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Variations in pelagic bacterial communities in the
North Atlantic Ocean coincide with water bodies
Richard L. Hahnke1, Christina Probian1, Bernhard M. Fuchs2, Jens Harder1,*
1

Department of Microbiology and 2Department of Molecular Ecology, Max Planck Institute for Marine Microbiology,
Celsiusstr. 1, 28359 Bremen, Germany

ABSTRACT: Physical and chemical characteristics define oceanographic regions. The potential
for a distinct biogeography of bacterial communities in these oceanic provinces was studied in epipelagic and upper mesopelagic water bodies of the North Atlantic Ocean by terminal restriction
fragment length polymorphism (T-RFLP) analysis of bacterial 16S rRNA genes and flow cytometry. Water samples from 67° N to 34° N along the 30° W meridian contained epipelagic populations
of Synechococcus in the north and Prochlorococcus in the south. Bacterial communities were generally more diverse in phototrophic layers above the pycnocline. Communities significantly differed in the epipelagic zone along the latitudinal transect through the different oceanic provinces
and between the epipelagic and the upper mesopelagic zone. Differences in the T-RFLP patterns
coincided well with differences in the physico-chemical conditions of the sampling sites. Changes
in bacterial communities were traced to characteristic terminal restriction fragments (TRFs). In silico assignments of phylogenetic groups to TRFs, e.g. populations of high-light and low-light ecotypes of Prochlorococcus, supported our T-RFLP analysis of bacterial communities. Distinct bacterial communities in water bodies of the North Atlantic Ocean hosted different bacterial
populations, which may serve as biological markers for oceanic provinces.
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The open ocean harbours a diversity of microorganisms, which have often a regional distribution.
For example, unicellular cyanobacteria affiliating
with Synechococcus and Prochlorococcus prevail in
different regions of the oceans (Li 1994, Liu et al.
1997, Veldhuis et al. 1997). The variety of habitats
results from annual seasonal changes, intense atmospheric events, thermohaline circulation and currents
throughout the ocean (Platt & Sathyendranath 1999,
Teeling et al. 2012). Longhurst et al. (1995) partitioned the ocean into 56 ecological provinces based
on physical forcing and provided static definitions of
the province boundaries. These ecological provinces
are regions defined by physico-chemical (e.g. tem-

perature, salinity and bathymetry) and biological
(e.g. chlorophyll a concentration and vertical distribution of bacterial communities) characteristics and
by a common history (Emery & Meincke 1986, Devred
et al. 2007). Because ocean surface color significantly
correlates with water column-integrated chlorophyll
concentrations, photic depth and nutrients, ecological provinces can be discriminated by a global time
series of satellite ocean color and sea surface temperature (Esaias et al. 2000, Oliver & Irwin 2008).
The North Atlantic Current and its prolongation,
the North Atlantic Drift Current, divide the North
Atlantic Ocean into a northern and a southern part.
Two branches extend at 38° N, 44° W northeastward
along the continental slope to the pole and southeastward along the continental slope feeding the current
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around the North Atlantic Gyre (Mann 1967). Along
the 30° W meridian from 67° N to 34° N, the North
Atlantic Ocean contains 9 water bodies in 4 Longhurstian provinces (see Fig. S1 in Supplement 1 at
www.int-res.com/articles/suppl/a071p131_supp/): 1
Boreal Polar (BPLR), 4 Atlantic Arctic (ARCT), 2
North Atlantic Drift (NADR) and 2 North Atlantic
Subtropical Gyre (NAST) (Longhurst et al. 1995,
Gómez-Pereira et al. 2010). Physical (temperature
and salinity), chemical (nutrients) and biological data
(chlorophyll a, picoplankton, nanophytoplankton and
enyzme activities) clearly indicated gradients along
the transect, from cold and nutrient-rich water bodies
in the north to warm, oligotrophic water bodies in the
south (Gómez-Pereira et al. 2010, Schattenhofer et al.
2011, Arnosti et al. 2012). Coincidence of ecological
provinces in surface waters of the North Atlantic
Ocean and local bacterial populations was recently
shown for Flavobacteria clades (Gómez-Pereira et al.
2010) and picoplanktonic populations (Schattenhofer
et al. 2011).
To date, a fine-scale characterization of the bacterial
diversity within water bodies and with depth has not
been reported for the North Atlantic Ocean. A first
massive sequencing study had 3 samples from the
North Atlantic Ocean and many from the Central
Atlantic Ocean (Agogué et al. 2011). We applied terminal restriction fragment analyses (T-RFLP) that has
less taxonomic resolution but is well suited for diversity studies on many samples (Forney et al. 2004). We
hypothesized a strong correlation of bacterial communities with water bodies and conducted a cruise
from 67° N to 34° N along a latitudinal gradient along
30° W, thus north of cruises of the Atlantic meridional
transect program (Aiken et al. 2000). Epipelagic and
upper mesopelagic bacterial communities were
investigated by T-RFLP of 16S rRNA gene amplicons
and flow cytometry counting of Prochlorococcus and
Synechococcus populations.

