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Abstract. Little is known about bacterial dynamics in the
oligotrophic ocean, particularly about cultivable bacteria. We
examined the abundance of total and cultivable bacteria in re-
lation to changes in biogeochemical conditions in the eastern
Atlantic Ocean with special regard toVibrio spp., a group
of bacteria that can cause diseases in human and aquatic or-
ganisms. Surface, deep water and plankton (<20 µm, 20–
55 µm and>55 µm) samples were collected between 50◦ N
and 24◦ S. Chlorophyll-a was very low (<0.3 µg l−1) in most
areas of the nutrient-poor Atlantic, except at a few locations
near upwelling regions. In surface water, dissolved organic
carbon (DOC) and nitrogen (DON) concentrations were 64–
95 µM C and 2–10 µM N accounting for≥90 % and≥76 %
of total organic C and N, respectively. DOC and DON grad-
ually decreased to∼45 µM C and<5 µM N in the bottom
water. In the surface layer, culture independent total bac-
teria and other prokaryotes represented by 4′-6-diamidino-
2-phenylindole (DAPI) counts, ranged mostly between 107

and 108 cells l−1, while cultivable bacterial counts (CBC)
and Vibrio spp. were found at concentrations of 104–107

and 102–105 colony forming units (CFU) l−1, respectively.
Most bacteria (>99 %) were found in the nanoplankton frac-
tion (<20 µm), however, bacterial abundance did not corre-
late with suspended particulates (chlorophyll-a, particulate
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organic C [POC] and N [PON]). Instead, we found a highly
significant correlation between bacterial abundance and tem-
perature (p < 0.001) and a significant correlation with DOC
and DON (p < 0.005 and< 0.01, respectively). In compar-
ison to CBC and DAPI-stained prokaryotes, cultivableVib-
rio showed a stronger and highly significant correlation with
DOC and DON (p < 0.0005 andp < 0.005, respectively). In
cold waters of the mesopelagic and abyssal zones, CBC was
50 to 100-times lower than in the surface layer; however, cul-
tivable Vibrio spp. could be isolated from the bathypelagic
zone and even near the seafloor (average∼10 CFU l−1). The
depth-wise decrease in CBC andVibrio coincided with the
decrease in both DOC and POC. Our study indicates that
Vibrio and other bacteria may largely depend on dissolved
organic matter to survive in nutrient-poor oceanic habitats.

1 Introduction

Oceans play an important role in maintaining the balance
of atmospheric CO2. Apart from the conventional biologi-
cal pump-driven vertical transport of surface organic carbon
into the deep sea, the microbial food web remineralizes a
large fraction of particulate organic carbon (POC) and ul-
timately supports primary production (PP) in the euphotic
zone (Azam, 1998). Another part is converted into dissolved
organic carbon (DOC) supporting prokaryotic production
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(Williams, 2000). The interaction between oceanic bacteria
and their energy sources in the water column is a key issue
for element fluxes in the ocean. Therefore, detailed infor-
mation is required about variations in bacterial abundance
caused by changes in oceanic biogeochemistry from the sur-
face to abyssopelagic waters.

Marine DOC (662 Pg C) is one of the largest active reser-
voirs of organic C on Earth (Hansell et al., 2009). Bacteria
have a high growth efficiency when using freshly produced,
“labile” DOC which can be degraded within several hours
to days (Reinthaler and Herndl, 2005). The “semi-labile”
DOC (about 15–20 % of net PP) can be degraded by bac-
teria over weeks to seasonal timescales, while “refractory”
DOC are resistant to biodegradation and may bear signatures
from centuries to millennia (Hansell et al., 2009). Progres-
sive utilization of labile and semi-labile DOC through the
microbial carbon pump aids in the accumulation of refractory
DOC (∼95 % of total DOC) in the oceans interior (Jiao et al.,
2010). In a recent study it has been revealed that such trans-
formation processes in the surface ocean are rapidly leading
to a relatively fresh component which resembles the refrac-
tory material (Flerus et al., 2011). Besides DOC, the avail-
ability and nature of nitrogenous components of dissolved
organic matter (DOM) play an important role in the bio-
geochemical cycle by limiting bacterial growth. The con-
centration of dissolved inorganic nitrogen (DIN) in oceanic
surface water is often very low and thus phytoplankton and
bacterioplankton are often competing for DIN (Wu et al.,
2000). Therefore, recycling of organic nitrogen from par-
ticulate (PON) or dissolved (DON) sources may modulate
primary production as well as bacterial abundance.

Among the diverse groups of marine and estuarine bac-
teria, Vibrio species have gained increased attention due to
their potential to cause diseases in humans; such as epi-
demic cholera, which is caused byV. cholerae. SomeVibrio
spp. can also cause diseases in economically important fishes
and shrimps, and have been identified as a cause of coral
bleaching and squid luminescence (Thomson et al., 2004).
Vibrio spp. are among the few bacteria that can degrade chiti-
nous substrates, which are among the most abundant amino
sugars in the ocean (Thompson et al., 2004). Moreover, this
group of bacteria can also secrete a variety of enzymes to aid
the degradation of organic matter, e.g., mucinase, protease,
lipase, and laminarinase (Oliver et al., 1986; Alderkamp et
al., 2007). As part of their strategy for survival in aquatic
habitats,Vibrio spp. can attach or interact with virtually all
kinds of aquatic organisms or suspended particulates (Lara
et al., 2009, 2011). This kind of association ofVibrio and
other bacteria is likely facilitated by the release of DOM from
plankton or other particulate material.

