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ABSTRACT: Spatiotemporal distributions of rare
microbial taxa were examined in 384 samples from
the Bermuda Atlantic Time-series Study (BATS) site,
in the northwestern Sargasso Sea. Sequences were
partitioned into 6 mutually exclusive sets based on
abundance (abundant, rare, and very rare) and fre-
quency of detection (frequent and infrequent).
Analyses of variance for taxa that were frequently
present, across all levels of abundance, demon-
strated environmental filtering, indicating that gradi-
ents in environmental factors, such as season and
depth, drive community assembly for rare taxa, as
they do for abundant taxa. All abundant nodal taxo-
nomic units (NTUs) had spatiotemporal periods of
rarity, providing a clear demonstration of the role of
fluctuating reproductive success in population
dynamics, and the role of rare populations as seed
banks. An inverse relationship between the number
of rare taxa and physical stratification indicates that
transport by mixing drives increased community
diversity throughout most of the year. Populations of
selected copiotrophic taxa varied in episodic patterns
that were not tightly entrained to season and depth,
indicating that these populations are not governed
by the same rules of community assembly that apply
to most other taxa and may be adapted to exploit
infrequent, unknown disturbances. Overall, the find-
ings support the perspective that the success of most
rare populations was driven by the same fundamen-
tal patterns of spatiotemporal variation that drove the
success of dominant populations, but also indicate
potentially important roles for transport by mixing
and atypical life histories in determination of commu-
nity composition.
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INTRODUCTION

The Bermuda Atlantic Time-series Study (BATS)
site, in the northwestern Sargasso Sea, is a seasonally
oligotrophic marine environment (Steinberg et al.
2001). This region of the North Atlantic subtropical
gyre is subject to cooling and high storm frequency
in the winter months that results in deep convective
mixing of the surface 300 m. This mixing brings
nutrients such as phosphorus and nitrogen into the
euphotic zone, thus triggering blooms of photosyn-
thetic microorganisms in the winter/early spring
(January to April). As the storm frequency declines
and water warms, it thermally stratifies in the late
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spring, resulting in distinct, stable bacterial commu-
nities in the mixed layer, the deep chlorophyll maxi-
mum, and the upper mesopelagic (Giovannoni &
Rappé 2000, Treusch et al. 2009). These communities
persist from late spring through early autumn. Dur-
ing the summer and early fall, warm, stratified waters
result in lower primary productivity (Menzel &
Ryther 1960, Steinberg et al. 2001, Nicholson et al.
2012). These low-productivity conditions are sup-
ported by regenerative production (Eppley & Peter-
son 1979) dominated by picoplankton populations.

Theoretical issues surrounding the distributions of
rare taxa in the oceans have been discussed (Sogin et
al. 2006), but few microbial diversity surveys have
had the sensitivity to address this issue. Pedrés-Ali6
(2012) speculated that rare taxa, represented by the
long tails of rank abundance plots, represent seed
banks that reproduce in response to favorable shifts
in environmental conditions, and otherwise persist,
aided by the advantage of diminished viral and zoo-
plankton predation at low population densities.
Brown et al. (2005) demonstrated that some taxa
alternate between periods of rarity and abundance at
the San Pedro Ocean Time Series study site. Camp-
bell et al. (2011) showed that many taxa cycle
between abundant and rare while others were
always rare. Galand et al. (2009) showed that rare
taxa can have a biogeographic distribution and are
likely subject to selection, speciation, and extinction.
As noted by Fuhrman (2009), some taxa rarely found
in cloning studies are routinely cultivatable and other
taxa may be rare, but nonetheless important to bio-
geochemical cycles. Fuhrman (2009) further sug-
gested that high-throughput sequencing could be
used to address hypotheses about microbial rarity.

Major features of marine bacterioplankton commu-
nity structure have been characterized. Seasonality
was demonstrated for community structure (Fuhr-
man et al. 2006, Caporaso et al. 2012, Gilbert et al.
2012) and specific taxa (Carlson et al. 2009, Treusch
et al. 2009). Deep sequencing has suggested that
some members of microbial communities are always
present but vary in population size as environmental
conditions vary (Caporaso et al. 2012) and that depth
segregation, as well as seasonality at the surface and
water mass segregation at depth, applies to both rare
and abundant operational taxonomic units (OTUs;
Galand et al. 2009). Community assembly processes
for marine bacterial communities, however, are less
well understood (Keddy 1992, Horner-Devine &
Bohannan 2006).

We considered 3 categories of rarity: (1) consis-
tently present but rare in all samples; (2) abundant

seasonally but persistent as rare members of the
community at other times of the year; and (3) rare in
most samples with spikes of abundance at irregular
intervals. In all cases, perturbations are defined as a
process whereby a disturbance of sufficient magni-
tude elicits a response in terms of altered densities or
composition of species in a population or assemblage
(Glasby & Underwood 1996). Examples of distur-
bances at BATS include annual events, such as win-
ter mixing, and sporadic events, such as eddies.
Although winter mixing is seasonal, it is driven by
deep mixing events that correspond to winter storms.
These disturbances disrupt stratified populations and
entrain nutrients such as nitrogen and phosphorus
from deeper waters to the surface.

