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The surface layer of the oceans and other aquatic environments
contains many bacteria that range in activity, from dormant cells
to those with high rates of metabolism. However, little experi-
mental evidence exists about the activity of specific bacterial taxa,
especially rare ones. Here we explore the relationship between
abundance and activity by documenting changes in abundance
over time and by examining the ratio of 16S rRNA to rRNA genes
(rDNA) of individual bacterial taxa. The V1-V2 region of 16S rRNA
and rDNA was analyzed by tag pyrosequencing in a 3-y study of
surface waters off the Delaware coast. Over half of the bacterial
taxa actively cycled between abundant and rare, whereas about
12% always remained rare and potentially inactive. There was
a significant correlation between the relative abundance of 16S
rRNA and the relative abundance of 16S rDNA for most individual
taxa. However, 16S rRNA:rDNA ratios were significantly higher in
about 20% of the taxa when they were rare than when abundant.
Relationships between 16S rRNA and rDNA frequencies were con-
firmed for five taxa by quantitative PCR. Our findings suggest that
though abundance follows activity in the majority of the taxa,
a significant portion of the rare community is active, with growth
rates that decrease as abundance increases.

gPCR | seed bank | SAR11 | microbial observatory | kill the winner

An extensive and diverse microbial population exists in na-
ture, with a small number of abundant taxa among a seem-
ingly inexhaustible supply of rare taxa (1). One hypothesis for
this distribution is that abundant bacteria are active with high
growth rates, and most bacteria are rare due to low growth (2).
Members of the bacterial clade most abundant in the oceans,
SARI11, actively take up dissolved compounds and are hypoth-
esized to contribute the most to carbon cycling in the oceans (3).
Rare taxa, however, have been hypothesized to consist of dor-
mant bacteria and intrinsically slow-growing bacteria such as
ammonium oxidizers (4-6). Other studies hint, however, that
less-abundant marine bacteria may in fact be active with high
growth rates (7), and a cultured representative of the abundant
SARI11 clade, Pelagibacter ubique, has slow growth rates and
a streamlined genome with little potential to respond to envi-
ronmental changes (8, 9). The relationship between bacterial
abundance and activity is unclear.

A way to explore one aspect of activity, growth rate, is to ex-
amine 16S rRNA and abundance of bacterial communities via
16S rRNA genes (rDNA) (4, 10, 11). Because the number of
ribosomes per cell correlates with growth rates of bacteria in
pure cultures (12-15), the ratio of 16S rRNA to rDNA is an
index of the growth rate for specific taxa in natural communities.
Although some studies have examined rRNA in relation to
rDNA of abundant bacteria (10, 11, 16, 17), few studies have
examined both abundant and rare bacteria. High-throughput
sequencing techniques such as pyrosequencing of short regions
of the 16S rRNA gene now allow examination of rare pop-
ulations (1). Of the two appropriate previous studies using
pyrosequencing, one found that some rare bacteria were dis-
proportionally active in two lake samples, and the second found
that the active fraction consisted only of the dominant taxa in
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coral reef sediments (4, 18). More data are needed on abun-
dance and activity of rare bacteria, especially for the oceans.

The distribution of abundant and rare bacteria and their
activity depends on what controls microbial communities. Envi-
ronmental factors such as temperature, light, or nutrient con-
centrations are known to affect abundance and activity of
microbial taxa (19-21). Viral lysis and grazing are also predicted
to affect the most active members of the prokaryotic population
(22). One hypothesis, the “Kill the Winner” (KtW) hypothesis, is
that competition specialists (those that are sensitive to viral lysis)
compete with defense specialists (those that resist viral lysis) for
free resources (22). Estimates of bacterial growth rates and
changes in abundance over time would give important insights
into possible controls of activity, but no study has examined
growth rates of both abundant and rare taxa in the oceans.

Our study examines the relationship between abundance and
activity by sequencing paired 16S rRNA and rDNA from bac-
terial taxa sampled monthly over 3 y at a microbial observatory in
Delaware coastal waters. Activity was initially assessed by char-
acterizing changes in 16S rDNA frequencies of individual bac-
terial taxa over time, similar to previous studies (19, 23). Activity
was also evaluated by examining the ratio of 16S rRNA to rDNA
from individual ribotypes and confirmed by quantitative PCR.
Though we found a strong relationship between 16S rRNA and
rDNA frequencies, many rare bacteria had higher 16S rRNA:
rDNA ratios than abundant bacteria, suggesting higher growth
rates when rare.

