
UC Irvine
UC Irvine Previously Published Works

Title
Abundance of Broad Bacterial Taxa in the Sargasso Sea Explained by Environmental 
Conditions but Not Water Mass

Permalink
https://escholarship.org/uc/item/39v1m2z3

Journal
Applied and Environmental Microbiology, 80(9)

ISSN
0099-2240

Authors
Sjöstedt, Johanna
Martiny, Jennifer BH
Munk, Peter
et al.

Publication Date
2014-05-01

DOI
10.1128/aem.00099-14
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/39v1m2z3
https://escholarship.org/uc/item/39v1m2z3#author
https://escholarship.org
http://www.cdlib.org/


Abundance of Broad Bacterial Taxa in the Sargasso Sea Explained by
Environmental Conditions but Not Water Mass

Johanna Sjöstedt,a Jennifer B. H. Martiny,b Peter Munk,c Lasse Riemannd

Department of Natural Sciences, Linnaeus University, Kalmar, Swedena; Department of Ecology and Evolutionary Biology, University of California, Irvine, California, USAb;
National Institute of Aquatic Resources, Technical University of Denmark, Charlottenlund, Denmarkc; Marine Biological Section, University of Copenhagen, Helsingør,
Denmarkd

To explore the potential linkage between distribution of marine bacterioplankton groups, environmental conditions, and water
mass, we investigated the factors determining the abundance of bacterial taxa across the hydrographically complex Subtropical
Convergence Zone in the Sargasso Sea. Based on information from 16S rRNA gene clone libraries from various locations and two
depths, abundances of the predominant taxa (eubacteria, Archaea, Alphaproteobacteria, Gammaproteobacteria, Bacteroidetes,
and the Roseobacter, SAR11, and SAR86 clades) were quantified by real-time PCR. In addition, the abundances of Synechococcus,
Prochlorococcus, and picoalgae were determined by flow cytometry. Linear multiple-regression models determining the relative
effects of eight environmental variables and of water mass explained 35 to 86% of the variation in abundance of the quantified
taxa, even though only one to three variables were significantly related to any particular taxon’s abundance. Most of the varia-
tion in abundance was explained by depth and chlorophyll a. The predominant phototrophs, Prochlorococcus and picoalgae,
were negatively correlated with phosphate, whereas eubacteria, heterotrophic bacteria, and SAR86 were negatively correlated
with nitrite. Water mass showed limited importance for explaining the abundance of the taxonomical groups (significant only
for Roseobacter, explaining 14% of the variation). The results suggest the potential for predicting the abundance of broad bacte-
rioplankton groups throughout the Sargasso Sea using only a few environmental parameters.

Different oceanic regions harbor distinct bacterioplankton
communities (1–4). Such differences between communities

may be explained by environmental variation and possibly disper-
sal limitation (5–7). Indeed, a number of recent studies found that
the taxonomic composition of marine bacterioplankton corre-
lates closely to the water mass from which the community is sam-
pled (8–11). The characteristics of a given water mass encapsulate
a variety of abiotic parameters—including temperature and salin-
ity—which may influence bacterioplankton composition (10). In
addition, density gradients across water masses may be hydro-
graphic barriers to microbial dispersal, which could further influ-
ence microbial distributions (8).

Most of the above-mentioned studies investigated variation in
bacterial composition by fingerprinting techniques (9, 11) or by
clustering nucleotide sequences based on sequence similarity (e.g.,
see references 4, 8, and 10). The authors then tested whether water
mass or other abiotic conditions explained variation in the relative
abundances of taxa among samples (9, 10). In contrast, fewer
studies examined how these environmental factors influence the
absolute abundance of particular taxa or broader clades (but see,
e.g., references 2 and 12). However, such quantitative relation-
ships provide a model of a taxon’s realized niche (13), which can
then be incorporated into biogeochemical models.