The definition of ‘rare’ is debated generally in ecol-
ogy, where it is well recognized that plants and ani-
mals may be rare in one environment or sample and
abundant in another (Pedrés-Ali6 2012). For micro-
bial samples, this debate also applies but is further
complicated by the additional factor of time (Prosser
et al. 2007). Microbes can respond to changing envi-
ronmental conditions in a much shorter time period
than plants or animals; thus, sampling frequency
becomes a relevant factor in the determination of rar-
ity. Taxa that are abundant in one season may be rare
in another (Campbell et al. 2011). Additionally, the
definition for bacterial species remains unresolved,
making quantification especially difficult (Prosser et
al. 2007). For the present study, we use the 0.1 to
1.0 % range of relative abundance suggested by oth-
ers (Pedrés-Ali6 2006, Fuhrman 2009) as the defini-
tion of a 'rare’ species and designate taxa >1.0% as
‘abundant’ and <0.1% as 'very rare." Additionally,
we consider taxa present in 25.0 % of samples to be
‘frequent’ and <5% 'infrequent,’ thus creating 6
mutually exclusive categories of abundance: fre-
quent abundant (FA), infrequent abundant (IA), fre-
quent rare (FR), infrequent rare (IR), frequent very
rare (FVR), and infrequent very rare (IVR).

Some rare organisms are of particular interest.
Enrichment experiments using seawater media and
inocula from BATS resulted in rapid blooms of
Alteromonas and other Gammaproteobacteria in
response to the addition of glucose, ammonia, and
phosphate (Nelson & Carlson 2012). McCarren et al.
(2010) saw a similar result with chemostat studies
comparing amended seawater with unamended sea-
water from the Hawaii Ocean Time-series site in the
Pacific Ocean. Suzuki et al. (1997) compared molecu-
lar analyses of an Oregon (USA) coast seawater sam-
ple with cultures isolated from the same water sam-
ple, many of which were Gammaproteobacteria, and
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confirmed the observations of many previous re-
searchers that the cultures grown on rich media do
not necessarily represent the abundant organisms in
the natural population. These Gammaproteobacteria
are clearly present in the water column but are at a
difficult-to-determine low abundance and appear to
respond rapidly to nutrient perturbations.

In this study, we used 16S rRNA pyrosequencing
data from 384 samples collected monthly within the
upper 300 m at the BATS site to characterize the bac-
terioplankton communities. Nodal taxonomic units
(NTUs), in essence clades resolved to a fine scale,
were used to define diversity (Vergin et al. 2013).
Koeppel & Wu (2013) have recently shown that eco-
logical relationships emerge more clearly when phy-
logenetic diversity is resolved at finer scales. Our aim
was to characterize taxon abundance in a long time
series of samples and focus on rare taxa to identify
recurring spatiotemporal patterns that might indicate
niche specialization, especially with regard to sea-
sonal cycling, depth stratification, and responses to
disturbances.

MATERIALS AND METHODS

Sample collection, nucleic acid isolation,
PCR amplification, pyrosequencing procedures
and data processing

Details for sample collection and processing were
described previously (Vergin et al. 2013). Briefly, in
this study, 454 pyrosequencing data amplified from
the V1 and V2 region of the 16S ribosomal RNA
gene from 384 samples taken monthly at the BATS
site (approximately 9 yr of samples) were used.
Samples were collected at the surface and 200 m;
we also collected an additional 35 depth profile
samples (about 32% of the total number of months
sampled) that included samples from 40, 80, 120,
160, 250, and 300 m (see Table S1 in the Supple-
ment at www.int-res.com/articles/suppl/a071p001
_supp.pdf). For each sample, means of 6684 se-
quences with a mean of 257 bp length were gener-
ated. PhyloAssigner, a custom designed pipeline
(Vergin et al. 2013) which incorporates the phylo-
genetic placement algorithm, pplacer (Matsen et al.
2010), grouped sequences into well defined phylo-
genetic groups, and a comprehensive backbone
phylogenetic tree (http://aforge.awi.de/gf/project/
phyloassigner) was used to sort the sequence data
into NTUs. NTUs are therefore similar to more
familiar OTUs, except that NTUs are defined

phylogenetically by reference sequences and clade
structure rather than by cutoff thresholds. Although
OTU binning using cutoff thresholds is computa-
tionally expedient, it has been demonstrated that
phylogenetic placement using this method results
in a loss of fine-scale phylogenetic information that
can be important for resolving ecotypes (Koeppel &
Wu 2013, Vergin et al. 2013). For each sample,
>5000 sequences were generated on average,
allowing the relative abundance of populations to
be measured to 0.1%. The number of very rare
NTUs (defined below) was not correlated to the
total number of sequences in a given sample
(Fig. S1 in the Supplement). The ecological software
package PRIMER 6.0 (Clarke & Gorley 2006) was
used to process the data and provide statistical sup-
port for observations.

