The ISME Journal (2009), 1–16
& 2009 International Society for Microbial Ecology All rights reserved 1751-7362/09 $32.00
www.nature.com/ismej

ORIGINAL ARTICLE

Seasonality and vertical structure of
microbial communities in an ocean gyre
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Vertical, seasonal and geographical patterns in ocean microbial communities have been observed in
many studies, but the resolution of community dynamics has been limited by the scope of data sets,
which are seldom up to the task of illuminating the highly structured and rhythmic patterns of
change found in ocean ecosystems. We studied vertical and temporal patterns in the microbial
community composition in a set of 412 samples collected from the upper 300 m of the water column
in the northwestern Sargasso Sea, on cruises between 1991 and 2004. The region sampled spans the
extent of deep winter mixing and the transition between the euphotic and the upper mesopelagic
zones, where most carbon fixation and reoxidation occurs. A bioinformatic pipeline was developed
to de-noise, normalize and align terminal restriction fragment length polymorphism (T-RFLP) data
from three restriction enzymes and link T-RFLP peaks to microbial clades. Non-metric multidimensional scaling statistics resolved three microbial communities with distinctive composition
during seasonal stratification: a surface community in the region of lowest nutrients, a deep
chlorophyll maximum community and an upper mesopelagic community. A fourth microbial
community was associated with annual spring blooms of eukaryotic phytoplankton that occur in the
northwestern Sargasso Sea as a consequence of winter convective mixing that entrains nutrients to
the surface. Many bacterial clades bloomed in seasonal patterns that shifted with the progression of
stratification. These richly detailed patterns of community change suggest that highly specialized
adaptations and interactions govern the success of microbial populations in the oligotrophic ocean.
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Introduction
The global impact of ocean biology is heavily
determined by its most populous members, the
microbial plankton. Study of these organisms
has advanced rapidly, but there are still large gaps
in basic ecological information about these organisms. A particularly fundamental issue is their
seasonal, vertical and biogeographical distributions.
Advances in sequencing technology have made it
possible to gather very large amounts of sequence
data from a few samples, but the effectiveness of
these data for resolving ecological processes
depends on the coverage of molecular diversity
within each sample and the mesh of the sampling
schemes, which inevitably are compromises that
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subsample and underdetermine detailed patterns of
seasonality or vertical variation.
The vertical stratification of microbial communities in the oceans was first apparent in the obvious
case of phytoplankton (Olson et al., 1990a, b; Moore
et al., 1998), but later studies that used molecular
probes as genetic markers for uncultivated microbial
taxa uncovered many more examples. Three new
bacterial clades were reported from the aphotic
zone—the SAR406/Marine Group A lineage, which
is related to the Fibrobacteres and Chlorobi phyla,
the SAR202 clades, which are in the Chloroflexi
phylum, and SAR324, in the Deltaproteobacteria
(Giovannoni et al., 1996; Gordon and Giovannoni,
1996; Fuhrman and Davis, 1997; Wright et al., 1997).
All three were observed to peak in abundance in the
upper mesopelagic zone, below the deep chlorophyll maximum (DCM) in both the Pacific and
Atlantic Oceans. Later studies corroborated these
reports, and SAR202 emerged as one of the most
abundant aphotic zone bacterioplankton groups,
accounting for about 10% of the cells in the
integrated water column community (Morris et al.,
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2004; Varela et al., 2008). Similarly, probe studies
showed that marine Crenarchaeota are largely
confined to the aphotic zone, where they are the
single most abundant class of cells (Fuhrman and
Davis, 1997). These findings were confirmed by
many subsequent studies (for example, DeLong
et al., 1999; Karner et al., 2001). Recently, a
metagenomic study at the Hawaii Ocean Time-series
confirmed some of the earlier findings (DeLong
et al., 2006), but also reported anomalous observations—almost no SAR11 16S rRNA genes,
and evidence of phototrophs well below the photic
zone.
Seasonal variation in ocean microbial surface
communities has been reported in several studies,
although the logistical problems of periodically
collecting samples makes ‘time-series’ studies less
common. Time-series have proven to be powerful
tools in oceanography (for a review see Ducklow
et al., 2009) and have recently been applied to
marine microbial ecology. Murray et al. used DNA
hybridization methods to show seasonal changes of
Archaea in the Antarctic Ocean (Murray et al., 1998)
and the Santa Barbara Channel (Murray et al., 1999).
DuRand et al. (2001) used flow cytometry to
measure seasonal and spatial patterns of Prochlorococcus and Synechococcus at the Bermuda Atlantic Time-series Study (BATS) site, and Heywood
et al. (2006) showed that the standing stocks of both
groups undergo little interannual change. Morris
et al. (2002) showed annual peaks in the relative
abundance of SAR11 by rRNA probe hybridization.
A combination of fluorescence in situ hybridization
probing and terminal restriction fragment length
polymorphism (T-RFLP) time-series data showed
regular seasonal patterns of three ecotypes of SAR11
in the surface 300 m at BATS (Carlson et al., 2009).
To correlate marine archaeal abundance with nitrification, Wuchter et al. (2006) analyzed a one-year
time-series from coastal North Sea water samples. In
a more global approach, Moeseneder et al. (1999)
used spring and summer samples to study the
bacterial community in the Aegean and Adriatic
seas by T-RFLP. Bano and Hollibaugh (2002)
analyzed the bacterioplankton assemblages in the
Arctic Ocean over three seasons using denaturing
gradient gel electrophoresis and clone libraries.
Studying the microbial community at BATS over
several years using T-RFLP, Morris et al. (2005)
demonstrated a response by specific bacterial
lineages to the annual spring deep mixing events
within the mesopelagic zone at BATS. In a long-term
study of the microbial community at the San Pedro
Ocean Time-Series site, Fuhrman et al. (2006) used
automated rRNA intergenic spacer analysis and
were able to link several of the operational taxonomic units to environmental factors such as
nutrients. Recently, Nelson et al. (2008) reported a
coastal two-year time-series from a 34-km transect in
the Mid-Atlantic Bight using T-RFLP. They showed
distinct temporal microbial community patterns,
The ISME Journal