Until now, microbiological investigations of oceanic habi-
tats have largely focused on culture independent tech-
niques which are basically qualitative, although some stud-
ies have applied quantitative fluorescence in situ hybridiza-
tion (Pernthaler and Amann, 2005). These types of molec-

ular analysis have revealed the frequent occurrence ofVib-
rio spp. in oceanic water, although other subgroups of bacte-
ria, e.g., SAR11,Roseobacter, Alteromonas, and Cytophaga-
Flavobacterium-Bacteroides can also be dominant (Eilers et
al., 2000; Malmstrom et al., 2005; Weinbauer et al., 2006;
Taniguchi and Hamasaki, 2008; Schattenhofer et al., 2009;
Wietz et al., 2010). However, culture independent tech-
niques cannot provide information on the active, cultivable
portion of a species. Cultivable bacteria have a highly active
metabolism and are the major functional component within
a bacterial population; while the remaining viable but non-
cultivable fraction has a reduced metabolism (Roszak and
Colwell, 1987; Sun et al., 2008). Changes in biogeochemical
parameters are likely to affect the cultivable fraction more
than the non-cultivable part of bacterial community.

Although various ecological studies ofVibrio spp. have
been performed in coastal habitats (e.g., Heidelberg et al.,
2002; Mahmud et al., 2007, 2008), little is known about the
regulation ofVibrio or other bacterial communities in the
ocean in response to changes in plankton abundance, tem-
perature and biogeochemical conditions. Among the oceanic
bacterial species,Vibrio spp. is of particular interest because
of its link with diseases in humans as well as aquatic or-
ganisms. Changes inVibrio populations in the ocean may
ultimately affect their coastal populations and consequently
human health (Constantin de Magny et al., 2008). In the
present study, we examined the quantitative abundance of
total and cultivable bacteria includingVibrio spp. at var-
ious water depths along a North-South meridional transect
through the mostly oligotrophic eastern Atlantic Ocean. Our
objectives were to elucidate the importance of particulate and
dissolved material for the abundance and distribution ofVib-
rio spp. and total cultivable and non-cultivable bacteria, and
to demonstrate how organic and inorganic substances influ-
ence bacterial populations. A better understanding of the
abundance and changes in cultivable and total bacterial com-
munities will also improve our knowledge of dynamics and
transformation processes of organic carbon and nitrogen in
the ocean.

2 Materials and methods

2.1 Study sites and sampling

Water samples were collected on board R/VPolarsterndur-
ing the expedition ANT-XXV/1 from Bremerhaven, Ger-
many to Cape Town, South Africa in 2008. The sampling
stations covered a variety of geographical areas from∼50◦ N
to ∼24◦ S including marine waters from the nearby Euro-
pean shelf, the Mediterranean outflow, the inter-tropical con-
vergence zone (ITCZ, between 10◦ N and 2◦ N), the east-
ern tropical and sub-tropical Atlantic in the northern and
southern hemispheres. The sampling area included stations
in the following biogeochemical provinces, as defined by
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Longhurst (2006): North-East Atlantic coastal shelf (NECS),
North Atlantic drift region (NADR), North Atlantic subtropi-
cal gyre (NASE), North Atlantic tropical gyre (NATR), East-
ern tropical Atlantic (ETRA), South Atlantic gyre (SATL)
and Benguela current coastal province (BENG).

Surface water (0–10 m depth) samples were obtained us-
ing a Teflon “Fish” sampler, an online device deployed
alongside the vessel that continuously pumped water on
board. Surface samples were collected at 26 stations from
3 to 29 November 2008 (Fig. 1). In addition, surface water
(1000 l) was fractionated by filtration through plankton nets
(55 µm and 20 µm mesh sizes) at nine locations, each cov-
ering 50–90 km (Fig. 1). Samples representing the<20 µm
fraction were collected during each fractionation by combin-
ing filtrates. In addition, water samples from various depths
(50–200 m; 1500–2500 m and 4000–5500 m) were collected
at stations 3, 7, 11, 14, 20, 24 and 26 using a CTD rosette
sampler (24× 12-l bottles) (Fig. 1, Table 1). All samples
were transferred into sterile bottles and processed or pre-
served immediately (within an hour) for microbiological and
biogeochemical analyses.

2.2 Oceanographic variables and chlorophyll
measurement

In situ records of oceanographic variables (water tempera-
ture, salinity, depth, etc.) were obtained from the online ship
devices. For the chlorophyll-a (Chl-a) determination, wa-
ter samples were filtered (GF/F, 47 mm, Whatman) and kept
frozen (–80◦C) until extraction with acetone (90 %) and fur-
ther analyses of pigments by high performance liquid chro-
matography (HPLC) and fluorometry according to standard
methods (Zapata et al., 2000).

2.3 Analyses of nutrients and other biogeochemical
parameters

Water samples (3–4 l) were filtered on board (GF/F, What-
man, precombusted at 450◦C, 3 h) and afterwards kept
frozen at –20◦C until analysis for POC and PON. Filtrates
(50 ml) were poisoned with 150 µl of HgCl2 (35 g l−1) and
stored at 4◦C for later nutrient analyses (Kattner, 1999). DIN
(nitrate, nitrite, ammonium, all in µM N), silicate (µM Si)
and phosphate (µM P) were determined spectrophotometri-
cally according to standard methods for seawater analysis
(Kattner and Becker, 1991). DON was determined by wet
oxidation with potassium persulfate (Koroleff, 1983). To de-
termine DOC, water samples were acidified with phosphoric
acid (20 %, v/v) to remove inorganic C. DOC was measured
by high temperature (680◦C) catalytic (Al2O3 particles con-
taining 0.5 % Pt) oxidation in a TOC analyzer (Dohrmann
DC-190, CA, USA) followed by quantification of CO2 by
non-dispersive linearized infrared gas analysis (Skoog et al.,
1997). A solution of potassium hydrogen phthalate was used
as calibration standard.

Fig. 1. Sampling stations during the Atlantic Ocean expedition
with R/V Polarstern(ANT-XXV/1). Closed circles: stations (S1
to S26) where surface water samples were collected. “P”: sta-
tions where plankton (>20 µm and>55 µm) samples were col-
lected. “CTD”: stations where water samples from various depths
(50–200 m, 1500–2500 m and 4000–5500 m) were collected.

To determine POC and PON, the preserved filters were
dried at 50◦C for 12 h and kept at room temperature in a des-
iccator. For the POC measurement, inorganic C was removed
by acidification with HCl (1 N). POC and PON were quanti-
fied with an elemental analyzer (Fisons, NA 2100) according
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Table 1. Average values of nutrients and selected biogeochemical parameters in different surface (0–10 m depth) water samplesa.