Determination of seasonality

Relative abundances for all samples were log trans-
formed (x + 1) to improve homogeneity of variance,
and a Bray-Curtis similarity matrix was generated.
Physical measures were normalized and Euclidean
distance was used to generate a sample similarity
matrix. The decade of data was collapsed to a single
composite year, all standardized to the timing of the
annual deep convective mixing event as described
by Carlson et al. (2009). The seasons were desig-
nated as follows: winter included the month prior, the
month of, and the month after deep mixing. Spring
and summer consisted of 3 mo groups after the win-
ter months were designated, and autumn consisted
of the remaining 1 to 4 mo (Carlson et al. 2009). A
permutational multivariate analysis of variance
(PERMANOVA) was conducted using season and
depth designations as factors. PERMANOVAs were
based on the Type III (partial) sum of squares and 999
permutations of residuals under a reduced model.
Model matrices were also generated based on season
or month designations for each sample by assigning
equidistant values from 0 to 1 for the respective des-
ignations. Data matrices and model matrices were
then compared using the Relate function and 999
random permutations. The Relate routine uses a
Spearman rank correlation test to generate a coeffi-
cient, p, which measures the similarity of the rank
order between 2 matrices of the same samples. A sta-
tistic is then derived empirically by comparing to val-
ues calculated after randomizing 1 of the matrices.
Possible p scores range from 1 (identical) to -1 (oppo-
site), with random values clustered around O.
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Diversity measures

Diversity measures were calculated after first run-
ning Daisychopper (available from http://festinalente.
me/bioinf/) to randomly generate equal numbers of
sequences (1021) from each sample. Three samples
generated fewer than 1021 sequences and were ex-
cluded from this analysis. Programming for estimates
of Chaol diversity (Chao 1984) was extracted from the
SPADE website (Chao & Shen 2010). Several different
estimates of diversity (Ace, Chao-bc, Jackknife) were
calculated, but the time—depth contour plots yielded
similar results so only the Chao1l estimates are shown.
PRIMER 6.0 was used to calculate Gini-Simpson and
Shannon indices. Annual composite contour maps
were generated using Ocean Data View software
(http://odv.awi.de) in order to compare seasonal
trends of the different parameters. Chaol estimates,
Gini-Simpson indices, and Shannon indices were
compared using Student's t-tests. Gini-Simpson and
Shannon indices were converted to true diversities
(Jost 2006) prior to calculations. Chlorophyll a (chl a),
chlorophyll b, and water temperatures

PhyloAssigner reference tree using the Interactive
Tree of Life software (Letunic & Bork 2011).

Surface samples were sorted by season for compar-
isons of total and rare NTUs. For each sample, the
number of NTUs with relative abundance >0 (total)
and <1.0% (rare) were enumerated. Values were
compared using Student's t-test.

RESULTS
BATS system depth and seasonal structuring

Bray-Curtis similarities between all time-series and
depth-series samples using all taxa were calculated
and displayed in a non-metric multidimensional scal-
ing plot, revealing patterns of variation in commu-
nity composition with depth (Fig. 1A) and seasonal
cycling (Fig. 1B). ANOVA and permutations of raw
data (PERMANOVA) showed that the clustering of
samples by depth and season were statistically
significant (Table 1).
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Determination of rarity and
frequency

The entire dataset was partitioned
into 6 sub-populations for comparison
based on their level of abundance in
the dataset and the frequency of their
occurrence. NTUs were considered A
‘abundant’ if they comprised 21% of
the relative contribution within any
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sample, ‘rare’ if they were always
<1% but 20.1% in any sample, and
‘very rare' if they were <0.1% of the
relative contribution in all samples. In
addition, these categories were fur-
ther divided by their frequency with a
cutoff of 5% (where ‘frequent’ indi-
cates presence [a non-0 value] in 25 %

Fig. 1. (A) Non-metric multidimensional scaling (NMDS) plot of sample com-
position similarities calculated using all nodal taxonomic units (NTUs). Sample
depths are distinguished by symbols as indicated. (B) Samples from the sur-
face, 80 m, and 200 m were averaged by season and plotted in an NMDS plot
to highlight the seasonal cycling pattern. A: autumn, Sp: spring, Su: summer,

W: winter

Table 1. Summary of PERMANOVA results for depth and seasonal partition-
ing in the full dataset. Perms: unique permutations

of samples and ‘infrequent’ indicates
presence in <5% of samples). Using Source df SS MS  Pseudo-F p(perm) Perms
only the NTUs from each category,