mainly the separation of the terminal restriction
fragments observed into a summer and a winter
group. Although many of these time-series were
short-termed, those by Morris et al. (2005), Fuhrman
et al. (2006) and Carlson et al. (2009) relied on
samples collected over several years.
Here, we report a study that focuses on the 16S
rRNA gene diversity in the surface layer (0–300 m) at
BATS with vertical and relatively high temporal
resolution, with the objective of defining ecological
patterns. About one-third of the CO2 that is photosynthetically reduced on Earth is fixed in the oceans
by photoautotrophs, but most of it is rapidly
reoxidized in the marine surface layer by heterotrophic microorganisms (Field et al., 1998).
Dynamic interactions between the organisms detected in this study lie at the heart of the carbon
cycle, although progress understanding these interactions has been slow to emerge because of the
complexity of microbial community ecology.
The BATS program initiated in 1988, provides a
rich oceanographic and ecological context, including reports of seasonal patterns of biogeochemistry
(Michaels et al., 1996; Steinberg et al., 2001), diatom
abundance (Nelson and Brzezinski, 1997), photosynthetic picoplankton abundance (Olson et al.,
1990a), microbial size spectra (Gin et al., 1999) and
heterotrophic bacterioplankton dynamics (Carlson
and Ducklow, 1996). We studied microbial community composition at BATS with the high-throughput
community profiling technique, T-RFLP, targeting
the small subunit rRNA gene (16S rRNA) (Liu et al.,
1997). This approach enabled us to process large
numbers of samples reliably and reproducibly
(Nocker et al., 2007), and relate the data to large
16S rRNA gene sequence databases. The findings
span a timeframe of 12 years, and show in rich detail
the highly structured patterns of microbial communities within the surface 300 m of the oligotrophic
Sargasso Sea.

Materials and methods
Sample collection and nucleic acid extraction

Monthly samples (1 m and 200 m) were collected at
the BATS site (311 400 N, 641 100 W) from August 1991
to February 1994 and from September 1997 to
January 2004. In addition, depth profile samples
(1, 40, 80, 120, 160, 200, 250 and 300 m) were
collected at 35 sampling dates (see overview in
Table 1 and full table in Supplementary Material
S1). Altogether, 412 samples were included in this
study. To collect the microbial biomass, seawater
was filtered through 0.2-mm polyethersulfone membranes (Supor, Pall, East Hills, NY, USA) and was
stored at 80 1C until further use. Nucleic acids
were extracted and processed as described earlier
(Giovannoni et al., 1996; Morris et al., 2005). During
the extractions, nucleic acids were separated
isopycnically by buoyant density centrifugation in
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Table 1 Number of samples collected at specified depths for each
month spanning the years 1991–2003
Depth Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
(m)
1
40
80
100
120
160
200
250
300

9
3
3
0
3
3
8
2
2

9
5
6
0
7
6
9
4
4

8
4
5
0
5
5
8
4
3

8
1
1
0
1
0
7
1
0

7
3
3
0
3
3
7
3
3

7
0
1
1
1
1
7
1
1

7
3
3
0
3
2
6
1
1

6
3
3
0
4
4
8
4
3

10
2
2
1
2
2
9
2
2

8
0
0
0
0
0
9
0
0

8
5
4
0
5
5
8
5
4

10
0
0
0
0
0
9
0
0

filtration plate (Millipore, Billerica, MA, USA)
containing Amersham Sephadex G-50 superfine
(Amersham, Piscataway, NJ, USA). Terminal restriction fragments were resolved on an ABI 3100 genetic
analyzer (Applied Biosystems, Foster City, CA,
USA). To size the fragments based on the internal
standard (Bioventures MapMarker 1000, Cambio,
Cambridge, UK), the ABI Genotyper software was
used. The samples that failed to amplify consistently because of low DNA concentrations or that
had incomplete T-RFLP data were not considered for
further analysis.
Clone libraries

cesium salts and the yields were measured by
spectrophotometry.
In silico predictions of microbial diversity

To determine the number of enzymes needed to
provide good resolution for the T-RFLP analysis, we
created a data set of 16S rDNA sequences from
Genbank (Benson et al., 2008) and unpublished
sequence data representing all major groups of
bacteria currently known to be present in marine
environments. Altogether, more than 6500
sequences were analyzed with ARB (Ludwig et al.,
2004) and TRF-CUT (Ricke et al., 2005). The
enzymes BsuRI, Bsh1236I and MspI were predicted
to provide the highest resolution of marine microbial communities. Each rRNA sequence or clade of
sequences gave a specific fingerprint of three
fragment sizes for the three enzymes, which we
refer to below as ‘triplets’. During the T-RFLP
analysis, we often observed a difference between
the apparent sizes of fragments estimated from their
electrophoretic mobility and their in silico predicted
sizes. This phenomenon (called T-RF drift) is
documented in the literature and could be correlated with the purine content of DNA (Kaplan and
Kitts, 2003).
PCR, restriction digestion and T-RFLP analysis

DNA was diluted to 5 ng ml–1 and 1 ml was amplified
with the primer pair 8F-FAM (5-carboxy-fluorescein
labeled) and 519R (both Morris et al., 2005) in 50 ml
reaction volume using the following conditions: 30
cycles, denaturation at 94 1C for 15 s, annealing at
55 1C for 30 s and elongation at 72 1C for 1 min.
Acetamide was added at a final concentration of 5%
to reduce G þ C content-induced amplification bias
(Reysenbach et al., 1992). PCR products were
analyzed on gels and restricted in parallel with
BsuRI, Bsh1236I and MspI (Fermentas, Hanover,
MD, USA). To avoid overestimation of diversity
because of partially digested fragments (Nocker
et al., 2007), the restriction reactions were incubated
overnight with an excess of enzyme. Restriction
products were cleaned using a MultiScreen 96-well

To correlate observed peaks with species and to
verify predicted triplets, clone libraries were constructed from the samples BATS136, 160 m;
BATS136, 250 m (both January 2000); BATS138,
160 m (March 2000); BATS146, 250 m (November
2000), BATS174A, 300 m (March 2003) and
BATS180, 1 m (September 2003) as described in
Morris et al. (2004). Samples were chosen on the
basis of the likelihood that they contained T-RFLP
peaks of interest. Ninety-six clones from each library
were screened as described earlier (Vergin et al.,
2001), except that clones were amplified and
processed for T-RFLP analysis as described above.
Plasmids from 175 clones exhibiting T-RFLP peaks
of interest were isolated and sequenced using the
primer 519R. After initial phylogenetic analysis of
the short sequences, seven full-length sequences
were generated from clones and their phylogenetic
origins were reconstructed (see Supplementary
Table S2 for details). The sequences were deposited
in GenBank under the accession numbers FJ960798
to FJ960822.
De-noising, alignment and triplet determination