MATERIALS AND METHODS
Sampling
Water samples were obtained on the RV ‘Maria S.
Merian’ during the VISION cruise MSM03/1 (September 2006) with a CTD rosette equipped with 24
Niskin bottles (Fig. S1 in Supplement 1, Table S1 in
Supplement 2 at www.int-res.com/articles/suppl/a071
p131_supp/). At each depth, seawater aliquots were
sampled in triplicate: the biomass of a 200 ml aliquot
was concentrated on a 0.2 µm Isopore filter with a di-

ameter of 45 mm (Millipore), and the filter was frozen
immediately and stored at −20°C. Salinity, temperature and the concentrations of phosphate, ammonium,
nitrite and nitrate were taken from Gómez-Pereira et.
al. (2010). The density σθ was calculated using the
equation of state for sea water (Stewart 2008). The cell
numbers of Synechococcus, Prochlorococcus and total
bacterial communities were determined by flow cytometric analyses as described by Tarran et al. (2006).

DNA extraction and T-RFLP
From each station depth, 3 biological replicates
were analyzed. Genomic DNA was isolated from half
a filter, representing 100 ml water sample, based on
a protocol of Boström et al. (2004). The filter half was
placed in a 2.2 ml sample vial and extracted with
525 µl lysis buffer and 11 µl lysozyme (50 mg ml−1) for
30 min at 37°C in an overhead shaker. After addition
of 60 µl 10% SDS and 3 µl proteinase K (20 mg ml−1),
the extraction was continued for 12 h at 55°C in an
overhead shaker. The supernatant was transferred
and incubated together with 100 µl isopropanol for
1 h at room temperature. The DNA was precipitated
with 15000 × g for 30 min at 4°C. The pellet was
washed with 100 µl cold ethanol, precipitated a second time and air dried. The DNA was dissolved in
50 µl water, and quantification yielded 10 to 50 ng
genomic DNA per sample. Amplification of the partial 16S rRNA gene was performed with the fluorescently labelled primers 27F (FAM, 5’-AGA GTT TGA
TYM TGG CTC AG-3’) and 907R (HEX, 5’-CCG
TCA ATT CCT TTR AGT TT-3’), targeting all bacteria (Muyzer et al. 1995). The PCR reaction contained
12.5 µl PCR Master Mix (Promega), 4 µM of forward
and of reverse primer, and 1 to 5 ng DNA template in
25 µl. The cycle program was 95°C for 1 min, 33
cycles of 95°C for 1 min, 60°C for 1 min and 72°C for
3 min, followed by 60°C for 60 min. PCR amplicons
were purified on Sephadex columns (Sephadex™
G-50 Superfine, Amersham Biosciences). Approximately 25 ng of PCR amplicon were digested in a
total volume of 10 µl using 5 U of the restriction
enzyme Alu I (Fermentas) at 37°C for 3 h, followed
by heat inactivation at 65°C for 30 min. After purification on Sephadex columns, terminal restriction
fragments (TRFs) were detected on an ABI Prism
3130 XL Genetic Analyzer (Applied Biosystems)
equipped with an 80 cm capillary, a POP-7 polymer
and the filter set D (Filter DS-30). The ROX-labelled
MapMarker® 1000 (Eurogentec) served as a size
standard between 50 and 1000 bp.