. . Depth 8 237510 29689 30.644 0.001 999
Bray-Curtis similarities for samples Season 3 17570  5856.6 6.0449 0.001 998
were calculated and the resulting Depth x Season 21 36639 1744.7  1.8008  0.001 996
matrices were analyzed using the Residuals 351 340070 968.85
PERMANOVA function in PRIMER Total 383 651230
6.0. Categories were mapped on the
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Physical, chemical, and pigment data provided
by the BATS core program (http://bats.bios.edu)
were analyzed to uncover correlations between
environmental factors and the observed spatiotem-
poral variation in microbial community composition.
PERMANOVA of a sample similarity matrix made
from these data revealed significant seasonality
and depth partitioning (Table S2 in the Supple-
ment), and the same matrix was significantly cor-
related to a matrix based on NTU abundance by
the Relate routine (p = 0.231). However, a compar-
ison of Spearman correlation values between the
physical measurements and NTU abundance
yielded no correlations that convincingly supported
isolation of any particular environmental factor as
a main driver of community structure. Overall,
what we observed supported previous conclusions
that seasonality and depth partitioning of microbial
communities in the ocean surface layer are driven
by a complex network of factors (Vergin et al.
2013), since no single factor can convincingly
explain these patterns.

Similar analyses were applied to 6 subsets of the
data, partitioned by frequency of occurrence and
relative abundance (FA, TA, FR, IR, FVR, and
IVR), to determine whether variation in the sub-
sets of taxa followed similar patterns to the com-
munity as a whole. Presence in <5% of the sam-
ples was chosen subjectively as the frequency
cutoff defining the boundary between frequent
and infrequent. About 40% of all NTUs (514)
were infrequent by this criterion (Table 2).
Increasing cutoff thresholds at 5% intervals
increased the total number of infrequent NTUs by

Table 2. Depth and seasonal structuring within categories of taxa defined by com-
binations of occurrence frequency and relative abundance; see Table S3 in the

small increments (10, 15, and 20% corresponded
to 669, 757, and 829 NTUs, respectively); thus, the
majority of infrequent NTUs were captured with
the 5% cutoff. NTUs designated as FA, FR, IR,
FVR, and IVR were distributed throughout the
bacterial tree, with every major branch containing
representatives of these subsets (Fig. S2). The IA
subset consisted of 6 NTUs.

PERMANOVA of 3 subsets of taxa (FA, FR, and
FVR) indicated significant spatiotemporal structur-
ing (Tables 2 & S3). The other 3 subsets (IA, IR,
and IVR) were not significantly structured, with
the exception of weak seasonal structuring of the
IVR subset. However, some individual taxa within
the IR and IVR groups were significantly related to
model matrices based on either depth or season
(Table 2). The number of data points in the ‘fre-
quent’ subsets is generally much greater than the
number of data points in the ‘infrequent’ subsets.
To control for this potential bias, FA taxa were
segregated and reduced to subsets of 5% fre-
quency or less by converting the abundances to 0
in all but the 2.5 to 5% of months under considera-
tion to simulate IA datasets. PERMANOVA of
these simulated datasets still indicated significant
spatiotemporal structuring (Table S4), thereby
showing that structuring is not biased by a low
percentage of samples with non-0 relative abun-
dances. Populations of FR and FVR bacterioplank-
ton displayed patterns of seasonality and vertical
partitioning similar to FA populations, indicating
that their reproductive success was also driven by
adaptation to variables that change with season
and depth.

Community diversity analyses

Supplement at www.int-res.com/articles/suppl/a071p001_supp.pdf for detailed

results of the PERMANOVA. NTU: nodal taxonomic unit; FA: Frequent (present in

25.0% of samples) Abundant (1.0 % in any sample); FR: Frequent Rare (maximal

abundance 20.1% but <1.0%); FVR: Frequent Very Rare (always <0.1%); IA:

Infrequent (present in <5.0% of samples) Abundant; IR: Infrequent Rare; IVR:
Infrequent Very Rare; ND: not determined

Chaol, Gini-Simpson, and Shan-
non diversity measures (Jost 2010)
were condensed into a composite
year, aligned to the month of deep-

est mixing, and plotted by depth

Category No.of PERMANOVA significant ~ No. of NTUs with significant and month (Fig. 2). All 3 measures
NTUs correlation correlation to model® were strongly affected by the onset
Season Depth Month Depth of deep mixing, a natural, annual
FA 240 + + ND ND d1sturbanc§, and remained per-
FR 480 + + ND ND turbed until the water column be-
FVR 88 + + ND ND gan to stratify in late spring. Chaol
IA 6 - - 1 0 richness estimates (Fig. 2A) gradu-
IR 65 - - 2 1 v i din th f 1
IVR 443 + _ 1 8 ally increased in .e surface ayer
“By comparison to cyclical models using the BEST routine in PRIMER 6.0 as Wa,te‘rs cooled (Fig. 2F) .and w1n.-
ter mixing progressed to its maxi-
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Fig. 2. Contour plots for (A) Chaol estimates, (B) Gini-Simpson index values, (C) Shannon index, (D) chlorophyll (chl) a, (E) chl b, and (F)

temperature for each sample plotted as an average over a 1 yr time span. The plots are indexed to the month of deepest mixing (DM) for

