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ABSTRACT: The diversity and abundance of bacterial 16S rRNA genes (rDNA) and associated 16S
TRNA were assessed to examine community structure and potential activity in a 2 yr seasonal study
of marine surface waters along the Delaware (USA) coast. The majority of the ribotypes appearing as
rRNA or IDNA were present at least 50 % of the time, and their variation over time was less than that
of most biotic and abiotic factors. Even though there were no predictable seasonal patterns in com-
munity structure, environmental parameters explained between 40 and 50 % of the observed varia-
tion in community structure. In general, summer communities correlated positively with temperature,
light, bacterial production, and phosphate levels, while winter communities correlated with dissolved
organic carbon concentrations. The abundance of 3 select ribotypes (SAR11, a Cytophaga subgroup,
SAR116-like) varied some over time as measured by quantitative PCR (QPCR). The SAR11 clade was
10 times more abundant than the other 2 groups. However, the 16S rRNA to rDNA ratios, as mea-
sured by qPCR and reverse transcription-qPCR, varied greatly over time and were highest in the
SAR11 population and the Cytophaga subgroup. The rRNA to rDNA ratio of the Cytophaga subgroup
and SAR116-like group significantly correlated with some environmental parameters. Taken
together, these results suggest that the community composition of the major members does not
change much over time, but individual members do vary in abundance and activity and can be influ-

enced by environmental factors.
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INTRODUCTION

Several studies have explored the structure of
marine bacterial communities, but few have examined
changes in structure over time and have attempted to
link these changes to biotic or abiotic factors (Fuhrman
et al. 2006, Alonso-Saez et al. 2007, Pommier et al.
2007). The response of the total community to these
factors depends in part on whether individual phylo-
types making up the community are active. While
much is known about the activity of the total microbial
community and of some large bacterial groups, such as
the Alphaproteobacteria or Cytophaga (Cottrell &
Kirchman 2000, Ducklow 2000, Alonso-Saez & Gasol
2007), little is known about the activity of individual
ribotypes. Previous studies have examined whether an
individual ribotype is potentially active from the pres-
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ence of its 16S rTRNA as deduced from 16S rRNA cDNA
gene libraries and fingerprinting techniques (Schafer
et al. 2001, Troussellier et al. 2002, Gentile et al. 2006,
Lami et al. 2009) and by labeling of TRNA genes in bac-
teria incorporating bromodeoxyuridine (Pernthaler et
al. 2002b, Hamasaki et al. 2007). However, it is not
clear whether these qualitative and semi-quantitative
methods are adequate for completely describing com-
munity structure and for understanding how communi-
ties change in response to biotic and abiotic processes.

Estimates of active bacteria in the ocean range from
1% or less of the community to greater than 90 %,
depending on the method used (del Giorgio & Gasol
2008). For instance, although the SAR11 clade is one of
the most abundant bacterial groups in the oceans
(Morris et al. 2002, Giovannoni & Stingl 2005, Malm-
strom et al. 2005), the slow growth rate of Pelagibacter
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ubique, the model organism in this group, in the labo-
ratory raises questions about growth rates and activity
of it and other SAR11 bacteria in the ocean (Rappé et
al. 2002, Giovannoni et al. 2005b). A study using the
thymidine analog bromodeoxyuridine has suggested
that this group is not actively growing (Hamasaki et al.
2007). In contrast, other techniques such as micro-
autoradiography combined with fluorescence in situ
hybridization (Micro-FISH) and flow sorting of CTC+
cells suggest that SAR11 bacteria are growing and are
active, comparable to other bacteria in the oceans
(Malmstrom et al. 2004, 2005, Longnecker et al. 2005).
Additionally, SAR11 is a large clade, made up of sev-
eral members adapted to different conditions (Carlson
et al. 2009), and as such, measured activities of the
entire clade are averages of all subgroups present in
the selected environment.

Microbial community structure and presumably
activity are hypothesized to vary seasonally, because
of biotic and abiotic environmental factors (Fuhrman et
al. 2006, Teira et al. 2008). Coastal marine ecosystems
are influenced by these factors, especially during times
of phytoplankton blooms, physical mixing of estuarine
and marine waters, and nutrient inputs from terrestrial
sources. Several recent studies have addressed tempo-
ral shifts in microbial community structure in coastal
marine systems (Ghiglione et al. 2005, Fuhrman et al.
2006, Mary et al. 2006, Alonso-Saez et al. 2007, 2008).
With a few exceptions, most used DNA fingerprinting
techniques to demonstrate seasonal variation in bacte-
rioplankton community structure over short periods of
time, generally 1 yr (Ghiglione et al. 2005, Alonso-Séez
et al. 2007, 2008). Few studies have combined mea-
sures of seasonal microbial activity and/or structure,
especially of the most abundant groups, such as SAR11
(Morris et al. 2005, Fuhrman et al. 2006, Carlson et al.
2009).