Hahnke et al.: Bacterial communities in the North Atlantic Ocean

TRF pattern analyses
T-RFLP patterns were inspected manually with the
software GenMapper 3.7 (Applied Biosystems). The
fluorescence intensity threshold was set to 20 units,
and the fragments with a size between 50 and 1000
nucleotides were identified and sized (Local Southern, normalization within each run, sum of signals)
with the internal size standard. For comparative
analyses, the individual patterns were processed by
applying the interactive binner (Ramette 2009). The
binning size was 1 nucleotide, and the binning shift
was 0.5 nucleotides. Because each TRF was named
by its start of the binning window, we added 0.5
bases to the TRF length when naming TRFs. The
resulting pattern with normalized peak areas (relative fluorescence intensity [RFI] of 100% corresponds
to the sum of the peak areas in each T-RFLP profile)
were visualized in rank versus cumulated abundance
curves with the k-dominance plot in PRIMER-E (v.6,
PRIMER-E) (Clarke 1993). Inspection by GenMapper
and the k-dominance plots served to remove outliers
within the triplicates and identify the final T-RFLP
data set (Fig. S2 in Supplement 1).
Constrained (canonical) correspondence analysis
(CCA) (TerBraak 1986) was used to relate the compositional variation in the bacterial community of
sampling sites as χ2 (chi-squared) distances to the
observed environmental variation by canonical correlations and was performed as a weighted linear
mapping without including depth and longitude.
For comparability, a sampling site-similarity matrix
was generated using the Bray-Curtis coefficient by
comparing the RFI of each TRF with regard to every
pairwise combination of all stations and depth, with
999 permutations. Non-parametric multivariate statistical analysis was performed using PRIMER-E
and the R package VEGAN (v.1.8-3) (Dixon 2003).
Visual comparisons between bacterial communities
of predefined oceanic provinces (BPLR, ARCT, NADR
and NAST) were explored by ordination using nonmetric multidimensional scaling (nMDS) with 100
random restarts and 999 iterations. As a third
method, hierarchical clustering was used to group
the sampling sites. Visualization was performed by
adding the information of the hierarchical tree into
the nMDS plot. A consistent biplot was obtained in
a fitting of the environmental conditions into the
nMDS plot by applying the function envfit of the R
package VEGAN with 1000 permutations and p-values < 0.001 but without including depth and longitude (Dixon 2003). Analysis of similarity (ANOSIM)
in PRIMER-E was used to verify the significance of
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water body-specific clustering of bacterial communities by testing the null hypothesis that bacterial
communities from the same water body were more
similar to each other than to bacterial communities
in different water bodies. Differences in bacterial
communities between water bodies in the epipelagic zone were tested by 1-way ANOSIM, and
differences in epipelagic and upper mesopelagic
bacterial communities were tested by 2-way crossed
ANOSIM. ANOSIM statistics were based on the
same sampling site-similarity matrix of Bray-Curtis
coefficients as used for the nMDS and were computed with 999 permutations.
To identify which TRF formed a strong gradient
along the latitude gradient and into the depth, we
used principal components analysis (PCA), transforming the variable space (the RFI of each TRF of
each sampling site) into its orthogonal principal components. Afterward, the eigenvectors of the TRF
and principal component scores of the sampling
sites were visualized. Similarity percentage analysis
(SIMPER) was used to explore the significance of
TRFs in water bodies. A significant TRF was defined
as one with (1) an average RFI within the represented
water body at least 2-fold greater than that in the
other water bodies (relative abundance), (2) a ratio
higher than one between the contribution to the
average Bray-Curtis dissimilarity (average dissimilarity) between all pairs of sampling sites (1 within
the represented oceanic provinces and 1 outside) and
the standard deviation (SD) of those contributions
(average contribution to difference) (3) and an RFI of
≥ 4% in at least 1 sampling site (absolute abundance).
Corresponding peaks of the significant representative TRF were again inspected manually in the original T-RFLP pattern with GenMapper to confirm that
the analyzed fluorescence signal was unaffected by
neighbouring TRFs. Finally, the biogeographies of
the TRFs were visualized in Ocean Data View
(v.3.4.2, AWI) (Schlitzer 2002).

