thus, this group is probably the major contribu-
tor to the bulk prokaryotic metabolism in the open
ocean's surface waters.

CONCLUSIONS

A high variability was observed in bulk prokaryotic
abundance and metabolism, as well as in changes in
community structure, in the surface waters from the
NW Africa upwelling region towards the open ocean.
This variability was comparable to the variability re-
ported for ocean-basin studies. Bacteria (SAR11, Roseo-
bacter, Gammaproteobacteria and Bacteroidetes) were
relatively more abundant in coastal than in oceanic
regions, in contrast to the distribution of marine Eury-
archaeota Group II and marine Crenarchaeota Group
I. SAR11 was mainly responsible for the surface-water
variability in bulk prokaryotic abundance. Prokaryotic
abundance decreased about 2 orders of magnitude
from the surface to 2000 m deep waters, whereas
prokaryotic production decreased by 3 orders of mag-
nitude. Both archaeal groups contributed up to 50 % to
the total prokaryotic abundance in the dark ocean.
AAIW exhibits lower prokaryotic activity than MSOW,
presumably due to lower organic matter content of the
AAIW. Prokaryotic growth rates in the deep ocean
were considerably higher than those reported for the
central Atlantic, but comparable to previous studies
from the same region. This supports the view that
prokaryotic communities in the deep waters of the sub-
tropical NE Atlantic maintain higher metabolic rates
than in the central Atlantic due to lateral input of
organic matter from the continental margins.
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