Stations
(samplesb)

Oceanic
provincec

Latitude/longitude Salinity Chl-a
(µg l−1)

DOC
(µM C)

DON
(µM N)

DIN†

(µM N)
C/N of
DOM

Silicate
(µM Si)

Phosphate
(µM P)

N/P
inorg.

PON
(µM N)

POC
(µM C)

Fe
(nM)

1 (S) NECS 50.17◦ N/2.35◦ W 35.23 0.54 69.6 NM NM NM NM NM NM 0.74 9.3 NM
2 (S, P) NADR 48.53◦ N/6.11◦ W 35.29 2.25 64.1 4.3 1.51 14.9 1.55 0.15 10.4 1.36 8.5 NM
3 (S, C) 46.33◦ N/7.84◦ W 35.65 0.18 65.6 2.6 1.63 25.2 1.24 0.14 11.6 1.10 8.7 NM
4 (S) NASE 44.04◦ N/10.29◦ W 35.90 0.78 66.3 4.3 0.68 15.4 0.81 0.10 7.2 1.04 6.7 1.20
5 (S, P) 42.77◦ N/11.66◦ W 35.92 0.77 67.8 6.8 0.55 10.0 0.88 0.09 6.4 0.76 4.5 0.66
6 (S) 39.45◦ N/12.68◦ W 36.07 0.45 68.4 3.5 0.18 19.5 1.00 0.06 3.0 0.68 4.3 0.54
7 (S, C) 37.12◦ N/13.36◦ W 36.30 0.31 70.9 1.8 0.10 41.7 0.78 0.08 1.3 0.41 2.8 0.98
8 (S) 33.70◦ N/14.43◦ W 36.86 0.24 70.0 8.0 0.17 8.8 1.38 0.06 2.8 0.30 2.0 0.88
9 (S, P) 30.80◦ N/14.93◦ W 36.89 0.15 75.4 6.8 0.11 11.1 0.83 0.06 1.8 0.40 2.7 4.15
10 (S) 26.68◦ N/16.38◦ W 36.82 0.31 66.4 4.9 0.06 13.6 0.79 0.05 1.2 0.57 3.4 1.15
11 (S, P, C) NATR 22.50◦ N/20.50◦ W 36.90 0.68 69.7 5.5 0.12 12.7 0.67 0.08 1.5 0.91 6.8 2.78
12 (S) 17.72◦ N/20.81◦ W 36.46 0.45 66.7 5.8 BDL 11.5 0.73 0.07 0.3 0.68 5.3 2.26
13 (S, P) 14.66◦ N/20.98◦ W 35.55 1.42 94.7 10.3 0.23 9.2 0.40 0.07 3.2 1.69 11.8 2.58
14 (S, C) ETRA 10.63◦ N/20.13◦ W 35.34 0.24 80.9 4.3 0.29 18.8 1.24 0.08 3.6 0.48 3.3 4.33
15 (S) 8.16◦ N/19.19◦ W 34.47 0.22 75.3 6.9 0.17 10.9 1.26 0.06 3.1 0.50 5.1 4.74
16 (S, P) 5.43◦ N/16.46◦ W 34.21 0.15 81.9 8.1 0.26 10.1 1.60 0.05 5.8 0.51 3.2 5.98
17 (S) 2.47◦ N/14.15◦ W 34.65 0.15 79.9 5.0 0.25 15.9 0.96 0.06 4.5 0.74 5.1 4.28
18 (S) 0.15◦ S/12.19◦ W 36.03 0.14 74.3 3.1 0.08 24.0 1.06 0.06 1.3 0.55 4.3 1.20
19 (S, P) 3.17◦ S/ 9.37◦ W 36.10 0.24 69.9 4.6 0.07 15.2 1.31 0.06 1.2 0.50 3.0 0.93
20 (S, C) 5.09◦ S/7.06◦ W 36.15 0.29 72.8 3.7 BDL 19.8 1.21 0.11 0.2 0.73 3.9 2.44
21 (S) 9.08◦ S/4.38◦ W 36.10 0.16 79.6 2.8 BDL 28.4 1.38 0.06 0.3 0.70 3.8 0.88
22 (S, P) SATL 11.70◦ S/2.14◦ W 36.41 0.11 81.0 2.2 0.08 36.8 1.17 0.07 1.1 0.46 3.2 1.45
23 (S, P) 14.95◦ S/0.69◦ E 36.13 0.30 75.6 4.0 0.48 19.1 1.17 0.24 2.1 0.41 2.6 0.81
24 (S, C) 17.73◦ S/3.13◦ E 35.89 0.33 70.6 4.2 2.64 16.8 1.05 0.35 7.5 1.06 6.7 0.59
25 (S) 20.65◦ S/5.73◦ E 35.54 0.40 71.9 3.5 3.86 20.5 0.93 0.51 7.6 1.23 6.8 0.55
26 (S, C) BENG 23.72◦ S/8.52◦ E 35.56 0.50 65.5 2.2 0.30 29.8 1.28 0.22 1.4 1.14 7.3 0.47

a “NM” and “BDL” indicates “not measured” and “below detection limit”, respectively;b S, P and C indicates sampling events, i.e., surface water, plankton and deep CTD sampling,
respectively;†DIN includes NO−

3 -N, NO−

2 -N and NH+

4 -N with dominance of NO−3 -N. c Oceanic provinces are classified according to Longhurst (2006), NECS: North East Atlantic
Coastal Shelf, NADR: North Atlantic drift region, NASE: North Atlantic subtropical gyre, NATR: North Atlantic tropical gyre, ETRA: East Tropical Atlantic, SATL: South Atlantic
gyre, BENG: Benguela current coastal province.

to Verado et al. (1990). Standard Reference Material 1515
was used for calibration and at least 3 replicates of each sam-
ple were measured.