Results

Community Variation Over Time. Community composition and po-
tential activity of bacterial communities were examined by pyro-
sequencing 16S rDNA and rRNA in 34 water samples collected
off the coast of Delaware monthly between February 2006 and
March 2009. We followed changes in abundance of individual op-
erational taxonomic units (OTUs) over time to explore the growth
potential of rare bacteria. If rare bacteria become abundant, then
they must have increased their activity in the form of biomass
production. Abundant OTUs were defined as those that comprise
1% or more of the community, and rare ones were <1%. This
frequency is based on the sample size of 1,053 sequences (Fig. S1).

Of 683 OTUs present over the 3 y, none remained in the
abundant fraction all of the time. Twenty-four OTUs were
abundant at least 50% of the time (mostly abundant), whereas
350 OTUs cycled between abundant and rare (cycling, abundant
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Classification of bacterial OTUs and variation over 3 y. The OTUs were divided into three categories: mostly abundant (occurring >50% of the time),

cycling (<50% of the time), and always rare (<1% abundance in all samples). (A) Percentage of OTUs in the three groups and the percentage of sequences
within each group. (B) Phylogenetic classification of bacterial OTUs found in Delaware coastal waters.

<50% of the time), and 310 OTUs were always rare (Fig. 14).
Most of these rare taxa occurred <25% of the time (n = 229),
whereas only 18 OTUs were present at least 50% of the time; the
rest of the rare OTUs occurred between 25% and 50% of the
time (n = 63). In short, about 55% of the observed taxa (about
94% of sequences) cycled between rare and abundant, 34% of
the taxa were rare and occurred infrequently, and ~12% of the
other rare taxa were potentially inactive because they never
became abundant.

The OTUs in these categories were identified to the level of
phylum or subdivision of Proteobacteria (Fig. 1B). Only four
groups (Alphaproteobacteria, Gammaproteobacteria, Bacteroidetes,
and Actinobacteria) were represented in the mostly abundant
fraction, compared with 15 and 17 groups in the cycling or always
rare fractions, respectively. Five OTUs were found in the
abundant fraction at least 80% of the time, and those were from
the Oceanospirillum (Gammaproteobacteria), SAR11, and Rhodo-
bacteraceae groups. More SARI11 and Rhodobacteraceae OTUs
were in the mostly abundant or rare fractions than in the cycling
fraction (Fig. S24). In contrast, more Bacteroidetes were observed
in the cycling and rare fractions than in the mostly abundant
fraction (Fig. 1B), which was mostly driven by increases in Fla-
vobacteriaceae (Fig. S2B).

16S rRNA vs. rDNA of Abundant and Rare Bacteria. The relationship
between 16S rRNA and rDNA frequency for each OTU and
time point was examined (Fig. 2). There was a positive correla-
tion between individual 16S rRNA and rDNA frequencies
(Kendall’s nonparametric © = 0.29; P < 0.001, n = 7,286), sug-
gesting that activity of an OTU (rRNA frequency) roughly fol-
lowed its relative abundance in the community (rDNA frequency).
However, the relative contribution by many taxa to total activity
did not follow abundance, evident from the number of points that
are not on the 1:1 line (Fig. 2). Modeling results indicate that
those taxa above the 1:1 line were more active than the average
(Fig. S3). Most taxa when abundant (315 of 450) were below the
1:1 line (lower rRNA than rDNA), whereas taxa when rare were
more evenly split; 3,670 and 3,116 were above and below the line,
respectively. Some abundant taxa above the 1:1 line included
OTUs in the SAR11 clade, Rhodobacteriaceae, and Saprospiraceae
in March 2006, July 2006, and April 2008, respectively. Some
abundant taxa below the 1:1 line included members of the SAR11
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clade and Rhodobacteriaceae during September and February of
2007, respectively (Fig. 2).