The goals of the present project were to assess the
seasonal structure and activity of individual bacterial
ribotypes in a coastal marine ecosystem. Free-living
bacteria were collected monthly for 2 yr from a coastal
site just outside the Delaware Bay. This site may be in-
fluenced by estuarine contributions, especially after
rain and wind events (Whitney & Garvine 2005). We
used denaturing gradient gel electrophoresis (DGGE)
to analyze the structure of bacterial communities via
the 16S rRNA gene (rDNA) and 16S rRNA and com-
pared them with a large set of environmental parame-
ters. Quantitative PCR of the IDNA gene and rRNA was
also done on 1 abundant (SAR11) and 2 less abundant
(SAR116-like and a Cytophaga subgroup) groups of
bacteria to follow their abundance and activity over
time. We found significant temporal differences in ac-
tivity as measured by the ratio of rRNA to rDNA copies
even though overall community structure was stable.

MATERIALS AND METHODS

Sample site, collection, and characterization. Sur-
face water samples were collected from a site beyond
the mouth of the Delaware Bay (38°50.935'N,
75°06.456' W). A variety of standard oceanographic
properties were measured, including water tempera-
ture, salinity, light intensity (photosynthetically active
radiation, PAR), light attenuation, Secchi depth, abun-
dance of total bacterioplankton, aerobic anoxygenic
phototrophs (AAP), cell size, leucine incorporation via
the microcentrifugation protocol, chlorophyll a (chl a)
concentration, and nutrients (NOjz, NH,, POy, Si, dis-
solved organic nitrogen [DON], and dissolved organic
carbon [DOC]) as described previously (Preen & Kirch-
man 2004, Kirchman et al. 2005, Cottrell et al. 2006,
Michelou et al. 2007). Bacterial abundances and cell
size were determined via microscopy after DAPI stain-
ing, and AAP abundances via bacteriochlorophyll a
autofluorescence microscopy. Samples for nucleic
acids were filtered through 0.8 pm pore size filters
before collection on 0.22 pm Durapore membranes.
Filters were frozen at —80°C in 1 ml of CTAB buffer
(Dempster et al. 1999) until nucleic acids were ex-
tracted.

Nucleic acid extraction and DGGE. Total nucleic
acids were extracted using a modified CTAB extrac-
tion protocol (Dempster et al. 1999) with 2 chloroform
extractions instead of 1. DNA was separated from RNA
via RNAase I digestion, and RNA was isolated from
total nucleic acid preparation via DNAase I digestion
of the sample as outlined in the manufacturer's proto-
col (Ambion). DNA or RNA was quantified via a
Picogreen or Ribogreen assay, respectively, as recom-
mended by the manufacturer (Invitrogen). Approxi-
mately 50 ng of RNA from each sample were reverse
transcribed into cDNA with random primers using the
Superscript First-Strand synthesis system for RT-PCR
(Invitrogen). All samples were tested for the presence
of contaminating DNA by PCR as described below.

DNA and cDNA (~1 ng each) were subjected to PCR
with standard 16S rRNA gene primers and conditions
for DGGE, where the 5’ primer contained a 40 bp GC
clamp (Kirchman et al. 2001, Castle et al. 2006). To
minimize plateau effects and PCR artifacts, samples
were amplified in triplicate and pooled. In addition,
cycle numbers were optimized to stop in the linear por-
tion of the amplification (generally, 23 cycles for cDNA,
30 for DNA). Pooled amplicons were quantified by a
picogreen assay, and 100 ng of each product were run
on a 25 to 55 % denaturing gradient gel at 150 V for 5 h.
Gels were stained with SYBR gold as recommended by
the manufacturer (Invitrogen) and visualized using a
Kodak Gel Logic 100 imaging system. Gel images
were analyzed for band presence and relative intensi-
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ties of individual bands by the Kodak and Phoretix
(Non-linear Dynamics) systems and modified manually
as necessary. Ildentical bands were matched between
gels by the use of reference lanes and comparison to 2
additional gels that contained either all the DNA or
RNA samples from each original gel. Cluster analysis
was performed in PAST (Hammer et al. 2001) using a
Raup-Crick similarity coefficient on a band presence/
absence matrix. Relative intensities were used for com-
parison of relative amounts of TRNA and rDNA genes
from some major ribotypes.

DGGE bands were directly sequenced after reampli-
fication as described previously (Campbell & Cary
2001). Those sequenced bands containing more than
1 ribotype were subsequently cloned into a TA-TOPO
vector. Approximately 10 clones from each reaction
were sequenced. Sequences were analyzed in the
web-based Greengenes database program, with both
alignment and classification methods (DeSantis et al.
20064a,b) because of the short region sequenced (183 +
19 bp), and compared to 16S rRNA gene sequences
obtained from the Cape May subset of the Global
Ocean Sampling (GOS) dataset sequences (Rusch et al.
2007) analyzed with the same methods. DGGE band
sequences were assigned the GenBank nucleotide
accession numbers FJ611231 to FJ611274.

