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Bacterial diversity, community structure and
potential growth rates along an estuarine
salinity gradient

Barbara J Campbell1,2 and David L Kirchman1

1School of Marine Science and Policy, University of Delaware, Lewes, DE, USA

Very little is known about growth rates of individual bacterial taxa and how they respond to
environmental flux. Here, we characterized bacterial community diversity, structure and the relative
abundance of 16S rRNA and 16S rRNA genes (rDNA) using pyrosequencing along the salinity
gradient in the Delaware Bay. Indices of diversity, evenness, structure and growth rates of the
surface bacterial community significantly varied along the transect, reflecting active mixing between
the freshwater and marine ends of the estuary. There was no positive correlation between relative
abundances of 16S rRNA and rDNA for the entire bacterial community, suggesting that abundance
of bacteria does not necessarily reflect potential growth rate or activity. However, for almost half of
the individual taxa, 16S rRNA positively correlated with rDNA, suggesting that activity did follow
abundance in these cases. The positive relationship between 16S rRNA and rDNA was less in the
whole water community than for free-living taxa, indicating that the two communities differed in
activity. The 16S rRNA:rDNA ratios of some typically marine taxa reflected differences in light,
nutrient concentrations and other environmental factors along the estuarine gradient. The ratios of
individual freshwater taxa declined as salinity increased, whereas the 16S rRNA:rDNA ratios of only
some typical marine bacteria increased as salinity increased. These data suggest that physical and
other bottom-up factors differentially affect growth rates, but not necessarily abundance of
individual taxa in this highly variable environment.
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Introduction

The structure of bacterial communities and the
abundances of individual bacterial taxa have been
examined extensively in aquatic ecosystems over
the past 30 years as have bulk properties of bacterial
communities, such as biomass production and
community-level growth rates (Ducklow, 2000;
Morris et al., 2005; Gilbert et al., 2009; Fouilland
and Mostajir, 2010). However, few studies have
examined growth rates of specific taxa in natural
microbial communities. We need to know growth
properties in order to gage the contribution of
bacteria to carbon cycling and other biogeochemical
processes. Growth and general levels of metabolic
activity may be explored by examining cell proper-
ties that change with growth rate, such as the

number of ribosomes per cell. In cultures of
non-marine and marine bacteria (Kemp et al.,
1993; Bremer and Dennis, 1996; Fegatella et al.,
1998; Kerkhof and Kemp, 1999; Deutscher, 2006),
ribosome numbers increase with faster growth and
decrease during starvation, although the levels and
rates of decline may differ in different taxa (Kramer
and Singleton, 1992; Nilsson et al., 1997; Fegatella
et al., 1998).

Recently, we and others used 16S rRNA relative
abundance and the ratio of 16S rRNA to rRNA genes
(rDNA) as indexes of activity and potential growth
rate of specific taxa in natural communities
(Campbell et al., 2009, 2011; Jones and Lennon,
2010; Gaidos et al., 2011). There was a positive
correlation between 16S rRNA and rDNA frequen-
cies in both coral sediments and coastal surface
bacterial communities (Campbell et al., 2011;
Gaidos et al., 2011), suggesting that activity followed
abundance in these cases. However, rare bacteria
were found to have higher levels of 16S rRNA
(ribosomes) per rDNA (cell number) in both lakes
and in surface marine communities, suggesting
that growth rates were higher (Jones and Lennon,
2010; Campbell et al., 2011). These data suggest that
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although the most abundant bacteria often did not
have the highest growth rates, they still contributed
the most to production or ‘activity’ on a per volume
basis in the few systems examined so far. Clearly,
more work is needed to understand the relationship
between abundance, activity and potential growth
rates and how these relationships are affected by
environmental factors.

Estuaries are ideal systems for exploring these
questions because they are dynamic with gradients
in salinity and other environmental factors, as well
as in microorganisms (Kirchman et al., 2005; Sharp
et al., 2009; Telesh and Khlebovich, 2010; Fortunato
et al., 2012). One well-studied estuary, the Delaware
Bay, has the biggest salinity gradient of the three
largest urban estuaries in the United States (Sharp
et al., 2009). Bacterial community structure at the
phylum and subphylum level changes predictably
in the Delaware Bay and in other estuaries. At the
freshwater end of the estuarine gradient, bacterial
communities are dominated by Betaproteobacteria
and Actinobacteria, while marine communities
are dominated by Alphaproteobacteria; levels of
the Bacteroidetes phylum are fairly constant along
the estuary (Bouvier and del Giorgio, 2002; Crump
et al., 2004; Kirchman et al., 2005; Kan et al., 2008;
Fortunato et al., 2012; Herlemann et al., 2011).
These changes in community structure may be driven
by changes in growth rates, but the relationships
between abundance and growth are complex, even at
the phylum or subphylum levels (Cottrell and
Kirchman, 2004; Yokokawa et al., 2004). Although
these studies point to differences in growth at the
phylum or class level, nothing is known about
activity or growth rates at the operational taxonomic
unit (OTU) level along estuarine gradients.