each year, designated as month 1 (x-axis). The white line represents the average mixed layer depth. Chl a is associated with eukaryotic
phytoplankton and chl b is associated with Prochlorococcus

mum depth, probably reflecting the mixing of surface
and deep communities. Chaol estimates returned to
lower richness values in the summer as the water
stratified. In late winter, as the deep mixing layer
shoaled, there was a region of maximum richness ex-
tending from 80 m to over 200 m, which is likely re-
lated to annual spring blooms of eukaryotic pho-
totrophs (Fig. 2D). The contour plot of Gini-Simpson
diversity indices (Fig. 2B) increased throughout the
water column during deep mixing and returned to
lower diversity values in the upper 120 m during the
summer, as waters stratified and abundant microor-
ganisms such as SAR11 reached their maximum
(Morris et al. 2002). The contour plot of Shannon
diversity indices (Fig. 2C) similarly indicated a shift
from higher diversity during the deep mixing period
to lower diversity during summer stratification. Stu-
dent's {-tests confirmed that the observed variation in

richness and diversity with depth was significant
(comparison of surface and 200 m, Chaol p < 0.0014,
Gini-Simpson p << 0.0001, and Shannon p << 0.0001),
as suggested by an earlier study (Treusch et al. 2009).
There were no significant differences in diversity
measures from season to season.

Summer samples had the lowest number of total
NTUs and rare NTUs and, in combination, a low pro-
portion of rare NTUs (Table 3), which would be pre-
dicted since that region had lower richness and lower
overall diversity. Total NTUs and rare NTUs in-
creased significantly during the transition from sum-
mer to autumn, a period during which the mixed
layer deepens, well before winter storms force deep
mixing. Transport of cells by mixing is a plausible
explanation for the inverse relationship between
physical stratification and diversity that we observed,
but an alternative explanation is that mixing sup-
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ports an increase in diversity, not because of trans-
port, but because it creates more complex envi-
ronments that support a wider range of adaptive
strategies.

Seasonal abundance and rarity

Every FA and IA NTU in the dataset also had peri-
ods of rarity (data not shown). The percentage of
samples where FA, FR, and FVR NTU abundance

Table 3. Average (SD) seasonal composition of total and rare

nodal taxonomic units (NTUs) in surface samples. Bold indi-

cates a significant Student's t-test difference compared to
the previous season. *p < 0.05, **p <0.01

Spring Summer Autumn Winter
Total NTUs 162.2 152.7 167.2 170.5
(20.7) (15.6) (20.2)** (20.3)
Rare NTUs 62.0 56.1 64.8 60.7
(11.1) (8.7) (11.6)* (12.2)
Proportion of 38.2 36.6 38.6 35.3
rare NTUs 4.2) (3.0) (3.6) 4.2)*"
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was within 1 SD of their mean was 80, 66, and 29 %,
respectively, indicating that fluctuations in the repro-
ductive success of individual NTUs is universal for
this system. Most commonly, this pattern was
observed for NTUs with systematic temporal or verti-
cal trends (Fig. 3a,b). In the extreme case of consis-
tently high abundance at many depths and times, for
example NTU 1257, a deep branching representative
of SAR11 subclade Ib (Fig. 3c), there were still
instances of low abundance in the dataset. By con-
trast, the opposite case of very low abundance
throughout the dataset except for 1 or a few samples
when the NTU peaked was also observed as demon-
strated by NTU 1731, a deep branching representa-
tive in the Bacteroidetes (Fig. 3d). Fluctuations in
reproductive success for individual NTUs result in
community turnover as successful taxa replace
declining taxa.

Episodic patterns in Gammaproteobacteria
abundance

Seventeen NTUs were detected that belong to
the families Alteromonadaceae and Vibrionaceae.

B o
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Rel. seq. abundance (%)