Estimates of ribosomal and 16S rRNA gene abun-
dance. Initially we tried amplifications with PCR
primers specific for 4 groups of bacteria found in our
samples: SAR11, SAR86, the Cytophaga subgroup
(Microscilla cluster), and the SAR116-like group. We
developed primers for the latter 2 groups for this study,
while the former 2 had previously developed primers
(Suzuki et al. 2001). Clones were generated and
sequenced after test amplifications on at least 2 sam-
ples with the optimized primer sets. Three of the 4
primer sets were specific enough (>95% of clones
were in the specific group), but the SAR86 primers
were not, and were not further pursued. To verify
primer specificity, QPCR primer pairs were used in
PCR to amplify 16S rRNA genes from a mixture of 2
samples. PCR amplification conditions were as out-
lined below, except no dissociation step was used. PCR
products were cloned and sequenced following stan-
dard protocols. Ten clones were analyzed from each
primer set. When aligned to the reference sequences,
all fell within the expected group. qPCR clone
sequences were assigned the GenBank nucleotide
accession numbers FJ611275 to FJ611317.

Plasmid clones for positive controls and gPCR stan-
dard curves were identified from either a previous
16S rRNA gene clone library (SAR11, OCS143,
U?75266; Rappé et al. 2000), a 16S rRNA library gen-
erated from the free-living fraction with Cytophaga-
specific primers (Kirchman et al. 2003), or a clone

library of a specific DGGE band (SAR116-like).
Primers for these 2 groups, designed based on
sequences obtained from 16S rRNA clone libraries,
DGGE bands, and GenBank database hits, are:
SAR116_512F GGT GAA GAT GAT GAC GGT ANC
CA; SAR116_6661R GGG GMT TTC ACG CCT
AAC; CF316F (Kirchman et al. 2003) and CF sub-
group 663R ACC GTC AGT TRT CTA CAC GTA
GA. Plasmids were isolated and readied for qPCR as
described previously (Campbell et al. 2008). Stan-
dard reactions containing linearized plasmid con-
tained approximately 10" to 10° copies reaction™!. All
standard curves were linear within the ranges tested.
Either DNA or RNA from the indicated sample was
diluted to 100 or 50 pg pl! and quantified again
using the Picogreen or Ribogreen assay, respectively.

Quantitative PCR was performed in triplicate or qua-
druplicate with 1 pl of diluted DNA or RNA in a final
volume of 12.5 pl using the Stratagene Brilliant SYBR
green mix (DNA) or the SuperScript III Platinum One
Step qRT-PCR kit (Invitrogen) on the ABI 7500, and
PCR conditions of 95°C for 10 min, followed by 40
cycles of amplification at 95°C for 15 s, the indicated
annealing temperature for 45 s, and 72°C for 45 s, with
a final dissociation step. Annealing temperatures for
SAR11, the SAR116-like group, and the Cytotophaga
subgroup were 58, 59, and 59°C, respectively. Final
primer concentrations were 0.2 pM. Only single peaks
were observed in the dissociation curves from both the
standards and samples, indicating specific amplifica-
tion with each set of primers. Average amplification
efficiencies were as follows: SAR11 = 100%; Cyto-
phaga subgroup = 92%; and SAR116-like group =
99%.

The number of Cytophaga subgroup 16S rRNA gene
copies was estimated to be 5 based on the genome con-
tent of finished and unfinished genomes within the
Bacteroidetes phylum present in the NCBI database.
Ten genomes were examined for 16S TRNA gene copy
number, including the finished genomes of Flavo-
bacterium johnsoniae (6 16S rRNAs), Bacteroides
thetaiotaomicron (5), Gramella forsetii (3), F. psy-
chrophium (6), B. fragilis (6), C. hutchinsonii (3), and B.
vulgatus (7) and the unfinished genomes of Dakdonia
sp. MED134 (3), Polaribacter irgensii (3), and Tena-
cibaculum sp. MED152 (3). We estimated the number
of SAR116-like copies to be 1 because there is no cur-
rent genome information for this group, although a cul-
tured representative was recently obtained (Stingl et
al. 2007) and another is currently being sequenced
(Alphaproteobacterium IMCC1322).

Abundance of the SAR11 clade and all bacteria.
Catalyzed reporter deposition fluorescent in situ hy-
bridization (CARD-FISH; Pernthaler et al. 2002a) was
performed on surface water samples using methods
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previously described (Straza et al. 2009). Briefly, cells
were fixed, filtered onto 0.2 pm polycarbonate filters,
embedded with 0.1% agarose, and treated with
lysozyme. Filters were hybridized with horseradish
peroxidase-labeled oligonucleotide probes (Biomers:
SAR11 clade [SAR11-441r], all bacteria [EUB338], and
a negative control; Amann et al. 1990, Karner &
Fuhrman 1997, Morris et al. 2002), stained with
cyanine-3-labeled tyramides (Perkin Elmer), counter-
stained with 4'-6-diamidino-2-phenylindole, and
counted (Cottrell & Kirchman 2003). Data reported are
the percentages of total DAPI-stained cells that were
also Cy3-stained.