To estimate how growth rates of taxa may vary as a function of
abundance, we examined 16S rRNA:rDNA ratios for the abun-
dant and rare groups. Overall, the ratios of 16S rRNA to rDNA
of taxa when abundant were significantly lower than taxa when
rare, averaging 0.9 and 1.2, respectively (n = 450 and 4,945,
respectively, P < 0.001, ¢ test), with a higher variation in the rare
than the abundant group (SD = 2.2 vs. 0.7, respectively). We
next examined the 16S rRNA:rDNA ratio for a taxon vs. its rank
abundance in the community (the rDNA rank for the OTUs; Fig.
S4). Rank abundance was used to avoid the statistical problem in
comparing the ratio of 16S rRNA to rDNA with rDNA abun-
dance. We found that 95% of the time, the ratio of 16S rRNA to
rDNA was not significantly different from 1. However, 16S
rRNA:rDNA ratios for a substantial fraction of the taxa in-
creased overall as abundance declined, implying that relative
growth rates generally increased as abundance decreased in
these taxa. Of the 179 incidences of an OTU with a ratio sig-
nificantly >1, 25% were for abundant OTUs and 75% were for
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Fig. 2. Relationships between 16S rRNA and 16S rDNA frequencies of
bacterial OTUs defined in the pyrosequence dataset. The points are paired
16S rRNA and rDNA frequencies for each individual OTU and time point.
Circled points are discussed in the main text. The dotted line is the 1:1 line.
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rare OTUs. Of the 116 incidences with a ratio <1, 72% were for
abundant OTUs and 28% were for rare OTUs. On average, rare
bacteria had higher 16S rRNA:rDNA ratios, and possibly faster
growth rates, than abundant bacteria.

To avoid potential problems with comparisons among differ-
ent taxa, we examined in more detail how potential activity
varied with abundance for individual OTUs from seven different
families chosen based on their range in abundance and presence
in at least 40% of the samples (Table S1). As seen in the plot of
all taxa (Fig. 2), the 16S rRNA abundance was significantly
correlated with IDNA abundance of the individual taxa we ex-
amined, although the slopes for different taxa varied (Table S1).
We explored models to explain these 16S rRNA vs. rDNA
relationships. These modeling exercises showed that if growth
rates are constant when abundance varies, the intercept of 16S
rRNA vs. rDNA plots is zero (Figs. S3 and S5). However, if
growth rates increase or decrease as abundance decreases, then
the intercepts are positive or negative, respectively (Fig. S5).
This modeling exercise also showed that 16S rRNA:rDNA ratios
>1 were consistent with growth rates being higher than the av-
erage, regardless of rRNA gene copy number.

We found that variation in potential activity as a function of
abundance for individual taxa was similar to the variation seen
for the entire community. The intercepts for most taxa were not
significantly different from zero, suggesting that rRNA:rDNA
ratios and thus presumably growth rates remained relatively
constant over a range of abundances (Table S1), as seen in the
analysis of the entire community. However, about 20% of taxa
had 16S rRNA:rDNA ratios that decreased as abundance in-
creased, as indicated by intercepts significantly different from
zero, suggesting that for these taxa, growth rates decreased as
abundance increased (Table S1). Ratios of 16S rRNA to rDNA
also increased in about 20% of taxa as abundance decreased.
OTUs in the SAR11 group, even though they all were very
closely related to the same cultured representative (P. ubique),
had highly variable slopes. Two OTUs had intercepts signifi-
cantly less than zero, and one had an intercept significantly
greater than zero (Fig. 34 and Table S1). Two mostly abundant
Rhodobacteriaceae OTUs also had intercepts significantly dif-
ferent from zero (Fig. 3B and Table S1). Ratios of 16S rRNA to
rDNA (slopes) were lower in the Flavobacteriaceae than any of
the other groups (Table S1). Overall, however, these findings
suggest that for many individual taxa, relative growth rates in-
crease as abundance decreases, as seen when the entire com-
munity was examined.

The 16S rRNA and rDNA of five representative OTUs were
examined further by quantitative PCR (Table S2). These OTUs
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were chosen based on both phylogeny and abundance, as defined
in the 16S rDNA tag dataset as well as specificity of the qPCR
primers for each OTU (Fig. 44 and Table S2). In the tag dataset,
the overall correlation between the frequencies of 16S rRNA
and rDNA of the five taxa was significant, and for four of five, the
slope was <1 (slope of all taxa = 0.54, bootstrap 95% confidence
interval = 0.41-0.67, r = 0.88, P < 0.05, n = 125; individual
slopes are given in Table S1). In the qPCR dataset, the corre-
lation between all 16S rRNA copies and rDNA copies was also
significant (r = 0.61, P < 0.001, n = 155; Fig. 4B). The tag and
gqPCR datasets revealed the same variation in rRNA abundance
as a function of rDNA abundance, except for the Act-960 OTU
(Fig. 4). The tag sequence estimate of 16S rDNA relative
abundance significantly correlated with the qPCR-based esti-
mate for four of the five OTUs (Pearson correlations between
0.44 and 0.61, P < 0.05, n = 24). The lack of significance for the
Act-960 OTU could be due to PCR primer biases (24).