In silico prediction of the fragment size
16S rRNA gene sequences were retrieved with the
ARB program (Ludwig et al. 2004) from the SILVA
database (rel102ref, 391 167 bacterial sequences)
(Pruesse et al. 2007) by targeting both T-RFLP primers
with 0 to 2 mismatches. Four sets of sequences were
generated: (1) 135 761 sequences of all phyla, (2) 87
of 361 sequences of Synechococcus, (3) 382 of 944
sequences of Prochlorococcus and (4) 233 of 885
sequences of a Bacteroidetes-specific clone library
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retrieved from Gómez-Pereira et al. (2010). These
sequences were trimmed to the T-RFLP amplicon
size. The script TRFragCalc — written in MATLAB
(v.2.9.0.529 R2009b, The MathWorks) and available
on enquiry and at www.mpi-bremen.de/en/Software
_-_TRFragCalc.html — was applied to imported sequences to identify the restriction recognition site
and to calculate the resulting T-RFLP fragments.
Starting with an in silico fragment, e.g. iTRF_128nt
for Synechococcus, we investigated the distribution
of TRFs in a range of ± 5 nucleotides, e.g. TRF_123nt
to TRF_133nt. This window of 10 nucleotides was
necessary because an absolute determination of the
length of TRFs with capillary electrophoresis is currently not possible (Bruland et al. 1999, Hahn et al.
2001, Olejniczak et al. 2005).

RESULTS
Oceanographic changes and
the bacterial diversity determined by T-RFLP
We sampled the North Atlantic Ocean at depths
between 20 m and 500 m along the 30° W meridian
from the productive cold Greenland current
(66° 39’ N) across the cold north and warm south of
the North Atlantic Current to the oligotrophic central Atlantic Ocean (34° 24’ N) (Fig. S1). T-RFLP is
technically limited to maximal 860 TRFs. We observed a bacterial diversity of 467 terminal restriction fragments (TRFs) in all samples (γ diversity),
with a 25% quantile, median, and 75% quantile of
58, 86 and 105 TRFs per sample (α diversity) respectively (Fig. S3 in Supplement 1). The Shannon
diversity index (Shannon 1948) based on the relative
abundance of the TRFs was large in the epipelagic
zone, with a high diversity north and south of the
North Atlantic Drift (Fig. 1).
The fragment patterns of the sampling sites were
constrained by environmental conditions (salinity,
conductivity, temperature and the concentration of
dissolved oxygen, ammonium and nitrate) in a unimodal model. The CCA covered one third of the
total variance (inertia = 2.07), reflected by a mean
squared contingency coefficient of the constrained
axes of 31% (inertia = 0.63). The CCA revealed a
distribution of bacterial populations along a latitudinal gradient and with water depth (Fig. 2). Oxygen, temperature and salinity coincided with the
first dimension, a proxy for latitude, whereas ammonium, nitrate and phosphate levels were proxies
for the water depth. Bacterial communities from the

surface water were well separated from bacterial
communities from water deeper than 80 m. The
border between the mixed layer and stratified
deeper waters was 80 to 100 m depth (Fig. S1). The
ANOSIM test showed that differences between
epipelagic and upper mesopelagic bacterial communities were significant (global R = 0.79, p < 0.001).
A hierachical clustering at 48% similarity defined 3
groups of samples: (1) an epipelagic BPLR-ARCT
cluster, (2) an epipelagic NADR-NAST cluster and
(3) one common cluster of upper mesopelagic bacterial communities (Fig. S4 in Supplement 1). Samples from the Longhurstian provinces BPLR, ARCT,
NADR and NAST formed individual groups in the
CCA (Fig. 2). The 7 smaller clusters of surface water
(Fig. 1) coincided with the water bodies defined by
Gómez-Pereira et al. (2010). Within the provinces,
bacterial communities of the water bodies ARCT1
(Stns 4 to 6) and ARCT2 (Stns 7 and 8) were significantly different (R = 0.27, p < 0.001). The NADR
(Stns 10 to 13) showed a high variation, reflecting
the dynamic environment of the ocean current. The
geographical distance between Stns 10 and 11 was
smaller than between Stns 11 and 12. In contrast,
the dissimilarity of the bacterial community between Stns 10 and 11 was large compared to the
dissimilarity between Stns 11 and 12 (Fig. 2). Stns
16 to 18 of the water bodies NAST1 and NAST2
could not be distinguished on the basis of the
T-RFLP pattern. Stns 14 and 16 belonged to the
water body NAST1, but the bacterial community of
Stn 16 clustered with the communities of the water
body NAST2, and the community of Stn 14 was
separated from the community of Stn 16. The significant separation of bacterial communities in the
BPLR, ARCT1 and ARC2 water bodies, compared
to the more similar sampling sites in the NADR and
NAST province, was reflected in the ANOSIM
results. Overall, the differences between bacterial
communities of the water bodies were significant
(global R = 0.60, p < 0.001). Pairwise tests of epipelagic water bodies showed a significant different
diversity in the water bodies BPLR1 and NAST2,
ARCT2 and NADR1, and NADR2 and NAST1
(Table S2 in Supplement 2). Water bodies within
the same province (e.g. NAST1 and NAST2) had a
larger shared bacterial community.
To confirm the clustering of bacterial communities
with water bodies along the latitudinal gradient and
an independence from the CCA method (which uses
χ2 distances), the similarity between the bacterial
communities of individual sampling sites (β diversity)
was calculated with the Bray-Curtis similarity (based
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Fig. 1. (A) Density σθ and (B)
Shannon diversity index of
bacterial 16S rRNA T-RFLP
profiles in the North Atlantic
Ocean. Water was sampled
from the East Greenland Current (BPLR, between Greenland and Iceland) through the
areas north (ARCT) and south
(NADR) of the Gulf Stream to
the North Atlantic Subtropical
Gyre (NAST, south of the
Azores). The Longhurst provinces and water bodies (see
Table 1 for abbreviations) are
shown for orientation