Statistical analyses. Pearson's correlation test was
done to determine significant relationships between
environmental parameters. Canonical correspondence
analysis (CCA) was performed in PC-ORD (McCune &
Grace 2002) to assess the relationships between opera-
tional taxonomic unit (OTU) presence/absence and
environmental parameters. To examine a modal versus
linear response, CCA results were compared to
redundancy analysis (RDA), estimated in Polynomial
RDACCA, using the standard RDA based on multiple
linear regression (Makarenkov & Legendre 2002). For
CCA, the conditions selected were the default parame-
ters of (1) axis scores were centered and standardized
to unit variance; (2) axes were scaled to compromise
representation of species and date; and (3) scores for
graphing date were linear combinations of environ-
mental data. The intraset correlations of ter Braak
(1986) were also used in CCA. The Mantel test and
subset tests were also done in R (vegan package) on
these same samples (Legendre & Legendre 1998).
Nonmetric multidimentional scaling (MDS) was per-
formed in PC-ORD with 500 iterations, and a 3-dimen-
sional plot resulted, with a stress value of 14.9
(McCune & Grace 2002). Abundance estimates of
SARI11 or total bacteria by CARD-FISH (Pernthaler et
al. 2002a) (expressed as percent of total prokaryotes),
and relative intensities of DGGE fragments were arc-
sine transformed prior to multiple regression analyses.

RESULTS

Analyses of 2 yr of environmental data from just out-
side the mouth of the Delaware Bay indicated variable
levels of abiotic and biotic factors. Some parameters
displayed a consistent temporal pattern, e.g. tempera-
ture and leucine incorporation, and, to a lesser extent,
chl a (Fig. 1). Temperature and leucine incorporation
peaked both years in the late summer. Chl a concen-
trations peaked several times over the course of the
2 yr, with values above 15 pg I'! in March 2006 and
February 2007, and minor peaks (~8 ng 1"!) in Septem-
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Fig. 1. Seasonal dynamics of environmental factors in

Delaware coastal waters over time. (A) temperature and
nitrate concentration; (B) chl a concentration and leucine
incorporation rates

ber of both years and in November 2006 (Fig. 1). While
the majority of the nitrate values were <3 pM, there
was one large peak in nitrate in December 2006 of 24
pM (Fig. 1). Other properties did not vary consistently
over time (data not shown).

Bacterial community structure in Delaware
coastal waters

DGGE was used to follow changes in the 16S rRNA
genes (rDNA) of bacterial communities over time. The
number of major community members as measured by
the number of bands in the DGGE samples ranged
from 15 to 29 (Table 1). A large number of recurrent
ribotypes was present in the community (Fig. 2). Five
ribotypes were always present, 12 ribotypes (rDNA)
were present in over 50 % of the months, and 24 were
found at least 20% of the time. Non-metric MDS of
OTU presence/absence revealed no identifiable sea-
sonal patterns, but the 2 yr were distinct (Fig. 3). Clus-
ter analysis (UMPGA) or ordination techniques (princi-
pal coordinate analysis) yielded similar results (data
not shown).

A number of the abundant DGGE bands were
sequenced to identify the major community members.
Some major members included SAR11, SAR86, and
SAR116 (Table 2). Other abundant or infrequent mem-
bers of the community were similar to previously
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described marine bacterioplankton found in coastal
and estuarine waters, including Bacteroidales, Flavo-
bacteriales, Prochlorales, Alphaproteobacteria, Azo-
spirillales, Burkholderiales, Alteromonadales, Chro-
matiales, Enterobacteriales, SUP05, Vibrionales, and

Table 1. Numbers of TRNA and rDNA ribotypes determined
via DGGE analysis in Delaware coastal seasonal samples.
Dates given as mm/dd/yyyy

Verrucomicrobiales. The relative abundance (as mea-
sured by the relative intensities of the DGGE bands)
and phylogenetic affiliations of some major types
(Table 2) indicate a close association with the 16S
rRNA genes from a sample taken <16 km away (Cape
May, NJ) in the GOS dataset (Rusch et al. 2007). Other
ribotypes (to family or genus level) found in both
datasets include Flavobacteriaceae, Rhizobium, Sphin-
gomonas, Alteromonas, and Pseudomonas.