Fig. 3. Contour plots of the entire time series for (A) nodal taxonomic unit (NTU) 1117, a Frequent Abundant (FA; see definitions in Table 2)
clade of SAR116 that is present annually in the upper euphotic zone, (B) NTU 2588, an FA clade of SAR202 group 1 that is primarily ob-
served in the mesopelagic zone, (C) NTU 1257, an FA deep clade of SAR11 Ib that is abundantly present throughout the water column and
during most times of the year but has some periods of rarity, and (D) NTU 1731, an Infrequent Abundant (IA) clade of Bacteroidetes that is
rarely present in this dataset but is capable of periodic peaks in abundance when conditions are presumably favorable. These plots repre-
sent common patterns of abundance and rarity which are typical for abundant NTUs. Color bar intensities were adjusted to show
maximum ranges of relative sequence (rel. seq.) abundance proportion
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These are well-known Gammaproteobacteria taxa
that grow easily in culture but are rarely detectable
in situ using molecular biology techniques (Carlson
et al. 2004, McCarren et al. 2010, Nelson & Carlson
2012). In 11 of the 17 cases, these NTUs were clas-
sified as IA, FR, IR, FVR, or IVR, indicating that
they were consistently low abundance and/or low
frequency. The remaining 6 FA NTUs were highly
episodic, as seen in contour plots of the entire time
series (Fig.4). One time period in particular,
around January 1998, was apparently favorable
throughout the water column for several Vibri-
onaceae NTUs (Fig. 4A-D). The enhanced relative
contribution of Vibrionaceae also corresponded to
an unusual increase in concentration of chlorophyl-
lide a (Fig. S3), an intermediate of the chlorophyll
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and bacteriochlorophyll biosynthetic pathways
(Mtller et al. 2011). It is not clear whether there is
a direct relationship between pulses of high abun-
dance in Vibrionaceae and the sharp increases in
chlorophyllide a. At 3 other times (October 1991,
October 1993, and December 2003), NTUs as-
sociated with Alteromonadaceae were elevated
(Fig. 4E,F) at 200 m. It is possible that our monthly
sampling frequency was too coarse to adequately
capture all events for these Gammaproteobacteria
and other copiotrophic organisms, resulting in an
apparently random distribution of population max-
ima throughout the time-series data. It is unlikely
that these signals are due to sample handling
because these Gammaproteobacteria were de-
tectable at low levels in many samples, tended to
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onaceae— (A) nodal taxonomic unit (NTU) 52, (B) NTU 53, (C) NTU 61, and (D) NTU 63—and 2 FA Alteromonadaceae— (E) NTU 77 and
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represents the average monthly sunlight ranging from 611 min d™! in December to 848 min d~! in June
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be high in samples collected before and after the
dates of their peak abundances, and were not pres-
ent in PCR negative control samples.

Another method with which to measure episodic
appearance is to calculate the difference between
the maximum and mean abundance and compare
those values to the SD of the abundance. These paired
values are shown in a scatterplot for 246 FA NTUs
(Fig. S4). The majority of NTUs clustered in a narrow
range. However, the Vibrionaceae and Alteromon-
adaceae NTUs were at higher values along the axis
representing the difference between the maximum
and the mean but at the lower range of SD values.
For comparison, NTU 614, a member of the Burk-
holderia, with a similar maximum-mean difference
and SD to the episodic Vibrionaceae and Alteromon-
adaceae NTUs, is shown (Fig. S4), indicating that
other taxa in this area of the plot were similarly
episodic. Most of the Vibrionaceae and Alteromona-
daceae NTUs were classified as rare, but analysis of
the FA NTUs revealed the pattern of these groups.
Due to their persistence in this oligotrophic system,
these groups of copiotrophs appear to be capable of
responding opportunistically to unknown stimuli.

DISCUSSION

In a dynamic system, such as BATS, annual cycles
in chemical and physical conditions ensure that a
combination of bottom-up and top-down mecha-
nisms will select for different subsets of microbial
diversity over the course of the year, causing pre-
dictable patterns of community turnover (Fuhrman et
al. 2006, Carlson et al. 2009, Treusch et al. 2009,
Caporaso et al. 2012, Gilbert et al. 2012). Environ-
mental filtering (abiotic and biotic driven community
assembly processes) give rise to annually repeated
peaks of reproductive success and subsequent
retreat to lower abundances for abundant taxa,
which drives seasonal community turnover. In the-
ory, at any given time, environmental filtering will
select for a subset of NTUs, while other NTUs may be
less active and serve as a seed bank until conditions
change. Since conditions are not at a steady state, a
majority of NTUs that are abundant in one spatiotem-
poral locus become rare in other seasons or depths,
as has been reported in other systems (Brown et al.
2005, Campbell et al. 2011). Thus, at a single spa-
tiotemporal locus, the community is, on average,
composed of abundant and rare members, and the
designation ‘rare' is often dependent on the spa-
tiotemporal locus of sampling.

Like abundant taxa, most rare NTUs are not ran-
domly distributed, but vary in patterns that suggest
their reproductive success is due to environmental
filtering. Similar variation has been observed in dom-
inant bacterioplankton populations (Morris et al.
2005, Fuhrman 2009, Campbell et al. 2011, Gilbert et
al. 2012, Vergin et al. 2013). PERMANOVA showed
that, as a group, FR and FVR populations varied sea-
sonally and were partitioned by depth. It is not clear
what physical, chemical, or biological environmental
factors control the reproductive success of either rare
or dominant taxa. One possibility is that the repro-
ductive success of some rare taxa is tied to the repro-
ductive success of other, perhaps more abundant
taxa. In one hypothetical scenario, species-specific
metabolites released by leaky membranes, viral lysis,
or inefficient feeding by predators could be a source
of nutrients for other cell populations. In an alterna-
tive scenario known as the ‘Black Queen Hypothe-
sis,” Morris et al. (2012) postulated that rare taxa
could provide metabolic products that are critical to
the reproductive success of more abundant taxa, pro-
viding a niche in the community that has its basis in
co-evolutionary interactions. One potential advan-
tage of maintaining a lower abundance is a lower
vulnerability to viruses and grazer predation (Pedrés-
Ali6 2012). The relative importance of these issues
remains unresolved, and the main point here is that
most rare taxa do not vary independently in the data
set we report, but are entrained to the environment,
including the surrounding community, by unknown
factors that control their success.