Among the trace elements, total Fe was determined using a
liquid–liquid extraction method followed by atomic absorp-
tion spectrometry as described by Pohl and Hennings (2005).

2.4 Determination of bacterial abundance and
cultivable Vibrio spp.

Heterotropic cultivable bacterial counts (CBC) were deter-
mined on marine agar (Difco, MI, USA). In case of low cul-
tivable counts, samples were concentrated 500-times (4 l to
8 ml) by filtration (0.2 µm filters, Millipore). Ten ml of con-
centrated plankton sample was homogenized with an Ultra-
Turrax (T25, Ika-Werke, Staufen, Germany) prior to bacte-
rial analysis. Selective TCBS (thiosulfate citrate bile salts
sucrose) agar (Difco, 3 % NaCl) was used for theVibrio cul-
ture. In each case of cultivable counts, a 100 µl aliquot of
sample was spread plated on media in triplicate. Additional
filters, each containing concentrated bacteria from a 2 l sam-
ple, were also subjected to aVibrio specific enrichment in
alkaline peptone water [1 % Bacto-peptone (w/v, Difco), 3 %
NaCl (w/v, Difco), pH 8.5] at 25◦C for 18 h, followed by
plating on selective agar plates. Cultivable counts (colony

forming unit, CFU), were enumerated after 3 d of incubating
the plates in a temperature gradient, i.e., 20◦C for 12 h fol-
lowed by 25◦C for 12 h, 30◦C for 24 h and 33◦C for 24 h to
obtain optimum cultivable cell numbers.

PresumptiveVibrio isolates were verified by oxidase and
gelatinase tests followed by partial sequencing (∼800 bp)
of 16S rRNA gene using universal primers (forward 9F,
5′-GAGTTTGATCCTGGCTC-3′, and reverse 800R, 5′-
CTACCAGGGTATCTAAT-3′). Initial PCR products were
purified using the QIAQuick PCR purification kit (QIAGEN
GmbH, Hilden, Germany), then cycle sequencing was car-
ried out using the BigDye Terminator Cycle Sequencing Kit
(Applied Biosystems) in a GeneAmp 9700 thermal cycler
(Applied Biosystems) according to the manufacturer’s in-
struction. Afterwards a further purification was done us-
ing CleanSEQ (Agencourt Bioscience), and nucleotide se-
quences were determined in an ABI PRISM 3100 Avant Ge-
netic Analyzer (Applied Biosystems). The sequences were
checked for sequence homology to the nearest species by
BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi). In addi-
tion, the isolates were subjected to multiplex PCR analy-
sis for proper screening of some potentially pathogenic and
closely-relatedVibrio strains (Haldar et al., 2010; Neogi et
al., 2010).
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An aliquot of the water samples (5 ml) was fixed
with formaldehyde (4 %), stained with 4′,6-diamidino-2-
phenylindole (DAPI) for 30 min according to the manufac-
turer’s manual (Sigma-Aldrich). Then the abundance of the
total culture-independent prokaryotes including the bacte-
rial community was determined following a standard proto-
col (Porter and Feig, 1980) using an epifluorescence micro-
scope (DM2500, Leica Microsystems). During counting of
the cells the numbers of large phytoplankton and zooplank-
ton were excluded to obtain a more realistic assessment of
prokaryotic abundance. The term “prokaryote” is used be-
cause this method cannot distinguish between bacteria and
archaea.

2.5 Statistical analysis

The statistical analyses were carried out using “Xact” (ver-
sion 7.21d, SciLab) and Statistica (ver. 10.0, StatSoft). Re-
gression fits were applied to explore correlations between
variables. Log transformed values of bacterial counts were
used for the statistical analyses. A p-value of< 0.05 was
considered as significant. Non-metric multi-dimensional
scaling (MDS) analysis was performed to elucidate the re-
lationships among bacterial as well as biogeochemical vari-
ables in surface water samples (n = 26). Non-parametric
Spearman rank correlation matrices were used during MDS
analysis, and the similarities among the variables were com-
puted by Euclidean distance.

3 Results

3.1 Nutrients and other biogeochemical parameters in
surface waters

The surface water temperature was 13.3◦C at ∼50◦ N near
the European shelf, gradually increasing to 29.4◦C at∼5◦ N
in the ETRA province, and then decreasing to 19.0◦C at the
southernmost station in the BENG province. Salinity ranged
from 35.2 to 36.9. Chl-a was higher (>0.3 µg l−1) between
50◦ N and 37◦ N near the European shelf as well as between
17◦ S and 24◦ S, where higher phosphate values (0.2–0.5 µM
P) were also found (Table 1). In addition, an increase in
Chl-a was observed between 23◦ N and 14◦ N in the NATR
province. DIN consisted predominantly of nitrate (60–97%).
Higher DIN values (>0.5 µM) were measured at higher lati-
tudes (above 40◦ N and 15◦ S, Table 1). The N/P ratio of DIN
to DIP (dissolved inorganic phosphorus) was mostly below 3
(0.2 to 3), reflecting a nutrient poor environment for primary
producers, while the highest ratio (11.6) was near the English
Channel (∼48◦ N) in the NADR province. The concentration
of total Fe varied between 0.5 and 6.0 nM, with higher values
(> 4) in the ITCZ and near 30◦ N (Table 1).

Fig. 2. Fluctuations in bacterial populations and important bio-
geochemical parameters in surface (0–10 m depth) water samples.
(A) Changes in culture independent DAPI counts and cultivable
bacterial counts (CBC) in comparison with changes in NO−

3 -N, Fe
and chlorophyll-a (Chl-a). (B) Changes in cultivableVibrio popula-
tions in comparison with temperature (Temp.), dissolved organic C
(DOC) and N (DON). Average values of bacteriological (triplicate)
and biogeochemical parameters (quadruplicate) are shown.