The 3 DGGE bands that contained SAR11 included

Dat No. of ribot RNADNA >1 ribotype as determined by direct sequencing. The
ae Dl\(I)AO o gﬁ; ' DGGE bands were subsequently cloned from the April
and November 2007 samples, and at least 10 clones
2/7/2006 15 10 0.67 from each band were sequenced to determine their
3/9/2006 23 17 0.74 phylogenetic affiliation. While the majority were
5/18/2006 16 14 0.88 : : o
6/5/2006 15 12 0.80 SAR11 ribotypes, all 3 bands contained up to 33 % of
7/27/2006 20 17 0:85 unrelated bacterial ribotypes, especially the third type
8/31/2006 22 10 0.45 (H) (Table 2). There were 5 groups of highly related
9/25/2006 17 10 0.59 SAR11 ribotypes in the cloned samples. The non-
10/27/2006 21 19 0.90 SAR11 clones were affiliated with various proteobacte-
12/14/2006 21 18 0.86 .
1/11/2007 01 16 0.76 rial groups (alpha, beta, gamma), and none was
2/22/2007 19 14 0.74 present more than once in the cloned samples.
3/14/2007 24 15 0.63
4/20/2007 29 17 0.59
22288; ;I 12 822 Ribosomal rRNAs in the Delaware coastal ocean
7/11/2007 27 19 0.70
8/7/2007 26 14 0.54 To examine the bacterial members of the community
9/5/2007 21 16 0.76 containing significant levels of ribosomes, we per-
12; é‘/sz/ 3827 ;2 ;g 822 formed RT-PCR on the 16S rRNA extracted from the
A ” 15 0'71 same samples as the DNA used in the DGGE experi-
erage . . . . .
S]‘)I g 4 3 013 ments detailed above. The ratios of identical bands
present in the RNA fraction compared to the DNA frac-
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Fig. 2. Rank abundance of operational taxonomic units (OTUs) in Delaware coastal water communities over 15 mo. Nucleic acids

from monthly samples were analyzed by DGGE for presence/absence of bands (ribotypes). Lines indicate the ribotypes present

in the community for the indicated percentage of time. Dots indicate the identical ribotypes present in the RNA fraction for the
indicated percentage of time. Letters below the x-axis indicate the abundant ribotypes found by DGGE (Table 2)



128 Aquat Microb Ecol 57: 123-135, 2009

tion from the same sample ranged from 0.45 to 0.90
(Table 1), with an average of 0.71 + 0.13 (SD). There
were no obvious patterns in the percentage of bacteria
containing rRNA over seasons or between months.
However, some periods had lower than average rRNA
to TDNA ratios, including late summer, early fall in
both years (0.45 to 0.59), and late spring in 2007 (0.59).
In general, the ribotypes present in the RNA fraction
were found in every month that contained the corre-
sponding rDNA ribotype (Fig. 2). However, there were
several ribotypes that were more frequently encoun-
tered in the RNA fraction compared to the DNA frac-
tion. With 2 exceptions, these ribotypes were present
<35 % of the time in the DNA fraction.

We also examined the relative intensities of RNA-
DNA bands from abundant ribotypes (Table 2). The
ratios of the relative intensities of the major ribotypes
did not vary much. In general, the rRNA intensity was
less than the rDNA intensity, except for one major
SAR11 band (Band F). Some of the less abundant ribo-
types (low rDNA intensity) appeared to be highly
active (high rRNA intensity). These included, but were
not limited to, representatives from the following
orders: Prochlorocales, Bradyrhizobiales, Bdellovibrio,
Flavobacteriales, Alteromonadales, and unclassified
Alphaproteobacteria. The Flavobacteriales and un-
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Fig. 3. Multidimensional scaling (MDS) plot of Delaware coastal water bacterial
communities. Values based on the presence/absence of DGGE fragments.

The 2 years are delineated by circles
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Table 2. Taxonomic affiliations, abundance estimates, and
ratio of TRNA to rDNA based on relative intensities of selected
Delaware coastal bacterioplankton identified by DGGE
analysis and compared to the Cape May (CM) Global Ocean
Sampling (GOS) dataset. ND: not defined

Band Nearest % of % of 16S  Ratio of IRNA

neighbor community rRNA genes torDNA
(SD) in CM (SD)

A SAR86 6.9 (2.8) 8 0.5 (0.4)

I SAR116 4.4 (3.3) 3 0.9 (0.5)

F SAR11 6.0 (3.5) ND 1.6 (0.6)

G SAR11 11.1 (3.6) ND 0.8 (0.4)

H SAR11 11.8 (4.0) ND 0.8 (0.2)

Total SAR11 28.9 32

classified Alphaproteobacteria members had numer-
ous representatives from 16S rDNA clone libraries
from coastal marine waters (data not shown). The
Flavobacteriales (a Bacteroidetes subgroup) was 98 to
99 % related to other estuarine bacterioplankton and to
the second most abundant Bacteroidetes group in
the Delaware Bay, termed the Microscilla cluster
(Kirchman et al. 2003). The uncultured alphaproteo-
bacterial group was 99 % related to the marine SAR116
cluster (Giovannoni et al. 1990).

Relationship of bacterial community
structure to environmental
parameters

Approximately 50 % of the variation
in bacterial community structure could
be explained by 13 parameters (NOs,
PO,, NH,, Si, leucine incorporation,
temperature, salinity, chl a, DOC,
DON, PAR, total prokaryotic abun-
dance, and abundance of AAP bacte-
ria) as calculated using 3 axes in CCA
(McCune & Grace 2002). The highest
intraset correlations (ter Braak 1986)
were total prokaryotic abundance
1.5 (axis 1, r = -0.66), PO, and tempera-
ture (axis 2, r = -0.60 and -0.76,
respectively), and leucine incorpora-
tion (axis 3, r = 0.51). Similar results
were found using the Mantel test. All
17 parameters explained 32 % of varia-
tion (p = 0.01). Temperature explained
the most variation in community struc-
ture (r = 0.29) using the subset tests.