For the marine environment, studies that quantify microbial
abundance often focus on broad taxa that can be counted by mi-
croscopy or flow cytometry, including Prochlorococcus, Synechoc-
occus, and heterotrophic bacterioplankton (e.g., 14, 15). Such
studies have provided a good understanding of the regional and
global distributions of these particular groups (e.g., phytoplank-
ton and picoheterotrophs [16–18]), and Synechococcus and Pro-
chlorococcus are indeed already included in ocean models (19, 20).
In contrast, quantifying the absolute abundance of particular sub-
groups is more difficult. While rRNA gene amplification methods

are powerful for comparing relative abundances among samples,
primer selectivity across groups can result in biased estimates of
absolute abundances (see, e.g., references 21 and 22). As a result,
quantitative PCR (qPCR) or fluorescent in situ hybridization
(FISH) methods are preferred for absolute quantification (see,
e.g., reference 23). For instance, qPCR has been used to relate
various environmental factors to the abundance of cyanobacterial
subgroups (ecotypes) (24–26) and specific heterotrophic taxa,
such as SAR11 and the Roseobacter clade affiliation (RCA) (27–
30). Similarly, researchers used catalyzed reporter deposition
(CARD)-FISH to demonstrate that flavobacterial clade abun-
dances are highly homogenous within water masses in the North
Atlantic (12).

Despite these recent advances, however, our quantitative un-
derstanding of what factors control the abundance of marine (par-
ticularly heterotrophic) bacterial taxa remains limited. Thus, the
aim of this study was 3-fold: (i) to quantify the abundance of the
dominant, broadly defined (i.e., subphylum and above) bacterial
taxa across water masses in the Sargasso Sea region, (ii) to identify
the environmental factors, including water mass identity, that best
explain the variation in the abundance of the particular taxa, and
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(iii) to ascertain whether the relative influences of the investigated
factors differ among taxa. To do this, we used multiple linear
regression followed by variance partitioning of the regressor vari-
ables. This statistical approach has several advantages over com-
monly used pairwise correlations. First, multiple regression aims
to disentangle the influence of correlated parameters. For in-
stance, chlorophyll (Chl) a usually decreases with depth, and two
separate correlation tests would not tease apart whether one, the
other, or both explain a group’s abundance. The analysis can also
incorporate categorical variables, such as water mass. In this way,
we can test whether water mass identity helps to predict bacterial
abundance, beyond the information already contained in the
other variables included, such as temperature and salinity. In ad-
dition, the approach allows a direct quantitative comparison of
the importance of each environmental factor to the abundance of
different bacterial groups. Finally, multiple regression eliminates
the need to correct for multiple comparisons, as all factors are
tested at the same time.

The Sargasso Sea is bounded by the ocean currents that form
the North Atlantic Gyre: the Gulf Stream to the north and west,
the North Equatorial Current to the south, and a region of weak
recirculation flow to the east. Cold waters from the north and
warm tropical water from the south meet at the Subtropical Con-
vergence Zone (STCZ) and generate a complex hydrography with
frontal zones and sharp gradients in environmental parameters
(31). At 27 stations that crossed these water masses, we quantified
the abundance of eubacteria, Archaea, and several heterotrophic
taxa by qPCR as well as phytoplankton groups by flow cytometry.
Our analysis revealed that just two or three parameters usually
explain more than half (and up to 86%) of the variation in the
abundance of these broad microbial taxa in this region.

MATERIALS AND METHODS
Sampling and DNA extraction. Sampling was carried out from RV Væd-
deren during a part of the Danish Galathea 3 expedition from 29 March to
10 April 2007 along three transects traversing the STCZ in the Sargasso Sea
(Fig. 1). Samples of 4 to 5 liters were filtered through 0.22-�m Sterivex
capsule filters (Millipore) via peristaltic pump (�100 ml min�1). Lysis
buffer was added (1 ml of 20% sucrose, 50 mM EDTA, 50 mM Tris hy-
drochloride [pH 8.0]), and the filters were sealed with Parafilm and frozen
at �80°C. DNA was extracted using an enzyme-phenol-chloroform pro-
tocol (32) but with a 30-min lysozyme digestion (5-mg ml�1 final concen-
tration) at 37°C and an overnight proteinase K digestion (100-�g ml�1 final
concentration) at 55°C (33). DNA was quantified using PicoGreen (Molecu-
lar Probes).