DOC concentrations (64–95 µM C) were an order of
magnitude higher than DON (2–10 µM N). The C/N ra-
tios of DOM were generally below 20 (Table 1). On av-
erage, DOC contributed 93± 3 % of total organic C (POC
+ DOC) while DON represented 87± 12 % of total dis-
solved N (DIN + DON) and 85± 9 % of total organic N
(DON + PON). Dissolved silicate concentrations fluctuated
between 0.4 and 1.6 µM with slightly higher values between
10◦ N and 24◦ S (Table 1). The concentrations of POC and
PON ranged from 2.0–11.8 µM C and 0.30–1.69 µM N (Ta-
ble 1). The proportion (w/w) of organic C and N in the sus-
pended particulate matter was 0.3–4.7 % and 0.03–0.9%, re-
spectively (data not shown).

3.2 Abundance of total bacteria andVibrio spp. in
surface waters

The culture independent DAPI counts ranged mostly from
107 to 108 cells l−1, while CBC varied between 104 and
107 CFU l−1 (Fig. 2a). The fluctuations in CBC followed
a similar trend as the DAPI counts, and their abundance
was highest at station 13 (14.66◦ N). In most samples, CBC

www.biogeosciences.net/8/3747/2011/ Biogeosciences, 8, 3747–3759, 2011
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Fig. 3. Abundance of bacteria in surface water fractions (<20 µm,
20–55 µm,>55 µm, unfract.: unfractionated) displayed as box-and-
whiskers plots (Statistica). Samples were collected from 9 locations
in the eastern Atlantic Ocean. The bottom and top of the box plots
indicate the 25th and 75th percentile. Closed symbols in the box
indicate median values. The vertical bars show the standard devia-
tions. DAPI and CBC represent culture independent total prokary-
otes and cultivable bacterial counts, respectively.Vibrio represents
counts on selective TCBS agar.

represented 0.06–5.0 % of the DAPI counts. Exception-
ally high CBC (∼20 % of the DAPI counts) were observed
at 14.66◦ N and 17.73◦ S locations (Fig. 2a). TheVibrio
abundance varied between 102 and 104 CFU l−1, account-
ing 0.02–1.8 % of CBC, while comparatively higher counts
(∼105 CFU l−1) were observed at 14.66◦ N and 5.43◦ N
(Fig. 2b). Near the European shelf (50◦ N–37◦ N), where
the surface water temperature was<18 ˚ C, cultivableVib-
rio counts were comparatively low (<102 CFU l−1) except
at 42.77◦ N (Fig. 2b). Sequencing of the 16S rRNA genes
of representativeVibrio isolates (n = 215) followed by mul-
tiplex PCR detection revealed that the cultivable populations
were dominated byV. campbellii(36 %) followed byV. al-
ginolyticus (25 %), V. harveyi (17 %) andV. corallilyticus
(11 %), while among othersV. natriegens, V. pelagiusand
V. splendiduswere only present in low numbers (<2 %).
At each sampling location the cultivableVibrio portion was
overwhelmingly dominated by only one to three species.

The comparative analysis of the bacterial abundance in the
fractionated samples revealed that most bacteria were present
in the<20 µm fraction (Fig. 3). This general trend was found
in all nine different geographic locations (Fig. 1). TheVib-
rio abundance ranged mostly between 103 and 104 CFU l−1

in the<20 µm fraction, while in the 20–55 µm and>55 µm

Fig. 4. Multi-dimensional scaling analysis of surface water sample
data (n = 26) including bacteriological parameters (DAPI, CBC and
Vibrio) and biogeochemical parameters (DIN: dissolved inorganic
N, POC and PON: particulate organic C and N, respectively, for
other abbreviations refer to Fig. 2). Variables having close affinity
or strong correlation are encircled.

fractions the counts were very low (<102 CFU l−1). A
higher abundance of DAPI-stained prokaryotes and higher
CBC were also observed in the<20 µm fraction (Fig. 3). In
the >20 µm fraction of the samples, a large portion of the
associated bacteria (10–60 % of DAPI counts) remained in
cultivable form.

3.3 Relationship between bacterial abundance and
biogeochemical parameters in surface waters

Multivariate analysis showed that bacterial counts in surface
waters were independent of particulate parameters such as
Chl-a, POC and PON (Fig. 4). However, DAPI counts, CBC
and Vibrio grouped with temperature, DOC, DON and Fe
indicating the probable influence of these biogeochemical
parameters on bacterial abundance. In particular, a close
linkage betweenVibrio, temperature, DOC and DON was
discernible (Fig. 4). A highly significant positive correla-
tion was observed between water temperature and bacterial
counts (DAPI:r = 0.75, p < 0.001; CBC: r = 0.67, p <

0.001, Fig. 5a and b). However, our data revealed an even
stronger and more significant correlation between water tem-
perature and cultivableVibrio spp. (r = 0.76, p < 0.00005,
Fig. 5c).

A strong correlation between particulate parameters (Chl-
a, POC and PON) and inorganic nutrients (Fig. 4) was in
congruence with the higher concentrations of all these pa-
rameters at the most northerly and southerly stations (Ta-
ble 1, Fig. 2a). POC correlated highly significantly with PON
(r = 0.90,p < 0.00001, not shown), with an average C/N ra-
tio of 6.4 suggesting phytoplankton as the primary source
of POM (Redfield et al., 1963). Intriguingly, DOC and
temperature were highly significantly correlated (r = 0.66,
p < 0.0005, Fig. 5d), but there was no correlation between
temperature and the particulate parameters (Fig. 4).
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Fig. 5. Correlations between bacterial abundance and various biogeochemical factors in all surface water samples. The lines represent linear
or curvilinear regressions between the two parameters. The regression equations and relevant statistical information are shown for each
correlation. For abbreviations refer to Fig. 2.

Among the bacterial variables cultivableVibrio corre-
lated highly significantly with DOC (r = 0.68, p < 0.0005,
Fig. 5g) and DON (r = 0.58,p < 0.005, Fig. 5h). Cultivable
Vibrio abundance exhibited a negative correlation with the
C/N ratio of DOM (r = −0.53,p < 0.01, Fig. 5i). The over-
all prokaryotic counts represented by DAPI and CBC also
correlated positively with DOC (r = 0.55, p < 0.005 and
r = 0.56, p < 0.005, respectively, Fig. 5e and f) and DON
(r = 0.55, p < 0.005 andr = 0.51, p < 0.01, respectively),
but the correlations were less strong in comparison with cul-
tivableVibrio.