The variation in each environmental
parameter was generally greater than
the variations measured in community
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Table 3.Variation among selected biotic and abiotic factors
and community composition indices for Delaware coastal
samples in 2006 to 2007. SD: standard deviation, CV: coeffi-
cient of variation, PAR: photosynthetically active radiation,
DOC: dissolved organic carbon, DON: dissolved organic

nitrogen
Parameter Mean SD CV (%)
Environment
Leucine incorporation (pM h™!) 132.5 129.2 98
Temperature (°C) 13.8 6.7 49
Salinity 30.4 1.7 5.7
Chla (ugl? 6.5 3.8 58
Abundance (10° cells ml™?) 4.0 2.5 64
Cell size (nm?) 0.048 0.022 45
PAR (g cm™2s7Y) 0.6 0.4 68
DOC (upM C) 1354 18.0 13
DON (pM N) 11.6 7.0 61
Secchi (m) 3.0 1.2 38
NO; (uM) 3.4 6.4 187
PO, (pM) 0.4 0.3 97
NH, (nM) 1.4 1.4 100
Si (uM) 8.5 6.1 72
Community structure
Number of DGGE bands DNA 22 4.1 19
RNA 15 3.0 20
DGGE similarity DNA  0.57 0.10 18
RNA  0.52 0.12 23
rDNA abundance SAR11 91.3 45.4 50
Cyto 7.2 3.7 51
SAR116 14.3 6.8 48
rRNA:rDNA ratios SAR11 143 75.6 53
Cyto 478 309 65
SAR116 25.7 13.9 54

structure changes over the 2 yr period (Table 3). The
coefficient of variation (CV) was >38% for all biotic
and abiotic factors measured, except for salinity and
DOC. The wvariation in community composition
between samples as measured by the number of
DGGE bands or by the similarity of band presence and
absence ranged from 18 to 23 %, with the higher varia-
tions occurring in the RNA fractions.

CCA was performed on 5 of the most significant of
the environmental factors (temperature, phosphate
concentration, leucine incorporation, PAR, and DOC)
with the OTU presence/absence matrices of both the
rDNA and rRNA communities by DGGE analyses
(Fig. 4). The 5 environmental parameters explained
about 40 % of the variance in the 3 canonical axes in
both community types. Two-dimensional CCA plots
indicated that the summer samples from 2006 (rRNA
and rDNA samples) were located closest to 4 of the
environmental parameters (temperature, phosphate
concentration, leucine incorporation, PAR) and were
negatively correlated with DOC levels. The rRNA
communities from winter/spring 2007 samples covar-

ied more with DOC levels than the TDNA communities
from the same period and were negatively correlated
with the other 4 parameters. The TDNA communities
from October 2006 and July 2007 samples covaried
more with the DOC levels than the rRNA communities
from winter/spring 2007.

rRNA and rRNA gene abundance in selected
bacterioplankton

Three members of the community were chosen for
quantification of their 16S rRNA and rRNA gene copies
via qPCR and qRT-PCR: SAR11, because of the high
abundance of this group in our samples as estimated
by DGGE, and a SAR116-like and a Cytophaga sub-
group because of differential presence and activity as
indicated by DGGE analysis. The tDNA levels of the 3
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groups did not vary substantially (usually 5- to 6-fold)
in 2006-2007 (Fig. 5). The SAR11 clade was, on aver-
age, approximately 10-fold more abundant than either
of the other 2 groups. The average 16S rDNA copies
pg~! of DNA were 91, 7, and 14 for the SAR11 clade,
the Cytophaga subgroup, and the SAR116-like group,
respectively (Fig. 5). When measured by CARD-FISH,
the SAR11 clade made up 38 + 12 % (mean + SD) of the
total DAPI-stained cells and 50 + 13% of the probe-
positive bacterial cells. Bacteria (EUB-338 positive
cells) made up 76 + 8 % of all prokaryotes.

The rRNA to rDNA ratios within a single group var-
ied greatly during 2006-2007 (Fig. 6). Within the
SARI11 clade, the ratios ranged from 17 to 294, with an
average of 143 + 76 (mean + SD). There was no obvious
seasonality in these ratios, but 2 months of the first
winter (November, December 2006) had low rRNA to
rDNA ratios (<100), and the ratios were generally
higher (>200) in both springs (March 2006, February
2007) and early summer (June 2006; April to May
2007). The peaks of abundance and ratios of rRNA to
rDNA of the SAR11 members were offset by 1 mo in
2006 (Figs. 5, 6). This was not the case in 2007.