Environmental parameters and water masses. Data for temperature,
salinity, nutrients, Chl a, and abundance of Synechococcus, Prochlorococ-
cus, and picoeukaryotes from these samples were first reported in refer-
ence 34. The methods by which they were collected are therefore only
briefly described here. Vertical profiles of salinity and temperature were
measured using a Seabird 9/11 CTD equipped with a 12 Niskin (30-liter)
bottle rosette sampler. Nutrient concentrations (phosphorus, nitrate, ni-
trite, ammonia, and silicate) were determined using an automatic nutri-
ent analyzer (Dansk Havteknik). Chl a concentrations were determined
using ethanol extraction and a Turner Designs model 700 fluorometer.
Bacterial abundance was determined by flow cytometry (FACSCalibur;
Becton, Dickinson) after staining with SYBR green I (Molecular Probes).
Picoalgal and cyanobacterial abundances (Prochlorococcus and Synechoc-
occus) were determined as for bacteria but without staining. Gating was
defined using cultures of Prochlorococcus, Synechococcus, and picoplank-
ton as references.

Water masses were classified as Northern Sargasso water, subtropical
mode water, or the mixing zone based on temperature and salinity char-
acteristics (33) (Fig. 2). Areas with a temperature below 22.5°C were de-
fined as Northern Sargasso water, and areas with temperatures above

FIG 1 Map showing the three sampled transects (Tr.) in the Sargasso Sea. Data on sea surface temperatures are from satellite observations on 4 April 2007 as
described by Riemann et al. (34), contoured at 0.5°C intervals. Clone libraries were constructed from the following stations (St.) and depths: St. 11, 10 m; St. 16,
10 m; St. 23, 10 m; St. 30, 10 m; and St. 32, 80 m.
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22.5°C were defined as subtropical mode water. Along transect 1 a mixing
zone was formed between the Northern Sargasso water and the subtrop-
ical mode water with a temperature between 22.5°C and 24.5°C (approx-
imately 24.5°N to 27.5°N, from the surface to a maximum of 130 m
[Fig. 2]).

Clone libraries. To examine bacterial community composition, clone
libraries were constructed from 5 samples representing the three transects
and two different depths (Fig. 1). Bacterial 16S rRNA genes were amplified
using primers 27F and 1492R (35), and products were purified using a gel
extraction kit (E.Z.N.A.) followed by the Cycle-Pure kit (E.Z.N.A.). Prod-
ucts were cloned (TOPO TA cloning kit; Invitrogen), plasmid DNA was
extracted (R.E.A.L. Prep 96 plasmid kit; Qiagen), and inserts were se-
quenced (Macrogen, South Korea). Sequences shorter than 700 bp or
containing undetermined nucleotides or detected as chimeras (using Chi-
meraSlayer utility with default settings [36]) were removed, resulting in
348 sequences (58 to 83 per library). Sequences were clustered into oper-

ational taxonomic units (OTUs) at 97% similarity using SeqMan (DNA
Star). Consensus sequences from each OTU was imported into an ARB
database and aligned with their closest relatives using the integrated align-
ment module within the ARB package (37).

qPCR. Seven nonexclusive bacterial groups (eubacteria, Alphaproteo-
bacteria, the SAR11 clade, the Roseobacter clade, Gammaproteobacteria,
the SAR86 clade, and Bacteroidetes) and Archaea were quantified using a
Step One Plus real-time PCR system (Applied Biosystems), StepOne soft-
ware v. 2.0, and MicroAmp fast optical 96-well reaction plates. Primers
and conditions used are described in Table 1. Linearized recombinant
plasmids from the clone libraries were used as standards for qPCR by
making dilution series covering 5 � 101 to 5 � 106 copies. Extracted
plasmid DNA (Plasmid Miniprep kit I; E.Z.N.A.) was linearized using the
restriction enzyme NotI (Roche) according to the manufacturer’s instruc-
tions, purified (Cycle-Pure kit; E.Z.N.A.), and quantified (NanoDrop;
Thermo Scientific). The number of molecules per microliter was calcu-

FIG 2 Vertical sections of temperature (contour lines, °C) and salinity (shading) along transects 1, 2, and 3 (left to right) and distribution of the water masses:
subtropical mode water (SMW), Northern Sargasso water (NSW), and the mixing zone (MZ). Dots indicate where DNA samples for community composition
analyses were taken.