Fig. 2. Canonical correspondence analysis (CCA)
of T-RFLP profiles and constrained environmental parameters. The CCA presentation of the differences in the TRF pattern revealed a clustering
of bacterial communities along a latitudinal gradient (BPLR, square; ARCT, dot; NADR, diamond;
NAST, triangle; see Table 1 for abbreviations of
water bodies) and a separation in either epipelagic or upper mesopelagic origin (pycnocline
at 50 to 100 m depth). The depth gradient is represented by the amount of ammonium, nitrate
and phosphate, whereas the latitude gradient is
represented by the amount of oxygen, temperature and salinity, because including the depth
and latitude into the calculation would ultimately change the 2-dimensional visualization (abundances were constrained to the environmental
data). Numbers represent sampling stations.
Secondary x- and y-axes indicate eigenvalues of
the environmental parameters
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on relative abundances) and the Sørensen index
(based on presence/absence). The nMDS of both
indices revealed a distribution of bacterial populations along the 4 provinces and with water depth
(Fig. S4), comparable to the results of the CCA. This
supports our hypothesis of a change in bacterial communities with water bodies (β diversity). However,
the discrimination of bacterial communities in different water bodies was more pronounced when relative abundances were considered.
Altogether, the applied nonparametric statistical
analyses demonstrated the presence of individual
bacterial communities in the different water bodies.

Characteristic TRFs for individual
oceanic provinces
Differences between bacterial communities present
in water bodies were traced to individual TRFs with
SIMPER (Table 1). Among the abundant TRFs, only
TRF_58nt and TRF_152nt were detected in all stations
below 80 m water depth, whereas 40 TRFs varied
in their presence. In the north, TRF_203nt and
TRF_259nt were characteristic of the BPLR. ARCT1
contained a significant population of the TRFs 125nt
and 605nt, ARCT2 contained a significant population
of TRF_158nt, TRF_193nt and TRF_201nt, and NADR2

Table 1. Abundance and significance of terminal restriction fragments (TRFs) that were representative of water bodies (BPLR:
Boreal Polar; ARCT: Atlantic Arctic; NADR: North Atlantic Drift; NAST: North Atlantic Suptropical Gyre). Depicted are the relative fluorescence intensity (RFI) maximum and the associated sampling site (station, depth), the average RFI in the water
bodies (BPLR, ARCT1/2, NADR1/2 and NAST1/2), the average RFI of TRFs in the represented oceanic province (In, shown in
bold) and in all other provinces (Out) and the mean dissimilarity (Diss/SD) from SIMPER above the pycnoline. TRF_152nt and
TRF_241nt are reported for the mixed layer (0–80 m) and the deeper water (80–500 m). Additionally, the same information is
given for the sum of TRF (sum) that are representative of water bodies
Water body

BPLR

BPLR_ARCT1
BPLR_ARCT1_ARCT2

ARCT1

ARCT2

ARCT2_NADR
NADR
NADR2
NAST

NADR_NAST

BPLR_ACRT_NADR
ARCT_NADR_NAST
Mixed layer
Deeper water
Mixed layer
Deeper water

TRF
(nt)