The raw data sets for all three enzymes were
standardized by the method of Osborne et al. using
a variable percentage threshold (Osborne et al.,
2006). To cope with minimal differences between
individual T-RFLP runs, we applied a clustering by
reduction of intervals algorithm that was originally
developed for mass spectrometer data (Finlay et al.,
2009). The resulting data set was analyzed by
different methods to (i) find triplets of correlated
fragments for the three different enzymes used, (ii)
find seasonal and spatial patterns and (iii) make
predictions about the species represented by the
respective triplets.
To find triplets, we developed a new algorithm
(Burton et al., 2009). In brief, patterns for the
presence and absence of fragments were analyzed
to find the most likely triplets. These predictions
were verified by comparing them to the database
generated during the initial computational analysis
of diversity and clone libraries. Species were
assigned on the basis of comparisons of the
The ISME Journal
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predicted triplets to the virtual T-RFLP results
obtained from the TRF-CUT analysis of the marine
16S rRNA gene database. These bioinformatic
assignments were supported by comparisons to
clones from the already published (Giovannoni
et al., 1996; Morris et al., 2005) and newly generated
clone libraries. For this, clones were pre-screened by
T-RFLP, and those producing triplets observed in the
environmental data set were sequenced and their
phylogenetic origins were reconstructed. To plot the
microbial distributions shown in the figures, a
‘triplet minimum’ was calculated for each data
point. For each environmental sample, a triplet
yields three relative abundance values, one for each
of the three restriction digestions. The lowest of
these three values is the ‘triplet minimum’. For
example, if the relative abundances of fragments
for a sample were 20% for BsuRI, 16% for Bsh1236I
and 18% for MspI for a given triplet, the triplet
minimum would be 16%. This approach minimizes
overestimation of abundance caused by interference
between fragments originating from different
organisms.
Statistical analysis of the T-RFLP data set

After standardization with a variable percentage
threshold (Osborne et al., 2006), a non-metric
multidimensional scaling (NMS) analysis was carried out to reveal non-linear trends in community
structure. For this purpose, the data from all three
enzymes were concatenated to build a master matrix
including every sample. Before carrying out the
statistical analysis, fragments that were present in
fewer than five samples were removed. In addition,
samples with an average distance more than three
standard deviations from the mean distance were
excluded from the analysis. The resulting matrix
(360 samples  590 T-RFLP markers) was analyzed
using the PC-ORD 5 software package (McCune and
Grace, 2002). Sørenson distance measurement and
the ‘slow and thorough’ autopilot setting (250
ordinations with real data, 250 randomized Monte
Carlo runs, 500 iterations) were chosen. Final stress
of the stable, two-dimensional solution was 15.8
with an instability of 0.00428. Probability of a
similar stress in the randomized data set was
0.004. The plot was rotated to maximize overlap
between axis 2 and the depth from which the
samples were collected. By overlaying the NMS
plot with physical, chemical and biological measurements from BATS (depth, month of the year,
temperature, salinity, several nitrogen species, dissolved organic carbon, bacterial cell counts and
pigments, including chlorophyll), correlations
between the T-RFLP data and these parameters were
determined.
The analysis of similarities (ANOSIM) was carried
out using PRIMER v6 (Clarke, 1993). Groups were
defined as upper euphotic zone (UEZ), with surface,
40 and 80 m samples, DCM, with samples from 120
The ISME Journal

and 160 m, and upper mesopelagic (UMP), with
samples from 200, 250 and 300 m. A Sørenson
similarity matrix of the complete data set was used
for the one-way ANOSIM with the number of
permutations set to 999.
Annual deep convective mixing extends the
mixed layer depth into the mesopelagic zone every
year at BATS and affects the surface ocean biogeochemistry at this site (see Steinberg et al., 2001 and
citations within). To examine the microbial community variability relative to the mixing event, we
aligned each year’s data to the timing (month) of the
deep mixing event, and collapsed the decade of
triplet minima data to a single composite year. These
data were plotted for the final figures using Ocean
Data View (Schlitzer, 2000). Seasonal and spatial
(depth distribution) patterns were identified by
checking for the presence/absence of the fragments
at every sampling date and depth using a Microsoft
Excel spreadsheet.

Richness, mixed layer depth, and primary productivity

Richness was calculated as the average number of
the observed T-RFLP markers for each enzyme and
depth. The results for the different enzymes were
then combined and averaged. Mixed layer depth
was calculated as the depth where sigma-t was equal
to sea surface sigma-t, plus an increment in sigma-t
equivalent to a 0.2 1C temperature decrease (Sprintall and Tomczak, 1992). Primary production data
were extracted from the public website of the
Bermuda Atlantic Time-series Study (http://bats.
bios.edu/index.html).

Results
Sample collection and T-RFLP measurements

The analysis we discuss here included 412 samples
collected over a period of 12 years and 9 depths
ranging from the surface to 300 m (see Table 1 and
Supplementary Material Table S1). We chose
T-RFLP techniques to profile microbial community
structure from a decade of nucleic acid samples
because they are high-throughput and T-RFLP
fragments can be predicted in silico from 16S rRNA
sequence databases. An initial computational analysis of a marine microbial 16S rRNA gene data set
using ARB (Ludwig et al., 2004) and TRF-CUT
(Ricke et al., 2005) was carried out to identify the
number and types of restriction enzymes to be used.
We settled for BsuRI, Bsh1236I and MspI because
they were predicted to have the highest resolution
and the least redundancy. Most of the sequences in
the marine data set were cut by all three enzymes,
whereas only a small percentage was cut by one or
two of the enzymes. Using the three enzymes in
independent digests increased phylogenetic specificity, and partially overcame the problem of multiple organisms contributing to individual fragment
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lengths (Marsh et al., 2000; Kent et al., 2003).
Adopting this approach, we developed the triplet
minimum method to reduce interference between
phylogenetic groups in the estimation of microbial
abundances. Of the 412 samples, 369 produced
T-RFLP profiles for all the three restriction enzymes
and were thus used in the analysis. Higher resolution of the microbial community was obtained with
the enzymes BsuRI and MspI than with Bsh1236I,
which was not predicted from the initial computational analysis of the marine sequences from the
database. Altogether, 302 different fragment lengths
were detected for BsuRI, 248 for Bsh1236I and 289
for MspI. On average, 42 and 38 fragments were
observed in the surface samples and 55 and 56
fragments in the 200 m samples, for BsuRI and MspI,
respectively. In contrast, Bsh1236I digestions
yielded an average of only 30 fragments from surface
samples and 35 fragments from 200 m samples.
Richness and RNA/DNA ratios