In contrast, IR and IVR NTUs displayed very little
significant spatiotemporal patterning. The hypothe-
sis that this finding might be an artifact of undersam-
pling was not supported when tested by subsampling
more frequent taxa to simulate similar, low sampling
frequencies (Table S4). These observations suggest
that the distributions of IR and IVR organisms are not
controlled by environmental filtering. Several hypo-
theses could explain the lack of spatiotemporal pat-
terning (Pedrés-Alié 2012 and references therein).
Some of these taxa may be adapted to narrowly
defined environmental conditions, particularly sus-
ceptible to viruses or predation, deposited from a dif-
ferent environment, encapsulated in spores, or in
transit between favorable environments. It is possible
that this oligotrophic ocean system is similar to low-
nutrient lakes (Lennon & Jones 2011) where dor-
mancy was a strategy utilized by about 40 % of taxa.
However, activity rates were not determined in this
study, so partitioning of the rare taxa in the BATS
community into active and dormant classes (Hugoni
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et al. 2013) is not possible here. We cannot rule out
the possibility that responses of some taxa may be
short lived (<1 mo) and therefore below the resolu-
tion of our sample collection frequency. Determina-
tion of the exact roles of rare organisms in these com-
munities will require more investigation and may
support multiple hypotheses as a range of survival
strategies will likely emerge.

Predicted changes in ocean conditions may ad-
versely affect rare taxa and have profound effects on
community stability. The most important driver of
community turnover at BATS is annual water column
mixing, which dramatically changes nutrient gradients
and relaxes predation pressures, causing phytoplank-
ton blooms in a complex successional pattern, and mi-
crobial community turnover (Morris et al. 2005,
Behrenfeld 2010, Treusch et al. 2012). Distinct trends
in measurements of richness and diversity showed
that, over the course of a year, these fundamental
properties of the water column community change. As
the depth of the mixed layer increased over the course
of the autumn and winter, richness and diversity in-
creased. In the spring, following deepest mixing, the
community transitioned rapidly to become less rich
and less diverse, with greater abundance of fewer
NTUs. In the summer, richness and diversity in the eu-
photic zone reached their lowest levels as the surface
layer stratified, nutrients were depleted (Steinberg et
al. 2001), and the community shifted from one domi-
nated by eukaryotic phytoplankton (Fig. 2D) to one
dominated by Prochlorococcus (Fig. 2E) (DuRand et
al. 2001, Treusch et al. 2012). The decrease in diversity
in the summer months is driven by the reproductive
success of a few populations, such as SAR11 subclade
la (Carlson et al. 2009, Vergin et al. 2013), SAR116
(Treusch et al. 2009), and Prochlorococcus (Fig. 2E). It
is theoretically possible that taxa rare in other seasons
are not counted as rare in the summer because they
become abundant in that season, but we saw no evi-
dence for this case (data not shown). A positive corre-
lation between richness and community stability has
been demonstrated in macrobial (Chapin et al. 2000)
and microbial communities (Naeem & Li 1997, Morin
& McGrady-Steed 2004). A similar correlation has also
been shown between diversity and microbial commu-
nity stability (Wittebolle et al. 2009). Climate change is
causing warming of the ocean surface, increasing wa-
ter column stratification, and decreasing chlorophyll
over wide ocean expanses (Behrenfeld et al. 2006).
This process, here referred to as ocean desertification,
is predicted to widely shift ocean ecosystems towards
oligotrophic communities more similar to the less di-
verse and less rich, and thus potentially less stable,

BATS summer microbial community (Giovannoni &
Vergin 2012). Thus, the finding that this community is
less rich and depleted in rare taxa has implications for
understanding the resilience of oceans to environ-
mental perturbations in the future.

We also observed episodic population fluctuations
in some taxa, particularly well-known copiotrophs,
suggesting that the core time series data collected at
BATS do not record some perturbations that influ-
ence the microbial community. Some NTUs, such as
those belonging to Alteromonadaceae and Vibri-
onaceae, are well known from culturing and bottle
experiments, but are rarely detected in lower-resolu-
tion molecular surveys (Suzuki et al. 1997, Eilers et
al. 2000, McCarren et al. 2010). Previous work has
demonstrated that additions of inorganic nitrogen or
phosphorus alone or in combination are not sufficient
to stimulate growth of populations of rare copi-
otrophs in the Sargasso Sea (Carlson et al. 2002).
However, elevated macronutrient concentrations in
combination with a labile dissolved organic carbon
supply stimulate the production of these rare copi-
otrophs in vivo (Carlson et al. 2002, Mills et al. 2008,
Nelson & Carlson 2012). It is tempting to speculate
that, at BATS, a labile molecule triggers episodic
growth in these cases, but there is no direct evidence
for this hypothesis. A comparison of the Vibrionaceae
NTU distribution to pigment measurements suggests
a link with chlorophyllide a, as both were anom-
alously high during winter 1998 (Fig. S3). However, it
is unclear whether there was a direct connection
between Vibrionaceae and chlorophyllide a. It is pos-
sible that labile compounds were directly released or
were available as a result of top-down processes such
as viral lysis or zooplankton feeding on abundant
taxa. Despite the very large amount of data collected
in the BATS time series, correlations that would
explain the episodic abundance of the major copi-
otrophic taxa were elusive. This observation indi-
cates that, at present, oceanographers may be miss-
ing events that are largely biological in nature that
result in the release of labile dissolved organic mate-
rial in the water column. These events might not nec-
essarily be detected by total dissolved organic carbon
measurements because of rapid turnover.