TABLE 1 Primers, conditions, PCR efficiencies, and R2 values for standard curves (� standard deviations) in the quantitative PCR assays

Target group Primer name (concn, in nM) and sequence
Annealing temp,
in °C (time)

Extension temp,
in °C (time) Efficiency R2 Reference

Eubacteria Eub338F (250), ACTCCTACGGGAGGCAGCAG 60 (15 s) 72 (20 s) 87.5 � 4.1 0.988 � 0.004 80
Eub518R (250), ATTACCGCGGCTGCTGG 81

Alphaproteobacteria Eub338F (250) 54 (15 s) 72 (22 s) 83.3 � 3.7 0.980 � 0.01 80
Alpha685R (250), TCTACGRATTTCACCYCTAC 80

Bacteroidetes Cfb319F (250), GTACTGAGACACGGACCA 63 (15 s) 72 (30 s) 98.5 � 1.7 0.982 � 0.01 82
Eub518R (250) 81

Gammaproteobacteria Gamma395F (250), CMATGCCGCGTGTGTGAA 64 (15 s) 72 (30 s) 96.3 � 5.0 0.988 � 0.01 83
Eub518R (250) 81

SAR11 clade S11-433F (500), CTCTTTCGTCGGGGAAGAAA 59 (1 min) 59 (1 min) 100.2 � 3.1 0.992 � 0.005 15
S11-588R (1,500), CCACCTACGWGCTCTTTAAGC 15

SAR86 clade S86-492F (250), CAGAATAAGSACCGGCTAATTC 59 (1 min) 59 (1 min) 105 � 3.6 0.982 � 0.01 15
Gamma680mod (250),a ATTCCACCGCTACACTRTG 84

Roseobacter clade ROS292F (1,500), GGTTTKAGAGGATGATCAGCMAC 67 (1 min) 67 (1 min) 88.3 � 11.3 0.95 � 0.06 15
ROS567R (500), CCAGTAATTCCGAACAACGCTAA 15

Archaea ARCH349F (1,000), GYGCASCAGKCGMGAAW 50 (30 s) 72 (30 s) 80.7 � 4.6 0.95 � 0.02 85
ARCH806R (1,000), GGACTACVSGGGTATCTAAT 85

a Modified from Gamma680 (84) to target all sequences in the clone libraries classified as SAR86.
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lated using the formula [a/(b � 660)] � 6.022 � 1023, where a is the
plasmid DNA concentration (in g �l�1), b is the plasmid length (in bp;
vector and insert), 660 is the average molecular weight of 1 bp, and
6.022 � 1023 is the molar constant (38).

Annealing temperatures were initially determined by gradient end-
point PCR analysis (50 to 70°C) of each primer set with standards con-
taining the target sequence and further refined in qPCR assays after
primer concentration optimization. Optimal primer concentrations were
determined using a matrix of concentrations of forward and reverse prim-
ers (250 nM, 500 nM, 1,000 nM, and 1,500 nM) and 5 � 104 copies of the
corresponding target. The specificity of each primer pair was evaluated
using 5 � 104 copies of the standard for the six other quantified taxa.
Nonspecific amplification did not exceed 300 copies for any of the taxa.

Inhibition tests were performed for all samples using the Bacte-
roidetes primers. Each sample was spiked with 5 � 104 copies of the Bac-
teroidetes standard, and inhibition was quantified using the formula 1 �
[(Ctsample � Ctstandard)/Ctstandard] � 100 (39), where Ct is the cycle thresh-
old. These tests showed that inhibition could be avoided by using 0.5 or
0.05 ng of DNA.

Triplicate reactions were conducted for each DNA sample and for each
dilution of the standard. Reaction mixtures contained 1� SYBR green
PCR master mix (Applied Biosystems), forward and reverse primers (250
nM to 1,500 nM [Table 1]), and 0.5 or 0.05 ng of environmental DNA.
Thermal cycling conditions were 95°C for 10 min and 40 cycles of 95°C for
15 s and annealing and extension temperatures as described in Table 1,
followed by a melting curve. Both PCR efficiencies (80.7 to 105%) and R2

values (0.95 to 0.992) for the standard curves were within an acceptable
range (40).