Estuaries often have large numbers of particle-
attached bacteria, sometimes making up 450%
of the total community, more than that observed in
other marine systems (Kirchman, 1993; Crump et al.,
1998; Simon et al., 2002). These bacteria probably
disproportionally contribute to bacterial production
and particulate organic matter degradation as sug-
gested by studies that explored per cell rates by
normalizing bulk activity measures by cell abun-
dance of particle-attached and free-living bacteria
(Crump and Baross, 2000; Ghiglione et al., 2007).
It remains to be seen if a more direct method also
shows that particle-attached bacteria grow faster
than free-living bacteria.

The goals of this study were to learn more about
potential growth rates and activity of individual
bacterial taxa in a dynamic aquatic environment and,
in particular, to see if the positive correlation
between 16S rRNA and rDNA that was observed at
the coastal Delaware site (Campbell et al., 2011) held
over a large environmental gradient. We examined
diversity, composition and activity of bacteria along
the Delaware Bay using a tagged 16S rRNA/rDNA
pyrosequencing approach. This method allowed a
detailed characterization of bacterial richness,

evenness, compositional changes and activity of the
bacterial communities at the OTU level. Samples
were taken over 2 days in July 2009 along a 200 km
transect of the Bay, spanning both freshwater and
marine sites. The relative abundance and activity of
taxa, defined by 16S rDNA and rRNA sequences
sharing 97% similarity, were characterized for both
whole water and free-living communities. We found
marked changes in diversity, composition and 16S
rRNA:rDNA ratios of taxa along the salinity gradient.

Materials and methods

Site description, sample collection and characterization
Surface water samples were collected along the
Delaware Bay and nearby at a coastal ocean obser-
vatory site termed FB in July 2009 (Supplementary
Table S1). Standard oceanographic properties, includ-
ing water temperature, salinity, light intensity (photo-
synthetically active radiation), light attenuation,
abundance of total bacterioplankton, leucine incor-
poration, chlorophyll a concentration and nutrients
(NO3, NH4, PO4, Si), were measured as described
previously (Preen and Kirchman, 2004; Kirchman
et al., 2005; Cottrell et al., 2006; Michelou et al., 2007).
Samples for nucleic acids were either directly
collected on 0.22mm Durapore membranes or prefil-
tered through 0.8mm pore size filters before collection
on 0.22mm membranes. Filters were frozen at � 80 1C
in 1 ml of CTAB buffer (Dempster et al., 1999) until
nucleic acids were extracted.

Nucleic acid extractions and high-throughput
sequencing
Total nucleic acids were extracted using a modified
CTAB extraction protocol (Dempster et al., 1999)
with two chloroform extractions instead of one.
DNA was separated from RNA via RNAase I
digestion, and RNA was isolated from the total
nucleic acid preparation by DNAase I digestion of
the sample as outlined in the manufacturer’s proto-
col (Ambion/Life Technologies, Grand Island, NY,
USA). DNA and RNA were quantified via a pico-
green or ribogreen assay, respectively, as recom-
mended by the manufacturer (Invitrogen/Life
Technologies, Grand Island, NY, USA). RNA sam-
ples did not have contaminating DNA, according to
a polymerase chain reaction test for 16S rRNA
genes. Approximately 50 ng of RNA from each
sample were reverse transcribed into cDNA with
random primers using the Superscript First-Strand
synthesis system for reverse transcription-polymer-
ase chain reaction (Invitrogen). Nucleic acids (DNA
at 10 ng ml� 1 and cDNA at 1 ng ml�1) were sent to the
Research and Testing Laboratory (http://www.
researchandtesting.com/, Lubbock, TX, USA) for
high-throughput sequencing on the Roche 454
platform with titanium chemistry. Primers used
spanned the V1–V3 region (28F-519R) of the 16S
rRNA gene.
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Sequences are available in the NCBI short-read
archive database, accession number SRA052537. A
MIMARKS compliant table of sample metadata is
included in the Supplementary Table S1.