The Cytophaga subgroup had higher ratios of rRNA
to rDNA than did the SAR11 clade, ranging from 76 to
1028 (Fig. 6), with an average of 478 + 309 (mean =+
SD). Seven of the 19 mo had values >600. With 2
exceptions, the ratios were higher in the spring and
summer (>300) and then declined in early winter in
both 2006 and 2007 (<300). However, if corrected to
estimated copies of the 16S rRNA gene per genome
(SAR11 ~1 copy, Giovannoni et al. 2005b; Cytophaga
~5 copies, see 'Materials and methods') instead of
absolute 16S rRNA gene numbers, the ratios of rRNA

to tDNA were similar between the SAR11 clade and
the Cytophaga subgroup, with ranges of 17 to 294 and
15 to 206 and averages of 143 and 96 for the 2 groups,
respectively. The ratio of rRNA to rDNA in the
SAR116-like group was much lower than either of the
other 2 groups (Fig. 6). The ratio ranged from 8 to 68,
with an average of 26 + 14 (mean + SD). The ratios
were highest in the spring and in late summer of both
years (>20).

Relationship of bacterial rRNA and rDNA gene
copies to environmental parameters

SAR11 abundance was significantly correlated with
PAR as measured by both the relative intensity of
DGGE bands (r = 0.59, p < 0.05, n = 17) and 16S rRNA
gene copy number (r = 0.68, p < 0.01, n = 20). In con-
trast, there was no correlation between PAR and the
abundance of the other 2 groups. The DGGE and
gqPCR abundance estimates of the SAR11 clade were
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positively correlated with each other (r = 0.58, p < 0.05,
n = 17), but not with CARD-FISH (r=0.42, p > 0.05,n =
10). The abundance of this group as measured by
CARD-FISH was significantly correlated with the ratio
of SAR11-specific TRNA:rDNA (r = 0.67, p < 0.05, n =
10). The CVs in the abundance of each group over time
ranged from 48 to 51 % (Table 3). This variation was
higher than total community structure variation as
measured by DGGE and was more comparable to that
of many environmental parameters.

There were significant correlations between the
rRNA:rDNA ratios of all bacterial groups, with r values
above 0.67 (p < 0.01, n = 20). The highest correlation
was between the Cytophaga subgroup and the
SAR116-like group (r = 0.79, p < 0.001, n = 20). How-
ever, only some of the rRNA:rDNA ratios or abun-
dances (as measured by qPCR) correlated with envi-
ronmental parameters. The Cytophaga subgroup
TRNA:rTDNA ratios were significantly but negatively
correlated with NO;3 (r = -0.51, p < 0.05, n = 15) and
PO, (r = -0.52, p < 0.05, n = 15). The SAR116-like
TRNA:rDNA ratios were positively correlated with chl
a(r=0.51,p<0.05 n=19). However, the abundance
of the SAR116-like group was negatively correlated
with chl a (r =-0.52, p < 0.05, n = 19). The CVs of the
TRNA:rDNA ratios were slightly higher than the CVs of
the corresponding ribotype group abundance, with
values ranging from 53 to 65 % (Table 3). Again, these
were more similar to the variation observed with the
environmental factors over time than to the variations
in overall community similarity.

DISCUSSION

Delaware coastal waters are eutrophic and season-
ally dynamic, with only somewhat predictable sea-
sonal environmental conditions. The study site is under
the influence of the Delaware Bay, with lower than
typical coastal salinity and highly variable factors, such
as inorganic nutrient concentrations. The generally
high DOC concentrations and bacterial abundances
throughout the present study also indicate eutrophic
estuarine and terrestrial inputs to this environment.
The microbial community structure and growth in this
coastal ecosystem are most likely influenced not only
by top-down pressures such as grazing and lysis (Gasol
et al. 2002, Yokokawa & Nagata 2005) not measured in
the present study, but also by fluctuating bottom-up
factors.

Although rRNA levels compared to rDNA levels
have been used as a proxy for potential bacterial
growth and activity in the past (Ka et al. 2001, Schafer
et al. 2001, Troussellier et al. 2002, Gentile et al. 2006,
Lami et al. 2009), this is the first study to quantitatively

assess temporal changes in individual bacterial 16S
TRNA and rRNA genes. TRNA levels generally follow
bacterial growth, with increased rRNA to rDNA ratios
during the exponential phase (Fegatella et al. 1998,
Kerkhof & Kemp 1999, Deutscher 2006). TRNA levels
decline during the starvation phase of growth (Kerkhof
& Kemp 1999, Deutscher 2006). We did find that quan-
titative PCR was a much better tool to assess individual
ribotype rRNA and rDNA levels and ratios than the
more qualitative DGGE. Additionally, to avoid prob-
lems associated with amplifying plastids from eukary-
otes with general DGGE primers, we focused on the
free-living fractions and therefore may have missed
certain groups commonly found associated with parti-
cles, such as Roseobacter spp., in the DGGE analyses
(Buchan et al. 2005).

While the composition of the communities did not
vary much over time, we found that the abundance of
individual bacterial groups changed more, with the
greatest variability observed in the levels of ribosomes
when normalized to genome content (rRNA genes).
The ribosome to TRNA gene contents of the 3 groups
were positively correlated with each other, which sug-
gests that their activities are influenced by similar fac-
tors. In support of this, environmental factors ex-
plained approximately 50% of the variation in the
structure of the bacterial communities. Perhaps more
interesting is that none of these indices varied as much
as most of the environmental parameters, suggesting
that overall community structure is relatively stable in
the face of large shifts in the environment.