The average richness of markers detected by the
three different restriction enzymes increased below
the euphotic zone (Figure 1). Interestingly, the RNA/
DNA ratios of the entire planktonic community,
an indicator of metabolic activity, decreased with

Figure 1 Average species richness, primary production and
RNA/DNA ratios in the surface layer. Richness is indicated by the
solid line, primary production by the dashed line and RNA/DNA
ratios by the dotted line. The beginning of the mesopelagic zone
(0.1% light level at 140 m) is marked.

increasing depth and were inversely related to the
observed richness of bacterial species (Figure 1).
The greatest transition in the trends of the RNA/
DNA ratio and richness occurred at B140 m (Figure 1), the average depth of the 0.1% light level and
the beginning of the mesopelagic zone. As with
species richness, seasonality in RNA/DNA ratios
was much less pronounced than vertical variation
(data not shown).
Patterns in microbial community composition

The northwestern Sargasso Sea undergoes annual
cycles of productivity with spring phytoplankton
blooms corresponding to periods of convective
mixing, and productivity lows coincident with
periods marked by extensive oligotrophy in summer
and autumn, when the water column becomes
highly stratified (Steinberg et al., 2001). NMS
ordination of the complete data set resolved four
microbial communities (Figure 2). During seasonal
stratification, surface (UEZ; 0–80 m), deep chlorophyll maximum (DCM; 120–160 m) and deep samples (UMP; 200–300 m) clustered separately. The
‘spring bloom’ community resolved separately in the
ordination, propelled in particular by eukaryotic
phytoplankton, which emerged in the analysis
because plastid 16S rRNA genes co-amplified with
bacterial 16S rRNA genes.
We used the ANOSIM algorithm to provide
statistical support for the microbial communities
we report here. Defining ANOSIM analyses on the
basis of ordination results (Figure 2) would not
provide a reliable test because of circular reasoning.
Therefore, we defined the communities for ANOSIM
analyses based on depth horizons (Supplementary
Figure S3). The R-value received for the pair-wise
comparison UEZ–UMP was 0.78, showing that they
are fairly distinct communities. The DCM community had similarities with both the UEZ and UMP
communities (DCM–UEZ: R ¼ 0.39, DCM–UMP:
R ¼ 0.36) (see inset Supplementary Figure S3). The
unique characteristics of the spring bloom community have been discussed earlier by Morris et al.
(2005).
Although the trends identified by ordination are
the dominant patterns of microbial community
variation, many individual examples of spatial and
temporal patterns were discerned by examining the
distributions of individual fragments (Figure 3).
Approximately half of the fragments showed seasonal patterns and half showed vertical patterns, with
some degree of overlap between the groups. When
we excluded fragments that showed little variation
throughout the year, 39% of all fragments exhibited
distinct seasonal bloom patterns, whereas others
varied with no discernable pattern. Similarly, after
excluding fragments that were present at all depths,
43% of all fragments showed stratified distributions.
For a better comparison, the abundance of fragments
with specific patterns were normalized to the
The ISME Journal
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Figure 2 Non-metric multidimensional scaling ordination of 360 samples in terminal restriction fragment length polymorphism marker
space consisting of 590 unique fragment lengths. Samples sharing similar markers cluster in this analysis, which takes into account the
magnitudes of the markers. Sizes of dots are proportional to the depths from which the samples were taken (1, 40, 80, 120, 160, 200, 250
and 300 m). Color shows the sampling month, indicating that seasonality is much less conspicuous than vertical stratification. The
ordination was rotated to maximize overlap of axis 2 with depth. DCM, deep chlorophyll maximum; SBL, spring bloom; UEZ, upper
euphotic zone; UMP, upper mesopelagic.

number of all fragments that showed non-random
patterns, including those present in all seasons or at
all depths, and then averaged. This was possible
because all three enzymes exhibited the same trends
(r2 between enzymes 0.59–0.84 for seasonal and
0.9–0.92 for spatial patterns). Disregarding fragments
that were present year-round, the most common
pattern for fragments that displayed seasonal trends
(Figure 3a) was high abundance in the spring
(14.3%), as suggested by the NMS analysis, followed
by those showing a summer/fall/winter maximum
(12.4%), a spring/summer maximum (9.1%) and a
summer only maximum (8.1%). Similarly, disregarding fragments that were present throughout the
water column, most of the fragments with vertical
trends (Figure 3b) showed a 40–300 m distribution
(25.8%), followed by fragments that were present in
the surface waters down to 160 m (20.1%) and
fragments that were only observed in waters 200 m
and deeper (15.6%).
We took a conservative approach to assign fragments to taxa (Figure 3). Generally, if a fragment
could not be assigned to a triplet, we considered
the phylogenetic origin of the fragment uncertain
and did not analyze the fragment further. A
summary of patterns analyzed in this study or
associated with the spring bloom at BATS is shown
in Figure 3c.
The relative abundance of fragments from the
SAR11 clade of Alphaproteobacteria averaged 19%,
The ISME Journal

overshadowing all other organisms. A detailed
analysis that combined these T-RFLP data with
SAR11 fluorescence in situ hybridization cell counts
to model temporal and vertical distribution patterns
in SAR11 ecotype populations has been published
(Carlson et al., 2009).
The alphaproteobacterial clade OCS116 bloomed
with phytoplankton in the spring (Figure 4a). Morris
et al. (2005) reported this earlier; however, our
analysis showed a previously undetected population
of OCS116 in the region of the DCM during the
period of water column stratification. An additional
group of organisms that as stratified in the DCM
included members of the phylum Actinobacteria
which are closely related to uncultured Microthrix
species (Supplementary Figure S4). They were
present in the DCM year-round, with occasional
blooms during the summer stratification period.
Another well-studied group of microorganisms at
BATS is the marine picocyanobacteria clade. Our
results with these organisms (Figure 4b) corroborate
earlier findings, showing the validity of our approach. Synechococcus and Prochlorococcus, which
are about 97% similar in 16S rRNA sequence,
displayed the same triplet (BsuRI 291 bp, Bsh1236I
95 bp, MspI 471 bp), a finding that the clone libraries
confirmed. Composite plots of the marine picocyanobacteria clade triplet minima confirmed a high
relative abundance (up to 35% of the total fragment
fluorescence) of these organisms in the summer
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months in the euphotic zone (Figure 4b). The
prominent T-RFLP pattern of the marine cyanobacteria resembles Prochlorococcus distributions reported earlier in the literature (Figure 4b) (Durand
et al., 2001; Heywood et al., 2006). Although our
analysis could not resolve Synechococcus from
Prochlorococcus, those studies showed that Synechococcus is most abundant during spring deep
mixing and Prochlorococcus populations reach their
maximum abundances during summer and fall. In