Although temperature had a strong influence on CBC in-
cludingVibrio populations, the bacterial counts at some sam-
pling locations showed unexpected variations. These pat-
terns of spatial variations in bacterial counts were congruent
with the variations in DOC and DON (Fig. 2). For exam-
ple, at station 5 (42.77◦ N) the water temperature was low
(<16◦C) but there were highVibrio counts that coincided

with a relatively high DON concentration. Similarly, mov-
ing south from the equator towards station 22 (11.70◦ S), the
temperature followed a gradually decreasing trend, but there
was a spike inVibrio populations at this latitude that coin-
cided with an increase in DOC (Fig. 2b). Increases in bac-
terial abundance also coincided with the higher Fe concen-
tration at 30◦ N and in the ITCZ (Fig. 2). In contrast, the
abundance of prokaryotes including cultivableVibrio spp. in
surface waters did not correlate with the dissolved inorganic
nutrients, e.g., phosphate, nitrate, nitrite and ammonium.

3.4 Depth variations in bacterial abundance and
biogeochemical parameters

Samples from the deep ocean (Fig. 1) were categorized into
surface (0–10 m), lower euphotic (50–200 m, including sam-
ples from fluorescence [Chl-a] maximum layer at stations
11, 14, 20 and 24), mesopelagic (1000–2500 m) and abyssal
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Fig. 6. Depth-wise changes in bacterial abundance and biogeochemical parameters. Samples were collected at 7 locations in the eastern
Atlantic Ocean. Symbols and horizontal bars indicate average and standard deviation, respectively. For abbreviations refer to Fig. 2 and 4.

(4000–5500 m) zones. The temperature gradually decreased
to 3.1–5.8◦C and 1.1–2.5◦C in the mesopelagic and abyssal
zones, respectively. At stations in the northern and southern
extremes (above 40◦ N and 15◦ S), the existence of a thermo-
cline in the euphotic zone was not obvious. In contrast, in
the tropical regions, particularly between 15◦ N and 12◦ S,
a prominent thermocline was observed, where rapid dras-
tic temperature changes of 10–15◦C occurred within 150 m
depth.

DAPI counts did not show any conspicuous changes with
depth but CBC gradually decreased (Fig. 6a). CBC at the
surface (104–107 CFU l−1) was 50 to 100 times higher than
in the pelagic zone (103–105 CFU l−1). A small increase
in CBC was observed near the seafloor compared to the
mesopelagic zone. In the fluorescence maximum layer (50–
200 m) of the euphotic zone, the abundance of CBC includ-
ing Vibrio spp. was 5–10 times lower than in surface waters,
although DAPI counts were similar.Vibrio abundance was
at least 10 times lower in the mesopelagic and abyssal zones
(average∼10 CFU l−1) than at the surface (Fig. 6a).

Inorganic nutrients gradually increased with depth, and the
highest values were always near the seafloor (Fig. 6b and c).
The variations in nutrients in the surface waters of the various
biogeochemical provinces are shown in Table 1. In the bathy-
pelagic samples near the seafloor, phosphate, silicate and
DIN values were more than 5, 30 and 20 times higher than the
surface concentrations, respectively. PON decreased sharply

from an average of∼1.0 µM N at the surface to∼0.2 µM N or
less below the euphotic zone (Fig. 6c). POC also decreased
gradually with depth (e.g., 3–10 µM C at the surface to 0.1–
2.5 µM C in the mesopelagic zone). However, more variable
and higher POC values (0.2–7 µM C) were observed near
the sea-floor than in the mesopelagic zone (Fig. 6d). The
results from this limited number of samples did not reveal
any statistically significant relation between bacterial abun-
dance (DAPI-count, CBC and cultivableVibrio) and POC or
DOC values in the meso- and bathypelagic waters. DOC also
showed a gradual depth-wise decrease, e.g., 65–80 µM C at
the surface and 40–47 µM C near the sea floor (Fig. 6d).

4 Discussion

The present study shows that bacterial dynamics in the east-
ern Atlantic Ocean are consistently linked to the changes in
organic matter and temperature. A considerable fraction of
the bacterial community was cultivable, not only in surface
waters but also in cold waters at great depths. The fluctua-
tions in abundance of cultivableVibrio in line with changes
in a number of important biogeochemical parameters indi-
cate that this group of bacteria can potentially make an im-
portant contribution to the turnover of organic C and N in the
open ocean.
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4.1 Role of POM on bacterial dynamics in surface
waters

In the nutrient-limited oceanic environment, particulate mat-
ter in form of aggregates or marine snow can support part
of the bacterial community (Azam and Long, 2001). Het-
erotrophic bacteria in the photic zone are genetically adapted
to compete for nutrients by moving towards nutrient-rich par-
ticles and algae (DeLong et al., 2006). However, our study
indicates a passive role of POM in regulating bacterial abun-
dance in oceanic surface waters. Our observation that there is
no correlation with particulate parameters is congruent with
the inference that bacterial C demand exceeds photosynthetic
production of POC in the marine environment (del Giorgio
and Duarte, 2002). The Chl-a concentrations at the majority
of stations were very low, except in the nutrient-rich north-
ern and southern extremes and at some central stations in
the NATR province. A similar trend of declining PP in re-
sponse to the exhaustion of DIN has been reported previously
(Hoppe et al., 2002).