Discussion

It is critical to assess the contribution by abundant and rare
bacteria toward biogeochemical cycling in light of the high di-
versity of bacterial communities (2, 25). To explore this issue,
estimates of activity are needed for both abundant and rare
bacteria. Although recent genomic evidence indicates that ma-
rine bacteria have the capacity to rapidly respond to changes in
environmental conditions and presumably become abundant (26,
27), and microbial communities do vary over time in the ocean
(20, 21), little data are available on the activity of individual
marine bacterial taxa. We assessed activity of the bacterial
community by characterizing changes in relative abundance of
individual taxa over time and by examining 16S rRNA:rDNA
ratios as an index of growth rate. Data from coastal Delaware
waters indicate that about half of the bacterial community cycles
between rare and abundant, supporting the hypothesis that some
rare bacteria are members of a seed bank of dormant bacteria
waiting for conditions to change (1, 2). This conclusion is sup-
ported by 16S rRNA:rDNA ratios that were <1 for some rare
bacteria. However, many rare bacteria had high rRNA:rDNA
ratios, indicative of high growth rates. These findings suggest
that growth rates decrease for some bacteria as they increase
in abundance.

Our findings also suggest that at least half of the rare taxa in
our samples were active; the other half were dormant at times in
the 3-y study. These findings expand upon a recent study that
also found that some rare bacteria are active, whereas others are
dormant (4). A disproportionate number of rare bacterial OTUs
from two lakes at single time points had high 16S rRNA:rDNA

BZS

e Rhod-51

o Rhod-49
20+
15

o

104
5]
0-

(I) '5 1IO 1'5 2lO 25

% rDNA

Fig. 3. Relative abundance of 16S rRNA vs. rDNA for selected dominant taxa over 3 y. SAR11 (A) and Rhodobacteriaceae (B). Solid lines were determined by

linear regression, and the dashed lines are 1:1 relationships.
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Fig. 4. Relationship between 16S rRNA and 16S rDNA for selected OTUs as indicated by the tag dataset (4) and by quantitative PCR (B).

ratios compared with ratios for abundant taxa (4), which is in
contrast to a study of bacterial communities in coral reef sedi-
ments, where rare bacteria were not well represented in the
rRNA pool and presumably had low growth rates (18). As with
the lake microbial communities (4), our data indicate that some
rare marine bacteria can be highly active.

Some closely related SAR11 taxa appeared to have low growth
rates, whereas other SAR11 taxa may have higher growth rates in
Delaware coastal waters. This observation helps explain some
discrepancies between previous experimental and genomic data.
Dilution culture experiments found low growth rates of SAR11
compared with other bacterial groups (28), whereas results from
uptake assays indicate that SAR11 bacteria have growth rates
that equaled or exceeded rates for bacteria in other taxonomic
groups (3). Our data suggest that about half of the SAR11 taxa
had lower growth rates than average when abundant, whereas
the other half had average or above average growth rates. Our
predictions of lower-than-average growth rates in some SAR11
taxa are consistent with growth rates of isolated SAR11 esti-
mated in laboratory cultures and genomic data from P. ubique (8,
9). These data suggest that bacteria in this clade have stream-
lined genomes and limited genetic repertoire for fast growth (8,
9, 26, 27). Two recent genomic studies indicate differential use of
glucose and phosphate within the SAR11 clade, perhaps con-
tributing to higher growth rates in different SAR11 taxa (29, 30).
Our estimates of varied growth rates in SAR11 indicate the need
for further genomic and metabolic diversity studies of this im-
portant marine clade.

Our data suggest that growth rates change as abundance
increases in about one-third of the taxa. At least three non-
exclusive mechanisms could explain these results. The first ex-
planation, non-steady-state growth, is typified by growth of
bacteria in batch culture, where dormancy is followed by rapid
growth induced by nutrient or other resource availability, fol-
lowed by a decline in growth rate as resources are used (14).
Similar patterns were observed in organic carbon-enriched
microcosms (31) and have been shown to contribute to alter-
ations in 16S rRNA copies per cell in batch cultures of marine
bacteria (13). In the environment as in batch cultures, nutrients
likely stimulate rapid induction of growth, leading to increases in
abundance. Although the abundance of many of the taxa in our
study increased from one month to the next, our sampling was
not frequent enough to resolve differences in steady-state growth
and to evaluate this mechanism. The second explanation involves
top-down controls such as grazing and viral lysis. The KtW
mechanism predicts that defense specialists have slow growth
rates when abundant because they devote their resources to
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defensive strategies against grazing or viral lysis (22). As pre-
dicted by the KtW hypothesis, 16S rRNA:rDNA ratios increased
for about 20% of taxa as their abundance decreased, suggesting
that this mechanism may be an important factor affecting active
but rare bacteria. Alternately, growth rates may remain high in
some bacteria that do not have defensive strategies, but their
abundance is held in check by top-down controls. The third
mechanism could involve either interspecies or intraspecies
competition. In interspecies competition, abundant bacteria may
be more able than rare bacteria to compete for resources,
resulting in high growth rates and abundances. In intraspecies
competition, growth rates may decline as abundance increases
when density-dependent resources become limiting. About 40%
of the taxa, including the two most abundant OTUs, SAR11-10
and 9, could be influenced by either top-down controls or com-
petition effects, because the 16S rRNA:rDNA ratios for these
taxa increased or decreased as they became more abundant.
More frequent sampling is needed to test these hypotheses.