Sequence analyses
Sequences were run through the AmpliconNoise/
Perseus pipeline (Quince et al., 2011) to remove
noise and chimeras from the original 493 031 SFF
files. The resulting 250 478 sequences were then
passed through the mothur program to further
reduce errors as outlined previously (Schloss et al.,
2009; Campbell et al., 2011). Briefly, after trimming,
pre-clustering, removal of chloroplast sequences
and alignments, a total of 138 532 sequences
remained. These were clustered with the average
neighbor algorithm at a 0.03 distance, which
resulted in 2446 OTUs. Before comparisons, sam-
ples were normalized to a total of 1675 sequences
each by randomly resampling the sequence data 100
times using the sample function in R (http://www.
r-project.org/).

Alpha diversity measures (ChaoI, Sobs, Simpso-
neven, Invsimpson) of the samples were calculated
in mothur (Schloss et al., 2009). A representative
sequence from each OTU was classified by several
methods, including Silva, RDPII and greengenes
web alignment and classification tools, as well as
by BLAST analyses (DeSantis et al., 2006; Pruesse
et al., 2007; Johnson et al., 2008; Cole et al., 2009).
In general, the results from all classification
schemes were consistent with each other (data not
shown). Phylogenetic distances were calculated
in MEGA5.05 using the maximum composite like-
lihood pairwise distance method after Clustal align-
ment (Tamura et al., 2011). Beta diversity measures
(non-metric multidimensional scaling and the Theta
(yc) similarity index) were also performed in mothur
using the rarefied OTU table (Schloss et al., 2009).
Sample clustering was also performed with the
Bray–Curtis algorithm in PAST based on normalized
abundances (Hammer et al., 2001).

Statistical analyses
Unless otherwise noted, data were square root or
natural log transformed before statistical testing.
Since assumptions of parametric regressions
were not satisfied, nonparametric (Spearman and
Kendall) regression analyses performed in R (http://
www.r-project.org/) were used when all OTUs were
analyzed. Reduced (or standard) major axis regres-
sion analysis was also performed in R with the
lmodel2 function on individual OTU values.

Results

Environmental characterization of the Delaware Bay
Surface water samples were examined for a
variety of biogeochemical parameters, including

chlorophyll a, leucine incorporation, light attenua-
tion and inorganic nutrients in relation to salinity
(Figure 1). There were two peaks of chlorophyll
a concentration at the freshwater sites and mid-
salinity sites (15–20 PSU; Figure 1a). Bacterial
production was highest after the mesohaline chlor-
ophyll a peak, while light attenuation was highest at
about 1 PSU (Figure 1a). Most nutrients, except Si,
peaked in the oligohaline sites (1–6 PSU)
(Figure 1b). Si concentrations were highest at
the same station as the second chlorophyll a peak
(15 PSU).

Bacterial diversity along the salinity gradient
Species richness, evenness and alpha diversity of
free-living (o0.8 mm) and of the entire (40.22 mm)
bacterial communities were assessed at nine sites
along the Delaware Bay after trimming and normal-
ization of the sequence data. Species richness
according to the nonparameteric Chao1 index varied
similarly between the two fractions along the
salinity gradient (Figure 2a). The richness of the
entire bacterial community was highest at 1.2 and
6.4 PSU, and declined to less than half that in the
lowest and highest salinity samples. Although not
statistically significant, similar trends in the Chao1
index were observed for the free-living community,
and with richness estimated by the number of
observed species for both communities (data not
shown). In contrast to the Chao1 index, the lowest

Figure 1 Environmental parameters along the Delaware Bay in
relation to salinity in July 2009. (a) Leucine incorporation,
chlorophyll a and light attenuation. (b) Concentrations of nitrate,
silicate, phosphate and ammonium.
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and highest salinity samples had significantly
higher overall diversity (Inverse Simpson) than the
other samples for both communities (Figure 2b).

Identical patterns to the diversity values were
observed in evenness as measured by the Simpson
evenness calculator (data not shown).