Larger phytoplankton (>20 µm) and zooplankton
(>55 µm) played a minor role in harboring bacteria in-
cluding Vibrio spp. and most prokaryotes (>99 %) were
found in the<20 µm fraction (Fig. 3). Smaller particles
(<20 µm, including pico- and nanoplankton) and/or DOM
are probably the main sources of bacterial nutrients. A
recent finding shows that most of theVibrio population in
the coastal habitat occurs in the<20 µm fraction (Lara et
al., 2011). Pigment composition analysis has revealed that
the photosynthetic pico- and nanoplankton are the dominant
primary producers in the Atlantic surface water (Taylor
et al., 2011). Nevertheless, a positive correlation between
bacterial abundance and Chl-a was not discernible in our
study. This indicates a major role of DOM in nourishing
bacterial populations in the eastern Atlantic Ocean. Higher
bacterial production also coincided with peaks in Fe at some
locations (Fig. 2). As there was a strong correlation between
the Fe concentrations in aerosols and surface waters during
the same cruise (Schmitt-Kopplin, unpublished data), atmo-
spheric input of Saharan dust is the most likely source of the
high Fe concentrations, which may increase PP, particularly
in the ITCZ (Pohl et al., 2011). Freshly produced POM can
also be quickly degraded to DOM by bacteria generating a
possible time-lag between POM and bacterial dynamics in
surface waters.

4.2 Temperature influence on DOC production and
bacterial abundance

Both abundance of prokaryotes, includingVibrio spp., and
DOC were significantly correlated with temperature in the
Atlantic Ocean. Bacteria includingVibrio spp. in surface
waters may make significant use of DOM, here quantified
as DOC or DON, to facilitate their survival without being
associated with larger plankton (Figs. 3, 4). However, at

higher temperatures, bacteria exhibit higher metabolic rates
and are also able to degrade organic substrates more rapidly
(Pomeroy and Wiebe, 2001). This is a plausible explana-
tion for the positive correlation between DOC and tempera-
ture. Bacteria also produce semi-labile and refractory DOC
during organic matter degradation (Ogawa et al., 2001; Gru-
ber et al., 2006). Therefore, part of the correlation between
DOC and temperature could also be explained by the micro-
bial generation of DOM. In addition, the vertical stratifica-
tion of the upper water column of tropical and subtropical
oceans favors the high DOC concentration (Hansell et al.,
2009). Comparatively low DOC and DON concentrations in
the highly productive northern and southern extremes might
be due to a decrease in bacterial degradation capacity at low
temperatures. Moreover, bacteria may require more DOM
to grow at low temperatures (10–15◦C) than at high tem-
peratures (>20◦C) (Wiebe et al., 1993). A combination of
higher temperature and increased PP can also boost DOM
(DOC and DON) concentration and bacterial abundance in
tropical regions (e.g., 14.66◦ N, Table 1, Fig. 2). It has been
shown that DOM (e.g., glucose) and higher temperature may
synergistically act on marine bacterial growth in laboratory
microcosm experiments (Kirchman and Rich, 1997).

4.3 Vertical changes in biogeochemical profile and
abundance ofVibrio and other bacteria

The depth-wise decrease in DOC (Fig. 6d) indicated its
“semi-refractory” nature. The persistence of semi-labile
DOC (e.g., carbohydrates in a complex matrix) in the old-
est bottom waters has been confirmed by spectroscopic and
chemical analyses (Hansell et al., 2009). When considering
the overall oceanic DOC, a high proportion (>90 %) is re-
calcitrant (Jiao et al., 2010). However, the highly significant
positive correlation of DOC with theVibrio abundance in
the Atlantic surface waters suggests that labile or semi-labile
DOC play a vital role in the survival and growth ofVibrio
spp. and other bacteria. Molecular analyses have confirmed
that the majority of the degradation of DOM occurs in the
surface water (Flerus et al., 2011). The upward flux of inor-
ganic N may not be sufficient to meet the biological demands
in the surface layer, thusVibrio spp. as well as other prokary-
otes may largely depend on DON availability and recycling
(e.g., Fig. 5h). The temporal or seasonal fluctuations in PP in
the surface layer of the different oceanic provinces may ulti-
mately contribute to the variability in some biogeochemical
parameters (e.g., POC) at various oceanic depths. We did not
find any conspicuous depth-wise variation in DAPI-counts
and likewise no relation between prokaryotic abundance and
POC concentrations. There was a depth-wise decrease in
CBC andVibrio abundance but no significant correlation was
discernible between POC and these bacterial variables. Nev-
ertheless, the decrease in PON and POC from the surface to-
wards the mesopelagic zone confirms the dissolution of sink-
ing POM to support bacterial metabolism. Other studies have
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reported that prokaryotic abundance decreases by one order
of magnitude from the lower euphotic zone to the bathy-
pelagic waters where bacterial activity or production is gen-
erally influenced by the dynamics of POM (Arı́stegui et al.,
2009; Baltar et al., 2009a; Bochdansky et al., 2010). Exten-
sive molecular analyses have shown the genetic potential of
microbial communities to lead a surface-attached lifestyle in
the meso- and bathypelagic zones (DeLong et al., 2006).

The lower CBC andVibrio abundance in the deep sea in
comparison with surface waters (Fig. 6a) is presumably due
to the low temperature and scarcity of bioavailable organic
substrates. Even in the fluorescence maximum zones at 50–
200 m depth, characterized by higher POM but lower tem-
peratures than in the surface waters, there was no significant
difference in DAPI counts, but CBC was much lower in these
zones than in the surface waters. The abundance of cultivable
Vibrio at the Atlantic surface was lower than has generally
been observed in eutrophic estuarine and near-shore habitats
(Mahmud et al., 2007, 2008; Lara et al., 2009). Nonetheless,
the present study indicates thatVibrio spp. are well adapted
to oligotrohic oceanic habitats including mesopelagic and
bottom waters. In fact, our study is a pioneering effort to
quantify cultivableVibrio spp. from various depths of the
ocean. The depth profiles of DOC and inorganic nutrients
were opposite, which suggests bacterial mineralization of
sinking organic material. Intriguingly, the persistence of a
large number of DAPI-stained cells (∼107 cells l−1) across
all oceanic depths indicates that deep sea prokaryotes exist
predominantly in non-cultivable form and may utilize semi-
labile DOM for their survival. However, the examination of
the oceanic samples by fluorescence in situ hybridization and
microautoradiography indicated a depth-wise decrease in the
proportion of live or metabolically active bacterial popula-
tions, e.g., 30–60 % of the DAPI-stained cells were metabol-
ically active in the euphotic zone and only 2–20 % in the
bathypelagic zone (Teira et al., 2004; Baltar et al., 2010). In-
terestingly, a recent study has discovered that the cell-specific
extracellular enzymatic activity and respiration rates increase
with oceanic depth, which may facilitate the utilization of
deep ocean organic matter by bacterial communities (Baltar
et al., 2009b).