203
259
Σ
202
249
461/2
Σ
125
605
Σ
201
193
158
Σ
194
195
158
183
207
242
Σ
227
246
189
Σ
217
204
152
241

RFI maximum
RFI Stn Depth
(%)
(m)
4.3
6.4

2
2

20
20

5.8
8.6
4.7

5
6
2

20
75
20

12.3
4.7

5
6

20
20

4.8
17.1
5.3

8
7
7

20
40
20

11.9
8.0
3.5
5.1
5.1
4.0

12
12
12
16
17
16

40
40
20
40
20
75

5.8
4.8
44.1

14
13
18

75
20
75

5.3
21.2
30.1

10
12
13

75
75
400

12.9

2

275

BPLR

3.4
2.6
6.0
4.4
6.9
2.5
9.4
1.4
0.9
2.3
0.0
0.3
0.0
0.3
0.2
2.7
0.0
0.1
0.0
0.2
0.3
0.1
0.0
1.0
1.2
2.0
2.1
8.0
11.2
2.7
10.8

Average abundance in water body (%)
ARCT
NADR
NAST
Out
1
2
1
2
1
2
0.9 1.3
0.1 0.9
1.0 2.2
2.6 0.7
5.2 5.1
1.8 1.5
7.0 6.6
5.5 2.5
2.6 0.2
8.1 2.7
0.0 1.2
3.1 6.3
0.7 1.8
3.9 9.3
1.1 4.8
3.0 0.7
0.7 1.8
0.0 0.1
0.0 0.1
0.0 0.1
0.0 0.3
0.6 1.1
0.3 0.5
4.1 2.1
4.9 3.7
2.0 2.9
4.1 4.3
4.0 5.5
15.6 21.8
1.5 2.3
5.3 6.5

0.6
0.1
0.7
0.1
1.3
0.0
1.3
3.3
0.3
3.5
0.5
1.8
1.3
3.6
4.7
4.1
1.3
0.1
0.1
0.3
0.5
2.6
3.0
19.8
25.4
2.9
8.5
3.8
17.9
0.2
4.2

0.5
0.1
0.6
0.1
0.7
0.0
0.7
0.6
0.3
0.8
0.0
2.1
2.3
4.4
6.6
5.3
2.3
0.1
0.1
0.6
0.8
2.7
2.7
14.7
20.1
1.3
11.1
5.1
22.2
0.2
3.5

1.5 1.7
0.3 0.2
1.8 1.9
0.0 0.0
1.2 1.3
0.0 0.0
1.2 1.3
0.4 0.6
0.3 0.4
0.7 1.0
0.0 0.0
1.3 1.2
0.6 0.0
1.9 1.2
1.9 0.3
1.8 1.3
0.6 0.0
1.8 2.0
2.6 2.8
1.8 1.8
6.2 6.5
3.2 2.1
3.5 3.9
14.9 22.2
21.7 28.2
1.2 0.9
7.7 6.0
1.1 0.8
22.2 18.6
0.0 0.0
3.3 1.7

Diss/SD
In

1.1 3.4
0.2 2.6
1.3 5.9
0.2 3.2
1.2 5.5
0.1 1.7
1.2 7.2
1.5 5.5
0.3 2.6
1.8 8.1
0.1 1.2
2.3 4.8
0.8 1.8
2.7 9.9
0.9 5.3
1.9 4.6
0.8 2.3
0.1 1.9
0.2 2.7
0.3 1.8
0.5 6.4
0.2 2.6
0.3 3.3
2.8 18.3
3.3 24.3
0.9 2.2
2.1 6.6
3.8
19.3
0.9
4.5