Overall bacterial community structure in the
Delaware Bay
As expected, bacterial community composition
changed greatly along the salinity gradient, from a
community dominated by Actinobacteria, Verruco-
mircobia and Betaproteobacteria in fresh waters
to a typical marine community dominated by SAR11
taxa (B40%), Rhodobacterales (B20%), Gamma-
proteobacteria (B15%) and Bacteroidetes (B15%)
in the highest salinity, coastal waters (Figure 3).
The variation in composition was mirrored in the
similarity dendrogram, where the freshwater and
very low salinity samples (PSU 0.01–1.2) formed a
group separate from the rest of the samples
(Figure 3). There were also specific subclusters
within the moderate to high salinity samples, which
also grouped according to salinity and were driven
mainly by relative abundance changes in Cyanobac-
teria and Rhodobacterales. Interestingly, the largest
group of samples spanned a salinity range from 14.6
to 26.7 PSU. The coastal ocean sample, which
differed in salinity only slightly from the Bay mouth
samples, formed a separate subcluster, probably due
to the higher relative abundance of the Rhodobac-
terales. In all cases where paired samples could be
compared, free-living and whole water communities
clustered together and shared similar abundances of
most groups (Figure 3).

Some taxa were dominant in more than one
salinity range. For instance, the three SAR11 taxa
(OTUs 124, 125 and 267) comprised up to 70%
of the community in both the mid-salinity and
marine sites. Other taxa were most abundant within
defined salinity ranges (Supplementary Table S2).

Figure 2 Bacterial richness (a) and diversity (b) along the
Delaware Bay in relation to salinity. OTUs were defined at a
97% similarity level. Error bars indicate 95% confidence interval
calculated in mothur. Closed circles indicate bacteria from the
free-living fractions, whereas open circles indicate bacteria from
the whole water fraction.

Figure 3 Bacterial composition along the Delaware Bay salinity gradient. Bray–Curtis dendrogram of 16S rDNA sequences clustered
into OTUs at 97% similarity, followed by colored bars indicating the percentage of the designated group within each sample.
(A)¼Alphaproteobacteria. Numbers in dendrogram refer to salinity (PSU) of sample. Bootstrap values (450) are listed. Scale bar
indicates distance in length.

Bacterial community structure and activity in an estuary
BJ Campbell and DL Kirchman

213

The ISME Journal



The freshwater samples contained the greatest
number of unique taxa, with a total of 41 OTUs that
made up at least 0.5% of the community. Most of
these OTUs belonged to the Verrucomicrobia
(nine OTUs) and Actinomycetales (eight), with the
other abundant taxa being within the Chloroflexi
and Comamonadaceae groups (four each). The most
selective salinity range was the mesohaline
(8–10 PSU), where only two taxa, members of the
Actinomycetales and Planctomycetales, were found
in their highest abundance in this range. About the
same number of taxa (10–12) reached their highest
abundance in the mid-salinity (15–27 PSU) or
marine sites. Four taxa in the mid-salinity range
belonged to the Flavobacteriaceae, while three
belonged to the Actinobacteria. The group with the
largest number of taxa in the marine site was
Gammaproteobacteria (five), followed by Flavobac-
teriaceae (three).

16S rRNA vs rDNA and 16S rRNA:rDNA ratios of
bacteria in whole water and free-living communities
The relationship between 16S rRNA and rDNA
frequency for each OTU and sample was examined
in both whole water and free-living fractions
(Figure 4 and Supplementary Figure S1). The
correlations between rRNA and rDNA frequencies
were low or even negative according to Kendall’s
nonparametric test (free-living t¼ � 0.04, Po0.001,
n¼ 1568; whole water t¼ � 0.10, Po0.001,
n¼ 1956) (Figure 4b and Supplementary Figure
S1b), suggesting that overall, the contribution of all
phylotypes to activity (rRNA frequency) did not
follow their relative abundance (rDNA frequency).

We next asked if the 16S rRNA:rDNA ratios for the
rare and abundant bacteria were different, as was the
case in our previous study (Campbell et al., 2011).
The average ratios for the whole water fraction were
different, but not for the free-living fraction. The
average 16S rRNA:rDNA ratios from the abundant
(41% rDNA) and rare (o1% rDNA) free-living
populations were the same (average of about 1.2 for
both communities). In contrast, the ratio for rare

bacteria (average¼ 1.6) was significantly higher than
the ratio for abundant bacteria (average¼ 1.1) in the
whole water community (n¼ 131, 1003, Po0.05,
t-test).