addition, Durand et al. observed that Prochlorococcus was ten times more abundant and had a deeper
population maximum than Synechococcus (Durand
et al., 2001). They also showed that, during the
winter months, these organisms are closer to the
surface, and when the maximum MLD extends
below the euphotic zone in late winter and early
spring, their relative abundance is reduced (Durand
et al., 2001; Steinberg et al., 2001).
Similar to earlier reports, we observed that the
SAR202 clade of Chloroflexi was mainly found in
the aphotic zone (Morris et al., 2004). However, the
better resolution afforded by this analysis allowed
us to observe an earlier unseen summer bloom of
this clade in the upper mesopelagic zone (Figure 5a).
Although nearly absent from the euphotic zone,
SAR202 blooms in the summer in the upper
mesopelagic zone reached a relative abundance of
up to 2% in May through June (3 and 4 months after
deep mixing), compared with an average yearly
upper mesopelagic value of 0.5–1%.
The deltaproteobacterial clade, SAR324/Marine
Group B, which was initially described by Fuhrman
and Davis (1997) and Wright et al. (1997), was also
prevalent in our data set (Figure 5b and Supplementary Figure S5). The clade’s depth distribution
increased from 1.9% of the relative fragment
abundance at the surface to 14.4% at 300 m.
Recently, Brown and Donachie (2007) delineated
three species-level subclades (named I, II and
SAR276) and estimated their abundances in different geographical locations on the basis of clone
libraries and database entries. We were able to
distinguish between the subclades on the basis of
their triplets, with subclade I contributing the
greatest average relative abundance (9%) in the
upper mesopelagic zone. Subclade II, which was
only detected below 160 m, reached 2% relative
abundance at 300 m. The SAR276 subclade was
present throughout the upper 300 m of the water
column, with a mean relative abundance that
increased from 1.6% at the surface to over 3% at

Figure 3 Seasonal (a) and vertical (b) patterns inferred from
individual terminal restriction fragment length polymorphism
peaks and (c) organisms that contribute significantly to the
distinctness of the upper euphotic zone, deep chlorophyll
maximum, upper mesopelagic and spring bloom microbial
communities. (a) The most common pattern was occurence only
in the spring, followed by a summer/fall/winter pattern. Seasons
were defined as follows: December–February, winter; March–
May, spring; June–Aug, summer; September–November, fall. Rare
patterns (those that were represented by o3% of all fragments)
are not shown. Altogether, 6.9% of all fragments were in the ‘rare
pattern’ category. (b) Fragments showing vertical distribution
patterns did not follow the euphotic/mesopelagic zone separation
seen in the non-metric multidimensional scaling analysis, but
rather had natural borders at 40 m and between 160 and 200 m.
Rare patterns are not shown. Altogether, 8.1% of all fragments
were in the ‘rare’ pattern category. (c) Microbial clades observed
during different times and in the different zones of the water
column.
The ISME Journal
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Figure 4 Averaged seasonal composites of (a) OCS116 and (b) the marine picocyanobacteria clade distributions in the surface 300 m at
Bermuda Atlantic Time-series Study. (a) The plot shows the spring bloom and summer deep chlorophyll maximum (DCM) occurrence of
OCS116 clade bacteria. After the nutrient intake by deep mixing and a subsequent spring bloom of OCS116 bacteria, these organisms
persist in a depth horizon of 80–120 m, the area of the DCM, during the period of summer stratification. This might indicate an
association of this clade with photosynthetic organisms. (b) The sum of the relative abundances of Prochlorococcus and Synechococcus
are shown. DM, the month of the deep mixing event.

300 m. No seasonal patterns were detected among
the SAR324 subclades (data not shown).
One striking pattern that emerged from this
analysis was a seasonal bloom of the SAR86 clade
in the mixed layer during the height of summer
stratification (Figure 6a). The SAR86 clade belongs
to the Gammaproteobacteria and is one of the most
common groups observed in clone libraries made
from surface water samples. They attracted attention
when proteorhodopsin was first discovered in the
fragment of a SAR86 genome (Béjà et al., 2000a). We
used phylogenetic reconstruction, with confirmation
by gene cloning and sequencing, to resolve the
subclades of SAR86 (Suzuki et al., 2004) and show
that they can be distinguished by the T-RFLP
The ISME Journal

methods we used, but not without some overlap
(Figure 7; Supplementary Figures S6a and b). The
summed relative abundances of all SAR86 fragments
showed that the SAR86 clade is present throughout
the year, but increases in relative abundance from
April to October (months 1–7 after DM), reaching a
peak in relative abundance of 3% in June and July
(months 3 and 4 after DM; Figure 6a). They were
nearly absent from waters below 100 m, except in
May after spring convective overturn, when they
were observed as deep as 150 m. Surprisingly, all the
SAR86 subclades exhibited similar distribution
patterns when analyzed separately (data not shown).
In contrast to other studies (Suzuki et al., 2004), we
did not include the clades CHAB-I-7 and San Pedro
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Figure 5 Averaged seasonal composite plots showing (a) the summer, upper mesopelagic bloom of SAR202 clade and (b) the year-round
upper mesopelagic occurrence of the SAR324 clade. (a) To represent a composite year in the context of deep mixing, each year of the
12-year data record was first aligned to the month of each year’s maximal mixing and expressed as the month before and 10 months after
deep mixing. The values plotted are triplet minima. (b) Similar to SAR202, the SAR324 clade is found in the mesopelagic zone. SAR324
populations decrease in abundance during spring mixing, and generally extend to shallower depths than SAR202. DM indicates the
month of the deep mixing event.