2.2
1.0
1.4
1.7
2.4
1.7
2.5
1.5
1.5
1.6
0.8
1.4
1.2
1.2
2.3
1.7
1.9
1.3
1.6
2.4
1.9
1.6
3.1
1.8
2.2
1.4
1.1
2.4
1.5
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contained a significant population of
the TRF_158nt. The sampling sites in
the NADR province had a high abundance of TRF_195nt, and in the NAST
province, TRF_183nt, TRF_207nt and
TRF_242nt were abundant. The analysis revealed a number of TRFs significant for 2 adjacent provinces. TRFs
204nt and 217nt were less abundant in
the north and in the south, respectively.
Water samples below 80 m were characterized by TRF_152nt and TRF_241nt
(Table 1). The PCA was used to identify
TRFs forming a strong increasing RFI
along the latitude or depth gradients
(Fig. S5 in Supplement 1). The first
principal component distinguished beFig. 3. Regionality of terminal restriction fragments (TRFs) between sea surtween the northern (BPLR and ARCT)
face and 80 m depth, represented by their mean (of triplicates) relative fluoresand the southern provinces (NADR and
cence intensity (RFI). Shown are TRFs with a RFI of ≥4% in at least 1 water
NAST) and revealed a strong influence
sample. Sampling sites along the transect through the northern (BPLR, ARCT)
of latitude (55.8% of the total variation).
and southern (NADR, NAST) North Atlantic Ocean provinces (see Table 1 for
abbreviations) are represented by black dots
The second principal component covered 13.6% of the total variance and
the range 123 to 133 nt originating from marine bactedistinguished communities above and below 80 m.
ria also supported an assignment of Synechococcus
The TRF_189nt had the largest eigenvector parallel to
iTRF_128nt to the observed TRF_125nt.
the first principal component. The second principal
Ecotypes of Prochlorococcus differ in their 16S
component had major contributions from TRF_125nt,
rRNA genes (Rocap et al. 2002). We found 2 iTRFs:
TRF_152nt, TRF_193nt and TRF_204nt.
the iTRF_190nt originated from 16S rRNA gene seThus, different water bodies along the North
quences of Prochlorococcus strains that were adapted
Atlantic Ocean transect were well characterized by
to high light; low light adapted Prochlorococcus were
individual TRFs, a proxy for bacterial taxa (Fig. 3).
represented by iTRF_205nt. In the T-RFLP profiles,
TRF_189nt and TRF_204nt showed in the subtropical
province a distribution which matched the distribution
Assignment of terminal restriction fragments
of high light (ρp = 0.91) and low light (ρp = 0.46)
to bacterial taxa
adapted Prochlorococcus (Fig. 4c–f).
In a similar coincidence study, we used populaWith TRFragCalc, written in MATLAB for the prestion quantification by in situ hybridization (Gómezent study, we assigned in silico terminal restriction
Pereira et al. 2010) for Flavobacteria. The iTRF_461nt
fragments to cyanobacteria and compared the result
and iTRF_462nt originated from Polaribacter only,
with fluorescence detection of cyanobacteria by flow
and iTRF_464nt originated from Polaribacter and
cytometry (Fig. 4a,c,e) and with measured TRFs
the groups NS4 and NS2b. The T-RFLP pattern of
(Fig. 4b,d,f). In silico terminal restriction fragments
TRF_461nt and TRF_462nt concurred in the northern
(iTRFs) of Synechococcus 16S rRNA genes had 73,
provinces (Fig. S6 in Supplement 1). The Flavobacte128, 190 and 205 nucleotides. The iTRF_128nt origiriaceae VIS4 group was solely responsible for
nated from 246 sequences of Synechococcus Clade I
iTRF_604nt. The T-RFLP pattern of TRF_605nt coand 3 sequences of Synechococcus Clade III (overall,
incided well with the VIS4 population in in situ
286 cyanobacteria in 327 sequences). TRF abundance
hybridization cell counts of 2% of all DAPI stained
pattern and the distribution determined by flow cytocells at Stns 4 and 6 (Fig. S6). The Flavobacteriaceae
metry of Synechococcus cell counts indicated concurgroup DE2 contributed exclusively to iTRF_606nt.
rence with the abundance of TRF_125nt, with a PearDE2 was abundant in ARCT and NAST according
son correlation coefficient ρP of 0.89. Within the
diversity of 135 761 bacterial 16S rRNA sequences
to the T-RFLP pattern of TRF_607nt and to in situ hypresent in the dataset, the absence of other iTRF in
bridization cell counts. The Flavobacteriaceae group
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Fig. 4. Cyanobacterial populations analyzed (a,c,e) by flow cytometry and (b,d,f) by their mean (of triplicates) relative fluorescence intensity (RFI) of affiliating terminal restriction fragments (TRFs). Flow cytometry detected (a) Synechococcus more
abundant in the mesotrophic region of the northern North Atlantic Drift (NADR) and (c,e) Prochlorococcus in the oligotrophic
central Atlantic gyre. The peak abundance of (c) the high light (HL) adapted Prochlorococcus ecotype was at 40 m, whereas (e)
the low light (LL) adapted Prochlorococcus ecotype was observed at deeper water layers. The pattern of TRF corresponded to
the related cyanobacterial populations: (b) TRF_125nt affiliated to Synechococcus, (d) TRF_189nt affiliated to the HL-adapted
Prochlorococcus ecotype and Synechococcus, and (f) TRF_204nt affiliated to the LL-adapted Prochlorococcus ecotype, Synechococcus and other taxa. A star indicates the sampling site with the largest RFI, and the inset shows the corresponding fluorescence intensity (FI) in the T-RFLP profile. Contour lines indicate the relative abundance of cell counts (% total cell counts)
or TRFs (% RFI). Black dots indicate sampling sites