16S rRNA vs rDNA and 16S rRNA:rDNA ratios of
individual taxa
The relationship between the 16S rRNA and rDNA
from individual OTUs was characterized to under-
stand why there was no positive correlation in the
entire data set. In all, 46 OTUs, defined at the family,
order or phylum level, were chosen based on their
relative abundance (frequency 40.5) and presence in
at least three of the samples (Table 1 and
Supplementary Table S3). About 40% of the taxa
had a significant correlation between 16S rRNA and
rDNA. Most of the significant relationships were
within the Rhodobacteriaceae, Rhodospirillaceae,
SAR11 and Gammaproteobacteria groups (Table 1
and Supplementary Table S3). Overall, more taxa had
significant correlations in the free-living fraction than
in the whole water fraction (Table 1), reflecting
patterns in the entire community (Figure 4 and
Supplementary Figure S1). The average correlation
coefficients were higher in the Rhodobacteriaceae
and Rhodospirillaceae and lower in the Gammapro-
teobacteria in the whole water communities com-
pared to the free-living communities (Table 1). All
other groups either had no or few representative
OTUs with significant correlations between relative
abundances of 16S rRNA and rDNA.

As with the relative abundance estimates, 16S
rRNA:rDNA ratios of some taxa were highest within
certain salinity ranges (Supplementary Table S4).
The ratios of OTUs within the Flavobacteriaceae
(four), Rhodobacteriaceae (three) and Gammapro-
teobacteria (three) were highest within the
15–27 PSU range. The ratios of two Alphaproteo-
bacteria within the Rhodobacteriaceae, closely
related to Paracoccus aminovorans and P. alcaliphi-
lus, were highest within the 8–10 and 15–27 PSU
range, respectively. Notably, taxa related to SAR11
had their highest ratios at the marine site, whereas

Figure 4 Relationship between 16S rRNA and 16S rDNA frequencies of bacterial OTUs along the Delaware Bay salinity gradient.
The points are paired 16S rRNA and rDNA frequencies for each individual OTU in the free-living community at different salinities.
(a) Entire data set and (b) o0.5% abundant OTUs.
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the ratios of Actinomycetales were highest in the
freshwater sites.

Variation of 16S rRNA:rDNA ratios along the salinity
gradient
To understand how the potential growth rates varied
along the transect, we analyzed the changes in
relative abundance and 16S rRNA:rDNA ratios
of the 46 taxa mentioned above (Supplementary
Table S3) in relation to salinity or distance from the
mouth of the bay. The relative abundance and 16S
rRNA:rDNA ratios of the dominant SAR11 taxa
varied along the transect. For instance, one SAR11
OTU (SAR11-807) was most prevalent in freshwater
and low salinity waters, comprising 1–6% of
the community (Supplementary Figure S2a). Its
16S rRNA:rDNA ratio did not change much; it was
highest at 128 km from the bay mouth, or at 0.1 PSU,
and it correlated with nitrate (r¼ 0.95, Po0.05;
Supplementary Figure S2b), although the sample
size is small (n¼ 4). The relative abundance of the
other SAR11 taxa either peaked at the mid-salinity
site (10 PSU) or had a broader abundance peak in
higher salinity waters (15–26 PSU) (Figure 5a). The
16S rRNA:rDNA ratios of these SAR11 taxa steadily
increased along the salinity gradient and peaked at
either the bay mouth (26.6 PSU) or the coastal ocean
site (OTU-125, 31 PSU) (Figure 5b). The ratios of all
three increased when light attenuation decreased
(Figure 6), and, as a group, were negatively corre-
lated with light attenuation (r¼ � 0.60, 0.82, n¼ 18,
P o0.01). OTU-125 was 97% identical to Pelagi-
bacter ubique in this region of the 16S rRNA gene,
whereas the other OTUs were only 90% similar
to P. ubique (Supplementary Table S3). The 16S
rRNA:rDNA ratios of the three SAR11s were
negatively correlated with nitrate, ammonium and

phosphate levels (r range from � 0.51 to � 0.61,
n¼ 18, Po0.05). In contrast, there was no significant
correlation between abundance (16S rDNA) of the

Table 1 Relationships of rRNA to rDNA of OTUs within the indicated group along the Delaware Bay salinity gradient using RMA
regression analysis

Group Free living Whole community

No. of OTUs % Sig a r No. of OTUs % Sig r

Actinobacteria 6 0 5 20 0.97

Alphaproteobacteria
Rhodobacterales 5 60 0.92±0.11 5 60 0.96±0.03
Rhodospirillales 6 33 0.87±0.05 6 66 0.94±0.06
Rickettsiales 4 100 0.93±0.02 4 75 0.93±0.02