To account for variations in bacterial abundance and DNA extraction
efficiencies between samples when examining distributions of taxa, the
abundance of each taxon was calculated based on the relative abundance
(estimated from the gene copy number) and flow cytometry counts. Based
on qPCR data, the fractions of eubacteria and Archaea were calculated as
eubacteria/(eubacteria � Archaea) and Archaea/(eubacteria � Archaea).
Absolute abundances of eubacteria and Archaea were then estimated by
multiplying these fractions by total flow cytometry cell counts. The frac-
tions of all other groups targeted by qPCR were calculated in a similar
manner; e.g., SAR11 � SAR11/eubacteria. Absolute abundances were
then calculated by multiplying with the abundance of eubacteria. The
abundance of heterotrophic bacteria was calculated by subtracting counts
for Prochlorococcus and Synechococcus from that for eubacteria.

Statistics. To investigate the relative importance of different environ-
mental variables on the abundance of the bacterial taxa, we used multiple
linear regressions followed by variance partitioning of the regressor vari-
ables. For our purposes here, there are three important components of the
regression results: (i) which variables are significant (which explain any of
the variation in a taxon’s abundance), (ii) the total variation explained by
all significant variables, that is, the predictive “power” of the model given
by the R2 value, and (iii) the sensitivity of the group’s abundance to the
significant variables, represented by the sign (positive or negative) and
value of the partial regression coefficients.

Before this analysis, we first assessed the redundancy of the abiotic
variables by examining their pairwise correlations in PRIMER6 (41). Ni-
trate and phosphate (P) were highly correlated, and we decided to remove
nitrate because two other nitrogen sources were available and because
phosphate concentrations are low in the Sargasso Sea and have previously
been shown to be an important factor for the distribution of Prochloro-
coccus. Water mass, depth, nitrite, ammonium, phosphate, salinity, sili-
cate, temperature, and Chl a were retained in the analysis. The distribu-
tion of temperature and salinity is illustrated in Fig. 2, whereas the
distribution of the other environmental parameters is illustrated in Fig. S1
in the supplemental material. All variables were continuous except water
mass, which was coded into the three categories described above. We
purposely excluded the abundance of bacterial taxa as independent vari-
ables in the models, as it would be impossible to disentangle the impor-

tance of interactions with these groups versus indirect correlations with
other environmental variables. The one exception is that we included Chl
a in models of the heterotrophic taxa, because it may be a proxy for carbon
availability.

To improve normality, data on nitrite, phosphate, ammonium, and
Chl a were log(x) transformed. Similarly, the abundance of eubacteria,
Archaea, the different bacterial taxa, and picoalgae were log(x � 1) trans-
formed. Multiple linear regressions were performed on the transformed
data using the lm function in R (42). Nonsignificant variables were re-
moved after the first analysis, and the partial regression coefficients re-
ported are those from a secondary regression. Partial residual plots were
used to visualize the relationships of some of the significant variables;
these plots were created in R using the cr.plots function in the “car” pack-
age (43). The relative importance of the significant variables was evaluated
with the calc.relimp function in the “relaimpo” R package using the LMG
method (44). To compare the results across taxa, we report the nonnor-
malized variance explained by each variable.

Nucleotide sequence accession numbers. The partial 16S rRNA gene
sequences obtained from the clone libraries have been deposited in Gen-
Bank and assigned accession numbers KC197360 to KC197707.

RESULTS AND DISCUSSION
Abundance of main bacterioplankton taxa in the Sargasso Sea.
The clone libraries of 16S rRNA genes amplified from five stations
and two different depths revealed a bacterioplankton community
that was comparable to those described in previous studies from
the area (see, e.g., references 45 to 47). Alphaproteobacteria was the
dominant class in the libraries, with the SAR11 clade as the main
subgroup (Fig. 3A). In addition, Rhodobacterales (family Rhodo-
bacteraceae), which contains the Roseobacter clade, was detected in
all surface samples (Fig. 3B). In three of the libraries from surface
water, Gammaproteobacteria was the second most common class,
with the SAR86 clade accounting for 53 to 100% of the clones
(data not shown). Actinobacteria accounted for 5 to 7% of the
clones at three stations, and cyanobacterial sequences were also
widely represented.

Based on the results from the clone libraries, we selected pub-
lished primers for quantifying key bacterial groups and Archaea by
qPCR (Table 1). Conditions were optimized for all primer pairs;
however, a robust actinobacterial qPCR assay could not be devel-
oped. In addition to the qPCR assays, we used flow cytometry to
quantify Synechococcus, Prochlorococcus, picoalgae (less than 	4
�m in size), and heterotrophic bacteria (and Archaea). Gene copy
numbers from the qPCR were used to calculate the relative abun-
dances of the different bacterial taxa, and the abundances were
obtained by multiplying with flow cytometric counts. It is impor-
tant to note that heterotrophic bacteria and picoalgae are not
monophyletic, in contrast to the other taxa quantified.