Ocean Time-Series (SPOTS) in the SAR86 clade
because they are phylogenetically distant.
The alphaproteobacterial clade SAR116 was also
prevalent in the data set. These organisms had a
distribution similar to that observed for SAR86;
during June, July and August (months 3–5 after DM),
a strong bloom was observed in the upper 50 m of
the water column, reaching relative abundances of
about 20% (Figure 6b). The SAR86 bloom begins
with the onset of water column stratification after
spring convective overturn. In a phylogenetic reconstruction of selected full-length SAR116 sequences from the databases, different subclades
could be delineated (Supplementary Figures S7
and S8). Suzuki et al. (2001) described SAR116

subclades I, II and III and our phylogenetic analysis,
supported by triplets, showed a further subgrouping
of these subclades. Subgroups of SAR116 subclade I
showed distinct triplets (Ia 192/96/178 bp; Ib 189/
93/175 bp for BsuRI/Bsh1236I/MspI). Similarly,
SAR116 subgroup II also exhibited distinct triplet
patterns. Subgroups IIa (226/196/149 bp) and IIc
(289/93/439 bp) were predicted to have consistent
triplets; however, subgroup IIb, did not produce a
consistent triplet across all analyzed sequences.
Therefore, subgroup IIb could not be traced in the
T-RFLP data set. SAR116 subclade III resolved into
two different phylogenetic subgroups (IIIa and IIIb)
that did not have distinguishable triplets. We
detected two additional subclades that have not
The ISME Journal
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Figure 6 Averaged composite plot showing annual summer blooms in the upper euphotic zone of (a) the SAR86 clade and (b) the
SAR116 clade at the Bermuda Atlantic Time-series Study site. (a) SAR86 relative abundance is highest in the summer mixed layer, which
extends to 10–20 m. This plot sums all of the SAR86 subclades shown in Figure 7. Identical seasonal and spatial distributions were
observed for the subclades, despite their forming distinct phylogenetic groups that suggest ecotypes. These data indicate that both clades
are most abundant in the summer mixed layer; however, the scales are different, suggesting that either the SAR116 clade is relatively
more abundant than SAR86 throughout the year, or that it has more copies of the16S rRNA gene. DM indicates the month of the deep
mixing event.

been reported earlier, IV and V, with triplets of 193/
97/439 and 193/197/163 bp, respectively. Owing to
overlap between fragments for subclades III, IV and
V, we were not able to distinguish between these
groups.

Discussion
The Bermuda Atlantic Time-series Study provided
an oceanographic context to study the patterns of
microbial community change in an ocean gyre.
The surface layer of the BATS site differs from some
The ISME Journal

other oligotrophic gyres, for example, the Hawaii
Ocean Time-series site, in that it is seasonally
oligotrophic marked by periods of deep mixing
followed by long periods of highly stratified low
nutrient conditions. Each winter/spring, there are
deep convective overturn events at BATS where the
MLD extends to as deep as 350 m, entrain nutrients
to the surface, and trigger annual phytoplankton
blooms that result in rapid nutrient drawdown and
increased organic particle flux (Steinberg et al.,
2001). As the water column begins to stratify,
dissolved organic matter accumulates in the
euphotic zone (Carlson et al., 1994; Hansell and
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Figure 7 16S rRNA evolutionary tree of the SAR86 clade of
Gammaproteobacteria, showing the phylogenetic distribution of
triplets (BsuRI/Bsh1236I/MspI). Naming of the subclades follows
Suzuki et al. (2001); however, we observed two subgroups within
SAR86 subclade III (IIIa and IIIb) that were not described earlier,
but are consistent with terminal restriction fragment length
polymorphism triplets. Further, two of the subclades shown
(CHAB-I-7 and San Pedro Ocean Time-Series (SPOTS)) are not
included in the SAR86 clade in some studies. The sequence of
Alcanivorax borkumensis (AF062642) was used to set the root of
the tree, which was calculated using the Neighbor-Joining
algorithm and is based on 1423 nucleotides of sequence. Numbers
indicate the percentage of bootstrap replicates that support the
nearby branch. Dominant triplets are indicated for all subclades.
Some sequences, including clones from this study, did not group
with the major clades and might represent additional, less
abundant clades.

Carlson, 2001). A broader assessment of the BATS
biogeochemical data is presented elsewhere (see
Deep Sea Research II volumes 43 No. 2–3 and 48:
No. 8–9 for relevant studies).
Richness

Species richness—the total number of species in a
sample—is perhaps the broadest measure of community diversity. Unexpectedly, we found that
richness increased significantly below the euphotic
zone (Figure 1). Although richness does not necessarily translate to phylogenetic diversity, a factor in

the lower diversity of the euphotic zone may be that
it is largely the domain of only two phyla, the
Cyanobacteria and Proteobacteria, whereas the
upper mesopelagic zone harbors large populations
of bacteria from the Chloroflexi and Fibrobacteres/
Chlorobi phyla, as well as Deltaproteobacteria that
are not common in the euphotic zone. The upper
mesopelagic zone’s microbial community was also
considerably more uniform in richness throughout
the year (data not shown), and occupies a region
where fluctuations in light, temperature and nutrients are much less extreme. Variability in export flux
of both particulate and dissolved organic matter
(Steinberg et al., 2001) in combination with solubilization of sinking particles (Azam and Long, 2001;
Azam and Malfatti, 2007) within the mesopelagic
zone potentially introduce heterogeneity of available organic substrates in an otherwise nutrient-rich
thermally stable environment. All of these factors
may contribute to the greater diversity we observed
in the upper mesopelagic microbial community.
Interestingly, Hewson et al. (2006) found higher
richness in 500 and 3000 m samples than in samples
taken at 1000 m, indicating additional factors
controlling richness in the deeper meso- and
bathypelagic. Other studies assessing the richness
of marine microbial communities focused on surface
samples and showed a decrease in richness
with an increase in latitude (Pommier et al., 2007;
Fuhrman et al., 2008). Richness, latitude and
temperature were highly correlated, indicating that
higher temperatures support a richer community
structure on the geographical scale. However, in our
data set, temperature and richness were inversely
related, suggesting that factors other than temperature control richness on a vertical scale in the
oceans.