Betaproteobacteria
Burkholderiales 3 0 3 0

Deltaproteobacteria 1 0 1 0
Gammaproteobacteria 11 45 0.92±0.06 11 55 0.89±0.05

Chloroflexi 1 0 0
Cyanobacteria 1 100 0.82 1 0
Flavobacteriales 4 25 0.91±0.15 3 33 0.97
Verrucomicrobia 3 0 3 0

Abbreviations: OTU, operational taxonomic unit; RMA, reduced major axis.
The correlation coefficients (r) are averages±s.d. based on OTUs with significant correlations.
aPercentage of OTUs with significant correlations between 16S rRNA and 16S rDNA.

Figure 5 Relative abundance (a) and ratio of 16S rRNA to rDNA
(b) of the indicated SAR11 OTU in relation to salinity along the
Delaware Bay.
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SAR11 OTUs as a group and any environmental
parameter (data not shown).

The peak 16S rRNA:rDNA ratio of OTU-104,
closely related to Roseovarius aestuarii, corre-
sponded to the peak in leucine production (Table 1,
Supplementary Table S2 and Supplementary
Figure S3c), although the ratio was not significantly
correlated to leucine production. The 16S rRNA:
rDNA ratios of OTU-270, whose closest BLAST hit
was P. alcaliphilus, was significantly correlated to
chlorophyll a levels (r¼ 0.89, n¼ 6, Po0.01).
Although abundances increased in two Rhodo-
spirillaceae (OTUs 102 and 298, related to Nisaea
denitrificans; Supplementary Table S3 and
Supplementary Figure S3b) along the salinity gra-
dient, their ratios declined at the highest salinity
(Supplementary Figure S3d). As a group, the 16S
rRNA:rDNA ratios of the Rhodospirillaceae were
negatively correlated to photosynthetically active
radiation (r¼ � 0.63, n¼ 11, Po0.05). However,
there were no significant correlations between
abundance (16S rDNA) of the Rhodospirillaceae
group and any environmental parameter (data
not shown).

It was more difficult to compare relative
abundance and 16S rRNA:rDNA ratios of the taxa
abundant at freshwater sites because of their low
occurrence in our data set. The abundances of
two Betaproteobacteria taxa (OTUs 34 and 1370)
increased along the transect at the freshwater sites,
but their 16S rRNA:rDNA ratios remained relatively
constant or declined slightly (Supplementary
Figure S2). The abundances of three taxa within
the Verrucomicrobia phylum (Opitutae family)
peaked at the second or third freshwater station
(either at 128 or 136 km from the mouth of the bay;
Supplementary Figure S4a). However, the 16S
rRNA:rDNA ratios of two OTUs declined more than
twofold from the most freshwater site to the high
salinity waters (Supplementary Figure S4c).
Other taxa had either (1) fewer than three locations

where their abundances were 40.05%; (2) ratios
that changed directly with their abundance; (3)
little variation in their ratios; or (4) no discernible
trends in their ratios along the transect (data not
shown).

Discussion

Surface coastal marine bacterial communities vary
over time, reflecting broad changes in the environ-
ment (Fuhrman et al., 2006; Gilbert et al., 2009,
2012). Bacterial communities in estuaries and some
coastal margins also greatly vary in space because of
sharp gradients in salinity, nutrients and microbial
communities, among other properties (Kirchman
et al., 2005; Sharp et al., 2009; Fortunato et al.,
2012; Herlemann et al., 2011). Although several
studies have shown that these gradients lead to large
variation in bulk bacterial production and biomass
(Hoch and Kirchman, 1993; Goosen et al., 1999;
Puddu et al., 1998; Preen and Kirchman, 2004) and
community structure at the phylum and subphylum
level (Bouvier and del Giorgio, 2002; Kirchman
et al., 2005), few studies have examined the
abundance of OTUs at the 97% level in this type
of ecosystem (Kan et al., 2008; Herlemann et al.,
2011; Fortunato et al., 2012) and even fewer have
examined activity or potential growth rates at the
OTU level in any ecosystem (Campbell et al., 2011).
Here, we assessed bacterial community diversity,
structure and 16S rRNA:rDNA ratios as an index of
potential growth rate along the salinity gradient in
the Delaware Bay. Our data indicate that bacteria are
least diverse in the transition zone between fresh
and marine waters and that levels of 16S rRNA are
not positively correlated with abundance. This was
especially true in the whole water fraction com-
pared to the free-living fraction. We did find,
however, that 16S rRNA of several taxa positively
correlated with rDNA, indicating that activity did
follow their relative abundance in some cases.
The 16S rRNA:rDNA ratios, but not relative abun-
dance of several taxa, changed with the physical,
biological or chemical gradients along the estuary.
These data suggest that presumed growth rates were
controlled by environmental factors such as salinity
and may be a better indicator than abundance alone
in understanding the interactions between indivi-
dual taxa and their environment.