Alphaproteobacteria were, on average, the most abundant class
enumerated (1.2 � 105 cells ml�1), and most of these cells were
from the SAR11 clade (8.5 � 104 cells ml�1), with fewer from the
Roseobacter clade (3.1 � 104 cells ml�1 [Table 2]). Synechococcus,
Prochlorococcus, Bacteroidetes, and Gammaproteobacteria were al-
most equally abundant (on average, 1 � 104 to 7 � 104 cells ml�1

[Table 2]), and Gammaproteobacteria encompassed mostly
SAR86 cells. In a few samples, the estimated abundances of SAR11
and SAR86 exceeded those of Alphaproteobacteria and Gamma-
proteobacteria, respectively. A likely explanation is that these
clades contain sequences not efficiently targeted by the class level
primers. Indeed, we observed mismatches between the alphapro-
teobacterial primer and the majority of the SAR11 sequences ob-
tained from our clone libraries (data not shown). The average
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abundances of picoalgae and Archaea were 1.4 � 103 cells ml�1

and 1 � 105 cells ml�1, respectively. In agreement with a previous
study (48), Archaea generally contributed only a few percent in the
upper waters, but the abundance was usually similar to or ex-
ceeded bacterial abundance below 100 m.

Importance of water mass and environmental factors for
taxon abundance. Our results show that only a few abiotic vari-
ables had significant influence on the abundance of a variety of
broad groups of bacterioplankton across the Sargasso Sea. Al-
though we included nine variables in the multiple-regression
models (water mass identity plus 8 continuous variables), only
one to three variables at a time were significantly related to any
taxon’s abundance (Fig. 4). Yet these simple models performed
quite well. The significant variables explained between 35 and
86% of the variation in the taxon’s abundance (R2 between 0.35
and 0.86 [Fig. 4]). Some of the unknown variation is possibly due
to biotic interactions (e.g., virus, predation, and competition) as

well as unmeasured environmental variables (49) such as dis-
solved oxygen, iron concentration, or turbulence.

Chl a concentration, a proxy for phytoplankton biomass, was
significantly related to the abundance of all the heterotrophic taxa
(positive partial regression coefficients in Fig. 4). Thus, we can
compare the sensitivities of the groups to Chl a. The abundance of
the Roseobacter clade appears to be particularly sensitive to Chl a
concentrations, as the partial regression coefficient is relatively
high. In contrast, eubacteria are much less sensitive to changes in
Chl a (Fig. 5). In other words, for the same change in Chl a con-
centration, Roseobacter abundance is predicted to change more
than that of most other heterotrophic groups. This result is per-
haps unsurprising given that the highest abundances of Roseobac-
ter previously have been reported above the upper mixed layer,
where phytoplankton are most abundant (50–52). In addition,
roseobacters thrive in association with marine phytoplankton
blooms (32, 51, 53). On the other hand, it was unexpected that
SAR11, given its typical oligotrophic lifestyle (54) and potentially
reduced capacity to respond to changing conditions (55), was
equally sensitive to changes in Chl a as other heterotrophic groups
(e.g., eubacteria and Gammaproteobacteria) (Fig. 4).

To examine the relative importance (i.e., the predictive power)
of the variables for the abundance of each bacterial taxon, we used
an additional analysis to partition the variance explained by the
regression models. These results show not only that both depth
and Chl a are significantly correlated with heterotrophic taxa but
also that these two parameters alone can explain a large propor-
tion of the variation in their abundances (Fig. 4). Depth is well
known as an important determinant of bacterial community com-
position. For phototrophs, depth in our models is presumably
related to light availability, as we did not include a direct measure
of light availability in the models but did include nutrients and
temperature (which also vary with depth). For heterotrophic taxa,
depth may be a proxy for the amount of substrate available be-
cause the concentration and chemical composition of dissolved
organic matter (DOM) change with depth (56, 57) and the bio-
availability of DOM is higher by the surface than in deep water
(58). This pattern may be linked to the DOM-generating processes
(59) but also to sunlight-driven transformation of recalcitrant

FIG 3 Bacterial community composition at five stations as analyzed by 16S rRNA gene clone libraries. Shown are the distribution of phyla/classes (A) and orders
within Alphaproteobacteria (B). Each clone library contained 58 to 83 clones. For station numbers, see Fig. 1.