4.4 DOM as an important regulator of Vibrio and other
bacterial dynamics

The present study indicates that cultivableVibrio and the
abundance of other bacteria in the Atlantic Ocean are pre-
sumably influenced by the concentrations and characteris-
tics of DOM, in addition to the influence of POM. The low
DOC/DON ratio (mostly between 9 and 20) at the ocean sur-
face suggests that autochthonous plankton are the primary
source of DOM. Freshly produced DOM from marine phy-
toplankton has low C/N values ranging from 4 to 11 (Hop-
kinson et al., 1997; Conan et al., 2007). Labile DOM is
also characterized by lower C/N values than refractory DOM

(Carlson, 2002). Our study has revealed a higherVibrio
abundance in surface samples where DOM exhibits low C/N
values. The association of vibrios with plankton or sus-
pended particulates in order to utilize released DOM can be
facilitated by flagella, pili, chemotaxis, and quorum sensing
(Yildiz and Visick, 2009). The exceptional higher occurrence
of cultivable bacteria (∼20 % of DAPI count) in some tropi-
cal mid-Atlantic regions with higher DOC and DON values
(e.g., 14.66◦ N) indicates their potential to resuscitate from
the predominant non-cultivable state probably in response to
the availability of degradable DOM.

Individual or combined changes in DOC and DON in com-
bination with temperature provide a better explanation than
temperature alone for variations in bacterial abundance, par-
ticularly Vibrio spp. Microcosm studies have shown thatVib-
rio spp. can grow faster than other prokaryotes due to their
more efficient utilization of DOM, and thus may aid in their
persistence in particle-free seawater (Mouriño-Ṕerez et al.,
2003; Weinbauer et al., 2006). Our study has also revealed
that the oceanicVibrio populations correlated more strongly
with DOC and DON than total prokaryotes represented by
DAPI or CBC. Thus, temperature alone may not properly ex-
plain the dynamics ofVibrio and other prokaryotes in oceanic
surface water and the effects of DOC, DON and PP need
also to be considered. The occurrence of higher DOC and
DON concentrations at some eastern Atlantic stations did not
correlate with Chl-a but coincided with higher Fe values or
lower salinities (e.g., 2–15◦ N). Cross-shelf rapid export of
recently fixed organic matter to the offshore ocean environ-
ment via numerous upwelling filaments is an important cause
of elevated concentrations of DOM in surface waters of the
eastern North Atlantic (Barton et al., 1998, 2004; Garcı́a-
Muñoz et al., 2004;́Alvarez-Salgado et al., 2007). The ex-
ceptionally high values of DOM, Chl-a as well as cultivable
bacterial abundance at 14.66◦ N were most likely due to the
entrainment of upwelling filament waters. Higher Chl-a con-
centrations at 17◦ N and 22◦ N may also be due to the entrain-
ment of upwelling waters (Arı́stegui et al., 2004), although
DOC, Vibrio and the overall prokaryotic abundance did not
change accordingly. Apart from the effect of offshore trans-
port, atmospheric input of high Fe concentrations may facil-
itate fast plankton growth followed by its degradation and
production of DOM to support the heterotrophic bacterial
community. In this context, the bioavailability and solubility
of iron may play an important role (Jickells et al., 2005; Boy-
anapalli et al., 2007). In a recent microcosm experiment, the
addition of atmospheric dust caused a drastic increase (12-
fold) in the pathogenicVibrio choleraepopulation within a
day (Lipp and Westrich, 2011). The low abundance of partic-
ulate sources of C and N (DOC = 93± 3 % of total organic C,
DON = 85± 9 % of total organic N) at the surface suggests
the presence of old DOM which may be mostly semi-labile
or refractory. However, in regions with higher solar irradia-
tion refractory DOM can be photochemically degraded into
more labile and low molecular weight DOC, which might
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be used directly byVibrio and other bacteria (Kieber et al.,
1989; Cherrier et al., 1999).

5 Conclusions

Our study illustrates an important role of DOM in regulating
marine bacterial populations, particularlyVibrio spp. Most
bacteria can survive without being associated with plank-
ton (>20 µm) and seems to be not directly dependent on
POC or PON, although phytoplankton or, more general, sus-
pended particulate matter is the primary source of DOM.
Therefore, it appears likely that DOC and DON are important
sources of carbon and nitrogen for oceanic bacterial growth
and survival. The correlations between temperature, DOC,
DON and prokaryotic abundance including cultivableVib-
rio spp. in the Atlantic surface waters support this hypothe-
sis. Bacterial influence on the turnover of semi-labile DOM
might be very important. The ubiquitous presence of cul-
tivable Vibrio spp. in surface and deep sea waters identifies
this bacterial group as one of the key players in biogeochem-
ical cycles. Rising temperatures due to global warming may
increase the abundance of marine bacteria including oppor-
tunistic Vibrio spp. and facilitate degradation of labile and
semi-labile organic matter and thus the conservation of fixed
carbon as refractory DOM. More research is required into the
complex interplay of temperature, DOC, DON and bacterial
utilization of DOM for a better understanding of the role of
organic matter in supporting bacterial dynamics in the olig-
otrophic oceanic environment.
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Baltar, F., Aŕıstegui, J., Sintes, E., van Aken, H. M., Gasol, J. M.,
and Herndl, G. J.: Prokaryotic extracellular enzymatic activity
in relation to biomass production and respiration in the meso-
and bathypelagic waters of the (sub)tropical Atlantic, Environ.
Microbiol., 11, 1998–2014, 2009b.
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M. F., Navarro-Peŕez, E., Rodŕıguez, J. M., Van Lenning, K.,
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