In this study, we explored how levels of 16S
rRNA changed in relation to abundance (16S rDNA)
along a salinity gradient. Unlike our previous study,
which explored rRNA–rDNA relationships over
time at the marine site also examined here
(Campbell et al., 2011), we found few positive
relationships between 16S rRNA and rDNA along
the salinity gradient. It is possible that the sampling
frequency contributed to these differences; samples
from the prior study were taken monthly at one site
and not from several sites over a day as in this study.

Figure 6 Relationship between light attenuation and 16S
rRNA:rDNA ratios of three marine SAR11 OTUs. The linear
regression is indicated by the solid line.
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Another part of the explanation is that the steep
gradients in salinity and other parameters in the
estuarine environment apparently resulted in large
changes in growth conditions, resulting in the poor
correlations between 16S rRNA and rDNA. Similar
results were observed when examining growth rates
or activity of bacteria at the phylum or subphylum
level using other approaches (Cottrell and
Kirchman, 2004; Yokokawa et al., 2004).

The poor relationship between 16S rRNA and
rDNA was even more pronounced in the whole
water fraction than the free-living fraction. While
the community composition of the free-living and
whole water fractions differed only slightly, the
ratios of 16S rRNA per rDNA in the whole water
fraction were much higher for rare than for abundant
bacteria, and were also higher in the rare whole
water fraction than the rare free-living fraction.
These results suggest that bacteria found in the rare
whole water community are most active. Similar to
other studies of bulk properties, we interpret this
difference as being due to attachment to particulate
detritus, although we cannot rule out the possibility
of a higher number of large bacteria in the whole
fraction than in the free-living fraction. In any case,
our results agree with previous studies that found
that particle-associated bacteria are more active than
free-living bacteria, especially in estuarine and other
eutrophic marine environments (Kirchman, 1993;
Crump and Baross, 1996; Ghiglione et al., 2007).

When analyzed individually, 16S rRNA and rDNA
levels of several taxa were not correlated or were
even negatively correlated. Generally, these taxa
were found in Actinobacteria, Flavobacteriales,
Burkholderiales and Verrucomicrobia, most of
which are related to known freshwater taxa
(Newton et al., 2011). Bacterial growth rates within
these clades may be very sensitive to changes in
environmental conditions, such as salinity, or rely
on a narrow range of available organic compounds
that vary in the estuary (Church, 1986; Sharp et al.,
2009). Our data suggest that overall the Actinobac-
teria had lower than average growth rates, while the
Verrucomicrobia and Betaproteobacteria had higher
than average rates in some of the freshwater regions
along the Delaware Bay transect. Although data on
the freshwater taxa were generally limited to three
sites, these results agree with growth rates of these
groups estimated by other approaches in freshwater
lakes (Šimek et al., 2006; Newton et al., 2011). Even
with these few sites, the data make possible a much
more in-depth resolution of how potential growth
rate responds to environmental change than possi-
ble in previous studies.

Many individual marine-associated taxa within
the SAR11, Rhodobacterales, Rhodospirillales and
Gammaproteobacteria groups, did show a signifi-
cant correlation between 16S rRNA and rDNA, but,
in many cases, this ratio changed along the salinity
gradient. For instance, although the marine-asso-
ciated SAR11 taxa were abundant in low to mid-

salinity waters, their 16S rRNA:rDNA ratios gradu-
ally increased to the mouth of the bay and open
ocean sites and were positively correlated with light
(negatively correlated with light attenuation), per-
haps reflecting the presence of the light-harvesting
proteorhodopsin gene and their potential use on
light for extra energy (Béjà et al., 2001; Giovannoni
et al., 2005; Gómez-Consarnau et al., 2010; Steindler
et al., 2011). In addition, overall 16S rRNA:rDNA
ratios of SAR11 were low in spite of its dominance
within the estuary, perhaps reflecting a slow grow-
ing mode also observed in cultured SAR11 (Rappé
et al., 2002). Variation in the 16S rRNA:rDNA ratios
along the estuary was also observed for Rhodobac-
teriaceae and Rhodospirllaceae OTUs. Growth
rates of these bacteria may be influenced by
phytoplankton-produced compounds, as their 16S
rRNA:rDNA ratios were highest at or near the peak
in chlorophyll a levels.