TABLE 2 Minimum, maximum, and average abundances with standard
deviations for the different taxonomic groupsa

Taxon

Abundance (cells ml�1)

Minimum Maximum Avg SD

Eubacteria 1.7 � 104 7.4 � 105 2.9 � 105 1.9 � 105

Heterotrophic
bacteria

1.5 � 104 5.2 � 105 2.1 � 105 1.5 � 105

Alphaproteobacteria 5.4 � 103 4.5 � 105 1.2 � 105 1.1 � 104

SAR11 clade 3.3 � 103 2.6 � 105 8.5 � 104 6.8 � 104

Roseobacter group 4 1.7 � 105 3.1 � 104 4.5 � 104

Gammaproteobacteria 5.5 � 102 6.5 � 104 2.2 � 104 1.7 � 104

SAR86 clade BD 2.3 � 105 2.9 � 104 4.9 � 104

Bacteroidetes 7.5 � 102 1.3 � 105 3.6 � 104 3.2 �104

Synechococcus BD 3.6 � 105 7.1 � 104 9.9 � 104

Prochlorococcus BD 4.6 � 104 1.1 � 104 1.2 � 104

Picoalgae BD 8 � 103 1.4 � 103 1.6 � 103

Archaea BD 5.1 � 105 1.0 � 105 1.2 � 105

a Synechococcus, Prochlorococcus, and picoalgal abundances were determined using flow
cytometry, while abundances of other groups were calculated from a combination of
qPCR and flow cytometry data. See Materials and Methods for details. n � 59 for all
groups except Roseobacter, for which n � 58. BD, below detection; the detection limit
for qPCR ranged from 	2 to 137 gene copies ml�1 of seawater.
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DOM to more labile forms available for heterotrophic bacteria
(60).

Remarkably, depth explained 68 and 73% of the variation in
Synechococcus and SAR86 abundance, respectively (Fig. 4). While
it is well known that Synechococcus is restricted to the upper eu-
photic zone (61, 62), less is known about the distribution and
ecology of the SAR86 clade (63). Our data show that the SAR86
clade is also confined to the euphotic zone (Fig. 6A), which is
consistent with findings of SAR86 clones predominantly in upper
waters (46, 52) and presence of genes encoding proteorhodopsin
in SAR86 genomes (64) that may allow for energy acquisition
from light (65). This points to a high autecological importance of

phototrophy for members of this clade. Moreover, given the pre-
dominance of this group in surface waters (accounting for, on
average, 18% of the eubacteria above the Chl a maximum), our
data highlight a potentially high importance of phototrophic en-
ergy acquisition for noncyanobacterial bacterioplankton in the
Sargasso Sea.

In contrast to heterotrophic taxa, Prochlorococcus and picoal-
gae were negatively correlated with phosphate (P) (Fig. 4), sug-
gesting that their overall abundance is nutrient limited. Indeed,
Prochlorococcus is often abundant in ocean regions where phos-
phate regulates primary productivity (66). For instance, in the
Sargasso Sea (�0.1 �mol of P liter�1), Prochlorococcus contains
multiple genes involved in orthophosphate uptake, organic P uti-
lization, and regulation, whereas these genes are almost absent in
Prochlorococcus from regions with higher P concentrations (66).
Prochlorococcus and picoalgae were also positively correlated with
salinity, whereas no other bacterial taxa were affected. The distri-
bution of both of these groups has been linked to salinity in other
oceanic regions (67–69); however, given that salinity differed less
than one unit across our data set, the linkage may reflect a corre-
lation with other unmeasured variables, rather than a selective
pressure exhibited by salinity per se.

Although temperature ranged widely across the sampling area
(from 15.6 to 25.7°C), this parameter did not explain the abun-
dance of any of the bacterial groups examined. Nevertheless, it is
likely that temperature affects the distribution of bacterial taxa at
finer phylogenetic resolution. For instance, specific lineages
within SAR11 (70, 71) and Prochlorococcus (24) are associated
with different temperatures.