RNA/DNA ratios

We found that RNA/DNA ratios were inversely
related to species richness, declining below the
euphotic zone (Figure 1). High RNA/DNA ratios
generally indicate greater metabolic activity because
of the increased protein synthesis in rapidly growing
cells (Dortch et al., 1983). However, across species,
RNA/DNA ratios tend to increase with increasing cell
size and decrease with increasing genome size (Kemp
et al., 1993). Thus, although the high RNA/DNA ratios
observed in the euphotic zone may reflect high
relative productivity and turnover rates, we suspect
that other factors are at work. In particular, relatively
small genome sizes have been reported for some
euphotic zone bacteria (Giovannoni et al., 2005b,
2008), as well as an increase in percentage of cells
showing a higher DNA content with depth (Reinthaler
et al., 2006). However, from the information available,
it is not possible to identify trends in genome size and
cell size that might affect RNA/DNA ratios along the
vertical axis in ocean gyres.
The ISME Journal
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Ordination indicates modes of community
organization

Four modes of microbial community composition
emerged from the ordination analysis: a post-mixing
spring bloom community, a stratified surface community, a DCM community and a stratified upper
mesopelagic community (Figures 2 and 3c). Apart
from mixing events, aphotic and euphotic zones’
communities at BATS separated very clearly in the
NMS analysis. Some of these findings echo earlier
reports, particularly those of Morris et al. (2005) and
Carlson et al. (2009), who observed that spring
mixing events at BATS have a significant effect on
microbial community composition, and the numerous reports which have shown euphotic zone and
mesopelagic microbial communities are distinct
(Giovannoni et al., 1996; Gordon and Giovannoni,
1996; Fuhrman and Davis, 1997; Wright et al., 1997).
However, the DCM community that emerged in the
ordination (Figure 2) has not been recognized
previously as a separate community with a distinctive composition, as we report here. As evident in
the ordination, the DCM community is related to the
spring bloom community in its composition. This is
discussed further below.
Inspection of individual T-RFLP fragment plots
supported the ordination results, but also underscored that the four communities revealed by
ordination are generalizations from many individual
distribution patterns that are unique to organisms
whose natural histories do not necessarily follow
the general trends. For example, less than half (43%)
of all fragments having stratified depth distributions, and one-fourth of all fragments showing nonrandom patterns were present from 40 m down to
300 m (Figure 3b). This perspective, illustrated in
Figures 3a and b, can be reconciled with the
ordination results by considering the importance of
‘keystone’ microbial groups, which affect ordinations in proportion to their abundance and thereby
contribute to the distinctness of communities. Some
T-RFLP fragments could not be identified. Possible
explanations, for example, episodic blooms and
pseudo T-RFs (Egert and Friedrich, 2005) are
discussed in the Supplementary Material S9.
The spring bloom and the DCM microbial community

In broad strokes the paragraphs above define key
features of the BATS surface layer microbial ecosystem, but its dynamic nature is illustrated nowhere
more aptly than in the post-mixing spring bloom
and ensuing transition to stratification. Some of
these dynamics are shown in Figures 4–6, but also in
the Morris et al.’s. (2005) study of seasonal mixing
and the Carlson et al.’s (2009) study of SAR11
seasonal dynamics.
The annual composite plot of OCS116 (Figure 4a),
an uncultured alphaproteobacterial clade, revealed
a spring bloom of these organisms, as previously
reported by Morris et al. (2005), but also showed that
The ISME Journal

these organisms persist during the remainder of the
year as a population in the DCM microbial community. Other organisms follow a pattern similar to that
shown here for OCS116. For example, we observed
that members of a marine clade of Microthrix were
also abundant in the DCM community (Supplementary Figure S4), and the SAR11 Ib ecotype follows a
similar pattern (Carlson et al., 2009).
Despite some common elements of microbial
community structure, the retreat of photoautotrophs
to the DCM, brought about by declining nutrient
concentrations in the UEZ, is also accompanied by
changes in community composition. Figure 4b
shows one of the strongest patterns to emerge from
the data set—the average yearly distribution of
marine Synechococcus and Prochlorococcus. These
organisms replace eukaryotic phytoplankton as the
dominant phototrophs after the spring bloom.
Although above we draw attention to the most
prominent patterns of seasonal change, seasonal
patterns were also prominent in plots for many
individual T-RFLP fragments. Indeed, 39% of all
fragments followed readily discernable seasonal
patterns. In accord with the NMS statistical analysis, the most frequently observed seasonal pattern
was the transient occurrence of many fragments in
the spring. Many of these were identified as
fragments originating from plastid 16S rRNA genes,
which amplify with the same primers used for
bacterial 16S rRNA gene amplification. These will
be analyzed in detail in another publication. Others
(SAR86 and SAR116), described below, become
dominant in the stratified surface waters of the
summer.
The stratified surface community

During stratified periods, the euphotic zone and
particularly the upper 40 m of the stratified water
column has the highest exposure to solar radiation,
and is very low in macronutrients such as phos
phorous and combined nitrogen (NO
3 , NO2 and
NH3 þ ), making it a truly extreme environment.
Some features of community stratification that we
found, particularly those for SAR11 and phototrophs, echo findings from earlier studies. However,
the data also unveiled new features, notably highly
stratified populations of SAR86 and SAR116 in the
summer euphotic zone (Figure 6).
The alphaproteobacterial SAR116 clade produced
one of the most prominent T-RFLP patterns in the
data set, contributing an average of 12.6% of all
fragments above 100 m, and consistently blooming
to 20–25% of the total 16S rRNA gene amplicon
signal during summer stratified periods (Figure 6b).
Although SAR116 is a common bacterioplankton
group, until now its association with the euphotic
zone has been on the basis of clone library data,
which are limited to few samples and lack robust
statistical support. Thus, this analysis provides the
first overwhelming evidence that SAR116 is a
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euphotic zone clade. Even during the fall, winter
and spring, SAR116 contributed 7–10% of the
T-RFLP signal above 100 m. In contrast, in Global
Ocean Survey metagenomic data collected in the
winter and spring from the Sargasso Sea, only 2–3%
of 16S genes were from SAR116.
Like SAR116, the SAR86 clade of Gammaproteobacteria emerged as a highly seasonal clade relegated to the extreme environment of the oligotrophic
stratified euphotic zone (Figure 6a). This study
confirms their euphotic zone distribution, which
previously was largely inferred from the frequent
appearance of SAR86 clones in surface samples.
SAR86 and SAR116 clades, as well as the SAR11
Ia and Ib ecotypes (Carlson et al., 2009), are most
pronounced in the stratified euphotic zone. Proteorhodopsin has now been observed in many marine
microbial groups, including the SAR11 (Giovannoni
et al., 2005a) and SAR86 clades (Béjà et al.,
2000a, b). It is thought to function as a lightdependent proton pump. Its discovery focused
attention on the potential importance of photoheterotrophy in marine bacteria. The adaptations that
contribute to the success of SAR86, SAR116 and
SAR11 Ia and Ib ecotypes in these high-light low
nutrient environments are not yet understood, in
part because cultures and genomes are not yet
available for SAR86 and SAR116. Our findings
invite further scrutiny of these organisms to understand the role of proteorhodopsin, and to identify
other factors that could contribute to the seasonal
surface blooms we observed.