Members of the SAR11 clade dominate most
marine environments (Morris et al., 2002;
Giovannoni and Stingl, 2005; Giovannoni and
Vergin, 2012), including the Delaware Bay. Previous
studies using metagenomic, clone library or fluor-
escence in situ hybridization analyses found that
SAR11 made up about 50% of the community in the
Bay (Kirchman et al., 2001, 2005; Rusch et al., 2007;
Straza and Kirchman, 2011). SAR11 types varied
along the salinity gradient, indicating that the
Delaware Bay contains ecotypes adapted to different
salinities and other environmental conditions. Large
differences were also observed between estuarine,
coastal and oligotrophic metagenomes dominated
by SAR11 taxa (Rusch et al., 2007). In spite of
these differences in abundance, our data suggest
that growth patterns of these distinct SAR11 are
similar, perhaps reflecting some genomic traits
shared among SAR11 taxa that differ phylo-
genetically. Further studies are needed to under-
stand the complex growth patterns of this important
clade.

Other abundant typically marine taxa varied along
the Delaware Bay, including members of the Rho-
dobacteriaceae, Rhodospirillaceae and Flavobacter-
aceae. Variations in abundance and phylogenetic
makeup of these families were also observed in
other 16S rRNA and whole genome phylogenetic
analyses of various estuaries (Bouvier and del
Giorgio, 2002; Heidelberg et al., 2002; Crump
et al., 2004; Kirchman et al., 2005; Kan et al.,
2006, 2008; Andersson et al., 2010; Herlemann et al.,
2011). As with these other studies, we also found
that the abundance of some taxa peaked in certain
salinity ranges, such as Verrucomicrobia and Coma-
monadaceae (Betaproteobacteria) in fresh water and
Gammaproteobacteria related to the OMG group at
the marine site. Other taxa most abundant in the
mid-salinity and marine waters of the Delaware Bay
were in families represented by isolates known
to respire nitrate or sulfur compounds, or are
associated with phytoplankton (Buchan et al., 2005).
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Although it is clear that microbial communities
change in structure along salinity gradients
(Kirchman et al., 2005; Herlemann et al., 2011;
Fortunato et al., 2012), corresponding changes in
bacterial richness and diversity are less well
described. Unlike that of higher organisms (Telesh
and Khlebovich, 2010), we found that bacterial
community richness as measured by both Chao1
and the number of OTUs was highest in the very low
salinity waters. In addition, bacterial diversity and
evenness were different along the Delaware Bay
transect. In contrast, no differences were seen in
alpha diversity along the large Baltic Sea salinity
gradient, even though the Baltic study (Herlemann
et al., 2011) used the same high-throughput sequen-
cing approach as in our Delaware study. The
difference is most likely due to the long gradient
in salinity in the Baltic vs the short salinity gradient
in the Delaware Bay. Salinity is well known to be a
major contributor to microbial community structure
and function (Lozupone and Knight, 2007;
Nemergut et al., 2011).

Many estuaries, such as the Delaware Bay, are in
constant flux, with wide variations in environmental
conditions, sometimes over very short time or spatial
scales (Sharp et al., 2009; Telesh and Khlebovich,
2010). This variability was reflected in the low levels
of bacterial community diversity in oligo- and
mesohaline waters of the estuary, and weak correla-
tions between individual bacterial taxon abundance
and environmental factors, as seen in previous
studies (Fuhrman et al., 2006; Gilbert et al., 2009).
Our study indicates that 16S rRNA:rDNA ratios
may be more informative than abundance alone
in understanding how bacterial communities
respond to variation in physical and other bottom-up
factors along the estuarine gradient. Further work is
needed to convert 16S rRNA:rDNA ratios to actual
estimates of individual bacterial growth rates.
These data are likely to be a powerful tool to
help understand the dynamics and controls
of bacterial communities and ultimately to gage
the contributions of individual bacteria to biogeo-
chemical cycling.
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