DE2 gave also iTRFs in the range of 817 to 825 nucleotides. The TRF_820nt was found only in surface
waters in the NAST province, but its abundance was
below 1% relative fluorescence intensity.
The in silico analyses did not allow a clear assignment of other TRFs that were representative of
oceanic provinces (Table 1), indicating the low taxonomic resolution of the T-RFLP method. In several
cases, however, assignments to Alphaproteobacteria
as well as Gammaproteobacteria were possible
(Fig. S7 in Supplement 1).

DISCUSSION
The biogeography of microorganisms has been a
topic in microbiology for a long time, but the interest
was renewed with the characterization of microbes
from the Arctic and Antarctic (Staley & Gosink 1999),
and recently, large sequence datasets were obtained
from samples from many regions on earth (Zinger et
al. 2011). Diversity studies with reference to the studied latitude have shown a pole-to-pole biogeography
(Ghiglione et al. 2012), a bipolar distribution (Sul et al.
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2013) and a latitudinal diversity gradient (Fuhrman et
al. 2008). Baldwin et al. (2005) reported the microbial
diversity in a Pacific Ocean pole-to-pole transect between 154° W and 172° E and detected 4 biological
provinces: sub-Arctic/Arctic, temperate, tropical and
sub-Antarctic/Antarctic. Each province covered a
large range of latitudes. The situation is different in
the North Atlantic Ocean, which has 4 oceanic
provinces present on a relatively small range of latitudes. This pattern results from the North Atlantic
Current with a profound influence on the history of
water bodies. The sampling line along the 30° W
meridian is nearly perpendicular to the North Atlantic
Current which transports water with a velocity of 1 m
s−1 (Clarke et al. 1980). Fluorescence in situ hybridizations (Gómez-Pereira et al. 2010) revealed a biogeography of Polaribacter with a higher abundance in the
northern provinces. Now, our T-RFLP analyses extended this observation to whole bacterial communities in the North Atlantic Ocean consistent with water
bodies. The photic pelagial showed large differences
between bacterial communities, whereas the mesopelagial had less diverse bacterial communities.
Larger changes in environmental parameters above
the pycnocline as well as the presence of phototrophic
microorganisms might contribute to the greater diversity. Unicellular cyanobacteria affiliated to Synechococcus and Prochlorococcus are among the major
bacterial populations with a biogeography in the
oceans (Li 1994, Liu et al. 1997, Veldhuis et al. 1997).
The large genetic diversity within Synechococcus and
Prochlorococcus has lead to the definition of ecotypes
for genetically well-defined subgroups (Zwirglmaier
et al. 2008). Prochlorococcus has HL-adapted and LLadapted ecotypes (Zubkov et al. 2007, Zwirglmaier et
al. 2008, Huang et al. 2012). In silico fragment length
calculations and the coincidence of the biogeography
of the TRF with fluorometric measurements of pigments
enabled the assignment of TRFs to Synechococcus
and to low and high light adapted Prochlorococcus
ecotypes. This technique showed the distribution of
Prochlorococcus ecotypes in different water depths.
In summary, the water bodies of oceanic provinces
in the North Atlantic Ocean hosted different bacterial communities. Bacterial populations varied along
the latitudinal transect, such that individual TRFs
could serve as representative proxies of individual
oceanic provinces.
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