Our interpretations of 16S rRNA/rDNA relationships could
be affected by 16S rDNA copy number per genome, because we
did see an effect of that on slopes of 16S rRNA vs. rDNA graphs.
However, variation in copy number among taxa is unlikely to
affect our conclusions, because modeling results suggest that all
points above or below the 1:1 line are indicative of a higher- or
lower-than-expected growth rate, respectively, regardless of copy
number. Our comparisons of the SAR11 clade OTUs, which are
highly related (<2% difference) to a cultured representative with
one 16S rDNA copy per genome (9), would not be affected by
copy number. Comparisons between SAR11 clade and other taxa
may be affected by copy number, because other taxa can have
more than one copy per genome (26). Cultivated Flavobacter-
iaceae and Rhodobacteriaceae, for example, have more than one
16S rDNA copy per genome, explaining why many Flavobacter-
iaceae and one Rhodobacteriaceae had slopes <1. However, our
conclusions are based on large differences in ratios among
hundreds of OTUs and thousands of paired 16S rRNAs and
rDNA reads, along with changes in relative ratios in individual
taxa over time. Any variation in the 16S rRNA/rDNA relation-
ship among OTUs does not affect our conclusions about cycling
of taxa between rare and abundant populations and variations in
16S rRNA:rDNA ratios within a single OTU over the 3 y of
our study.

Other potential problems, such as differences in ribosomal
efficiencies and non-steady-state growth, would not affect our
conclusions, because previous studies suggest that these factors
do not significantly affect rRNA growth-rate relationships ob-
served in continuous cultures (13, 15, 32). Furthermore, al-
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though tag sequencing is not strictly quantitative, we and others
found significant correlations between quantitative measures of
taxa abundance and pyrosequence-based estimates (18, 24, 33).
The numbers of ribosomes per cell in our qPCR analyses aver-
aged ~150, with a maximum of 2,250, similar to the numbers
observed in the marine bacterium, Sphingomonas sp. strain
RB2256 (12).

This study highlights the value of examining both bacterial 16S
rRNA and rDNA to understand ecological controls of abun-
dance and diversity. Though our observations support the KtW
hypothesis for some taxa (22), further experiments are necessary
to understand the relationship between growth rates and abun-
dance of individual taxa in the environment (34). Using 16S
rRNA:rDNA ratios as an index of activity of both abundant and
rare bacteria should also be extremely informative in elucidating
interactions among bacteria and the response of specific bacte-
rial taxa to environmental factors that change over time. The
observed correlation between activity and abundance and the
potential high growth rates of rare bacteria indicate that we need
to rethink our ideas of how abundant and rare microbes con-
tribute to biogeochemical processes.

Methods

Sample Site, Collection, and Characterization. Surface water samples were
collected monthly between February 2006 and March 2009 from a site be-
yond the mouth of the Delaware Bay (38° 50.935’ N, 75° 06.456’ W). Standard
oceanographic properties were measured, and cell lysis and extraction of
nucleic acids from the bacterial size fraction were done as previously
described (10).

PCR Amplification. DNA was separated from RNA and quantified as outlined
previously (10). Approximately 50 ng of RNA from each sample were reverse
transcribed into ¢cDNA and checked for contaminating DNA by PCR as de-
scribed previously, but with 35 cycles (10). DNA and ¢DNA (1 ng each) were
subjected to PCR with primers that amplify the V1-V2 region of the 16S
rRNA gene (35). Primers contained previously described barcodes to bio-
informatically separate samples after sequencing (35). To minimize plateau
effects and PCR artifacts, samples were amplified in triplicate at low cycle
number (23 cycles for cDNA, 30 for DNA) and pooled. About 100 ng of each
product were pooled together and sequenced on an FLX machine.
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r-project.org/). Nine samples contained <1,053 sequences in either the DNA
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