The historical context of the observations that we
report about copiotrophs is important. These organ-
isms (Vibrionaceae and Alteromonadaceae) were for
many decades the most well studied marine bacteria
because they could be cultured easily using common
bacteriological methods such as agar plates (Bau-
mann et al. 1972). We show that their abundance is
typically low (average relative abundances of FA
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taxa ranged from 0.035 to 0.095 %), which is consis-
tent with a perspective that has broadly emerged to
explain the ‘great plate count anomaly' (Staley &
Konopka 1985): plate counts accurately record the
numbers of some very rare and unusual taxa that
have a remarkable ability to exploit departures from
ambient nutrient concentrations. The observations
that we report here suggest that many rare taxa, like
dominant taxa that have been the focus of many pre-
vious studies, are tightly entrained to environmental
conditions and are unable to grow on agar plates.
This suggests that, like dominant taxa, most rare taxa
have a reduced metabolic repertoire that necessi-
tates connections to other organisms through evolved
nutrient dependencies (Tripp et al. 2008, Schwalbach
et al. 2010, Sun et al. 2011, Carini et al. 2013).

In support of the conclusion that rapid growth to
exploit episodic opportunities is a strategy used by a
particular group of rare taxa (known as copiotrophs
or R-strategists), but not others, we note that taxa that
responded to episodic disturbances at BATS have
among the shortest division times reported for micro-
bial cells. For example, isolates belonging to Vibri-
onaceae doubled in as little as 12 min (Ulitzur 1974)
while Alteromonas macleodii isolates doubled in 2.4
h (Lépez-Pérez et al. 2012). Some have argued that
organisms with short division times are more impor-
tant in biogeochemical cycles, and that organisms
with long division times succeed by being 'defense
specialists’ (Suttle 2007). However, low growth rates
are normal in marine systems, and the product of
mean growth rate and biomass determines the net
impact of an organism. The best data available sup-
port the conclusion that organisms such as SAR11,
that have slow growth rates (Rappé et al. 2002) and
large population sizes (Morris et al. 2002), are much
larger contributors to ocean biogeochemistry than
copiotrophs (Malmstrom et al. 2004, Straza et al.
2010, Sun et al. 2011, Laghdass et al. 2012). Further
support for this perspective came from a recent paper
which reported that the phages of slowly growing
SAR11 populations are the most abundant viruses in
the oceans (Zhao et al. 2013), suggesting that SAR11
reproductive success is due to superior competition
for ambient resources and not defense specialization.

The data presented here suggest that some bacterial
taxa that are persistently rare or are detected episodi-
cally are responding to disturbances of unknown
types. After winter mixing, richness was significantly
higher and, in addition, as the mixed layer begins to
deepen at the end of summer, rare taxa became more
numerous, indicating that many persistently rare taxa
are successful during periods characterized by trans-

port by mixing and greater nutrient inputs. Some taxa,
such as Vibrionaceae and Alteromonadaceae, occa-
sionally reached maximal abundances many orders of
magnitude higher than their median abundances,
presumably in response to unknown disturbances.
Thus, accurately modeling the responses of ocean
ecosystems to disturbances may depend on knowing
the growth rate and population density of rare taxa,
and on developing new environmental measurements
that record unrecognized environmental factors that
cause these populations to fluctuate.

SUMMARY

With the improved sensitivity and precision of pyro-
sequencing methods, we have shown that spatiotem-
poral patterns such as seasonality and stratification,
which are common in abundant bacterioplankton pop-
ulations, also apply to most rare populations. These
data support the perspective that, in most cases, rare
members of the community have evolved and adapted
to exploit fine variation in conditions and resources,
leading to complex but reproducible patterns of mi-
crobial community turnover. These findings suggest
that connectivity networks may be extended to in-
clude large numbers of rare taxa. In contrast, infre-
quent taxa, including most common culturable species
(copiotrophs), attain population maxima in random
patterns and appear to be much less connected. With
further exploration of co-occurrence patterns in this
dataset, we aim to explore these issues and shed light
on the ecology of rare taxa in the dynamic western
Sargasso Sea ecosystem.
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