The percentage of variation explained by the model was lowest
for Alphaproteobacteria, followed by the Roseobacter clade and
Prochlorococcus (Fig. 4). Correlations between environmental pa-

FIG 4 Relative importance of the significant independent variables explaining the variance in abundance of the different taxonomic groups. Partial regression
coefficients are written on the bars and shown only for statistically significant variables. Alpha, Alphaproteobacteria; Gamma, Gammaproteobacteria; Het bacteria,
heterotrophic bacteria. n � 59 for all groups except Roseobacter, for which n � 58. �, P � 0.05; ��, P � 0.01; ���, P � 0.001.

FIG 5 Partial residual plots of the relationship between Chl a and the abun-
dance of the Roseobacter clade (thin dashed line and open circles) and eubac-
teria (thick dashed line and solid circles).
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rameters and subgroups within Roseobacter have previously been
shown, for example, for the RCA cluster (28, 29). However, since
predominance of Roseobacter clusters other than RCA have previ-
ously been found in the Sargasso Sea (72, 73), we applied a more
general primer pair targeting Roseobacter, but with the risk of co-
amplification of the Rhodobacter group (15). Our limited ability to
explain variations in Roseobacter abundance may therefore be
linked to the amplification of a broad taxonomic group contain-
ing multiple phenotypes occupying different ecological niches
(74, 75). However, it might also be that in contrast to the other
taxa quantified, we may have missed the most important variables
for explaining the Roseobacter abundance. Indeed, an earlier study
explained 98.1% of the RCA cluster abundance by including Chl a,
bacterial abundance, phaeopigments, particulate organic matter,
suspended particulate matter, and salinity change of the trajecto-
ries of the water mass (29), factors which except for Chl a were not
included in our analysis.

Finally, water mass, defined by temperature and salinity char-
acteristics, had limited importance for explaining the abundance
of the taxonomical groups when the other environmental vari-
ables measured were included in the models. The Roseobacter
clade, which was the only taxon significantly correlated with water
mass, showed highest abundance in the subtropical mode water
(Fig. 6B). Only 14% of the variation in Roseobacter abundances
was explained by water mass, possibly representing one or several
specific variables not included in the regression model. Previous
studies showing correlations by water mass do not account for

environmental variables at the same time. Thus, it may be the case
that these water mass correlations are due to the covarying envi-
ronmental parameters, rather than water mass history. Alterna-
tively, linkages between water mass and bacterial community
composition are based on presence or absence (9) or relative
abundances (8, 10, 11) of finer-scale OTUs. In contrast, our study
was based on the total abundance of broad bacterial taxa, which
are probably not affected by dispersal limitation between water
masses because they are ubiquitous. Moreover, most of our sam-
ples are from the upper 200 m, where community composition is
presumably driven by current environmental variables, whereas
the circulation history of water masses may be more important for
deep communities (4). Indeed, oceanic studies reporting a cou-
pling between water mass and bacterial community composition
often include more samples from bathypelagic layers (8–10).

In the present study, more than 50% of the variation in abun-
dance for a variety of the broad bacterial groups could be pre-
dicted from environmental variables, like Chl a and depth. This
indicates relevant ecological coherence at these high taxonomical
levels (76). Hence, although many functional traits of microbes
are phylogenetically dispersed at a much finer level than targeted
in this study (77), our results indicate that even broad taxonomic
categories of marine bacterioplankton may represent ecologically
meaningful units sharing general life strategies or traits that dis-
tinguish them from other taxa (76, 77). This suggests hope for
modeling marine bacterial communities, for which the tremen-
dous fine-scale phylogenetic diversity poses a seemingly insur-

FIG 6 Distribution (cells ml�1) of SAR86 (A) and Roseobacter (B) along transects 1, 2, and 3 (left to right) illustrated by the relative area of circles superimposed
on temperature isotherms. Samples with very low abundances, i.e., nonvisible circles, are marked with “x.”
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mountable problem (78). Further development of our model for
the Sargasso Sea requires incorporation of temporal variation to
examine whether dynamics of broad taxonomic groups are sea-
sonally predictable, as has been shown for finer-scale taxa (79).
Nevertheless, linkages of broad bacterioplankton taxa with a few
easily quantified parameters indicate that modeling the abun-
dance of these groups in the oligotrophic ocean may be a promis-
ing endeavor.
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