The upper mesopelagic microbial community

The surface and DCM communities described
above overlay a community that is relatively high
in mineral nutrients but has insufficient light to
support a significant population of photosynthetic
organisms. However, it is poised in space to interact
with sinking particles and exported dissolved
organic matter accumulating from primary production in the layers above.
Observations of the SAR202 clade, a diverse group
of uncultured organisms from the phylum Chloroflexi, have been largely confined to the deep ocean
(Giovannoni et al., 1996; Morris et al., 2004). The
SAR202 clade has a complex phylogenetic substructure, suggesting that it may represent substantial
phenotypic diversity. These organisms are estimated
to constitute about 10% of the total bacterial
population in the mesopelagic and bathypelagic
realms (Morris et al., 2004; Varela et al., 2008). Our
analysis confirmed earlier findings, but also
revealed annual blooms of SAR202 populations in
the upper mesopelagic zone several months after
deep mixing (Figure 5a). The factors that cause these
large populations to bloom in shallower regions of
the mesopelagic during the summer stratification
are unknown.

Similar to SAR202, the SAR324 clade of Deltaproteobacteria produced a large T-RFLP signal
(average 11.3%, see Figure 5b and Supplementary
Figure S5) in the upper mesopelagic zone, but we
observed no strong seasonal patterns in their
distribution (Figure 5b). They were nearly absent
from the euphotic zone (average 2.2%), consistent
with earlier reports showing that this uncultured
microbial clade is distinctly a meso- and bathypelagic organism (Fuhrman and Davis, 1997; Wright
et al., 1997; Gonzalez et al., 2000). We found
SAR276, a subclade of SAR324, to be more abundant
in the upper 120 m of the water column than
subclades I and II (Supplementary Figure S5). Below
120 m, subclade I was much more abundant than
both of the other two subclades. This finding
contrasts with the observations of Brown and
Donachie (2007), who suggested that subclade II is
the most abundant in the water column. Their study
was on the basis of the analysis of 16S rRNA gene
and ITS sequences from different sampling locations, including BATS, and did not consider
seasonal changes in abundance.
Sparse evidence for ecotypes

Ecotypes are closely related lineages of bacteria
that differ slightly in adaptive physiological traits
conferring niche specificity (Cohan, 2006). Differing
spatial and temporal distribution patterns that
correlate with the fine structure of phylogenetic
trees are often used to identify ecotypes. In most
cases, the traits that confer niche specificity to
ecotypes are unknown (Hunt et al., 2008;
Koeppel et al., 2008). Two of the best examples of
microbial clades that are composed of multiple
ecotypes are SAR11 and Prochlorococcus. In the
case of Prochlorococcus, the distributions of ecotypes and some traits that contribute to niche
specificity are both known (Moore et al., 1998).
Several reports have documented ecotypes of
SAR11. Most recently, and thoroughly, Carlson
et al. (2009) used the same data we use in this
study to model the distributions of SAR11 ecotype
populations at BATS.
The phylogenetic substructure of the SAR86 and
SAR116 clades (Figure 7 and Supplementary Figure
S7) suggests that, like SAR11 and Prochlorococcus,
these microbial groups may consist of multiple
ecotypes. However, we were surprised that evidence
for neither SAR86 nor SAR116 ecotypes emerged
from this analysis. The failure to resolve ecotypes
for these abundant clades is unlikely to be related to
the resolution of T-RFLP methods. We could resolve
the subclade structure of SAR86 reported in the
literature (Suzuki et al., 2001), and additionally
delineate several new subclades, which were reflected in the triplets (Figure 7 and Supplementary
Figure S6a). Although the clade substructure of
SAR86 and SAR116 suggests different ecotypes
similar to what was shown for SAR11 (Carlson
The ISME Journal
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et al., 2009), there was no evidence to support the
ecotype hypothesis. If there are SAR86 and SAR116
ecotypes at BATS, they are either sympatric, or the
differing patterns of their distributions were too fine
to be resolved by our experimental design.
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Conclusion

This large data set, and the comprehensive power of
T-RFLP analysis, showed many earlier unseen
features of microbial community population
dynamics in the northwestern Sargasso Sea. Some
of these features, particularly those observed during
the period of summer stratification, are likely to be
common features of stratified ocean gyres, whereas
others may be peculiar to systems that undergo
similar deep convective mixing events and ensuing
phytoplankton blooms. A diversity of physical,
chemical and biological measurements are taken at
BATS on a monthly basis, and were available to us
for the NMS analysis to identify factors that might
control the distribution of microbial populations.
Although many correlations between routine
measurements at BATS and microbial distributions
were analyzed, none of these emerged that overwrote the dominant theme that seasonal mixing,
surface warming, and stratification are the key
determinants of transitions of microbial community
structure.
Many oceanographic processes—and the natural
history of microbial plankton is no exception—are
veiled by the vastness and complexity of the oceans.
Time-series studies are designed to resolve seasonal
and long-term patterns, sacrificing a geographical
perspective. All else being equal, a study of similar
scope on the basis of random sampling would be
expected to observe the same variation, but not
discern the patterns emerging from a time-series.
Nonetheless, monthly time-series studies, such as
BATS, will largely miss episodic and vertical
features that are too fine to be resolved by this
experimental design. In an era of global change,
time-series studies are a powerful approach to
discern long-term trends that might be obscured by
year-to-year variability. Future studies at BATS and
other sites may use pyrosequencing, and methods
such as quantitative PCR and fluorescent in situ
hybridization, to estimate the biomass of populations, to quantify distributions of rare species, to
identify fine patterns in ecotype distributions and to
identify genomic adaptations that permit different
microorganisms to subdivide the ocean surface layer
into temporal and spatial niches.
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