There was no seasonal pattern in the bacterial com-
munity structure or in the abundance and potential
activity of the SAR11 clade, Cytophaga and SAR116-
like subgroups at our coastal Mid-Atlantic site. In a
recent long-term seasonal survey of the bacterioplank-
ton community structure of a coastal California Micro-
bial Observatory, Fuhrman et al. (2006) identified pat-
terns in OTU presence and relative abundance when
171 unique OTUs (ribotypes) were divided into smaller
groups. While there were no patterns in the commu-
nity structure of the winter or spring surface bacterial
communities in a Bermuda Atlantic time-series (BATS)
study, the summer samples tended to cluster together,
suggesting that similar communities exist in highly-
oligotrophic conditions in the Sargasso Sea (Morris et
al. 2005). Like other single-year seasonal studies of
bacterioplankton from coastal environments, the clus-
ters we observed grouped according to season
(Schauer et al. 2003, Reinthaler et al. 2005, Mary et al.
2006, Celussi & Cataletto 2007, Alonso-Séez et al.
2008). However, the samples from identical seasons
over the 2 yr period did not cluster together, most
likely due to the shifts in the minor members of the
community.
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Overall bacterial community activity as assayed by
TRNA and rDNA DGGE bands was similar to what
others have seen, around 70 % (Troussellier et al. 2002,
Lami et al. 2009). This value is similar to the total
CARD-FISH positive bacterial cells of 76%. We did
find several minor ribotypes that were much more
abundant in the RNA fractions, including members of
the alpha, beta, and gamma subdivisions of the Pro-
teobacteria and the Bacteroidetes, suggesting that
they were more active at certain times during the study
period. These types of active bacteria are similar to
what we have seen at a broader phylogenetic level by
the use of Micro-FISH in the Delaware Bay (Cottrell &
Kirchman 2003, 2004).

The abundance of the SAR11 clade was significantly
correlated with PAR, agreeing with our previous work
demonstrating the overwhelming presence of the
light-harvesting gene proteorhodopsin in this group
and the correlation of the SAR11 proteorhodopsin
gene to light intensity (Campbell et al. 2008). However,
despite the large temporal variation in the SAR11
rRNA to rDNA ratios, we did not see any significant
correlations of TRNA abundance with environmental
parameters, including PAR. There was no significant
effect of light on the growth of Pelagibacter ubique,
even though it contains proteorhodopsin (Giovannoni
et al. 2005a). These combined results point to a com-
plex system, where light influences the abundance of
the SAR11 clade, but other factors are probably more
important in controlling its activity. The SAR11 clade is
very diverse and is made up of several subgroups
(Field et al. 1997, Morris et al. 2005, Rusch et al. 2007,
Carlson et al. 2009). Each individual SAR11 member is
probably influenced by slightly different environmen-
tal factors, and would be most active under different
conditions (Field et al. 1997, Morris et al. 2005, Carlson
et al. 2009).

The SAR11 clade has been hypothesized to be slow-
growing, K-selected, and not very active (Rappé et al.
2002, Giovannoni et al. 2005b). However, we found the
SAR11 clade at the coastal site to be not only abundant
but to contain a high and temporally variable specific
ribosome content. Although the numbers of ribosomes
per 16S rDNA copies in the SAR11 clade were less
than the numbers we observed in the Cytophaga sub-
group, when normalized to estimated numbers of 16S
TRNA genes in the 2 groups, they were nearly the
same. This suggests that the relative activities of these
2 groups may be similar. Our study supports the
hypothesis that members of the SAR11 clade found in
coastal eutrophic waters of Delaware are as active as
other bacteria in the ocean (Malmstrom et al. 2004,
2005, Longnecker et al. 2005). Additionally, variation
in 16S rRNA to rDNA levels agrees with the seasonal-
ity of the SAR11 clade as measured by FISH and rRNA

hybridizations (Morris et al. 2002, 2005, Alonso-Séez et
al. 2007). Clearly, further experiments need to be per-
formed to understand the dynamics and activities of
individual SAR11 subgroups, especially in eutrophic
environments.

The Cytophaga subgroup (Microscilla cluster) was
first observed in 16S rRNA gene clone libraries from a
wide variety of estuarine and coastal waters (Kirchman
et al. 2003, Acinas et al. 2004, Lau & Armbrust 2006,
Pommier et al. 2007). This ribotype group was also
found in the GOS shotgun library dataset, in both olig-
otrophic and eutrophic environments (Rusch et al.
2007), including the Sargasso Sea (Pommier et al.
2007). We only saw this group occasionally in the
DGGE analysis, so we were surprised to find that the
abundance of this population was relatively stable over
the 2 yr by 16S rDNA qPCR analysis. This shows the
limitations of using DGGE, especially as a tool to follow
the less abundant members of the community.

Perhaps more interesting is the activity of the
Cytophaga subgroup. These bacteria were shown to
be active in the eutrophic Inland Sea of Japan by com-
bined bromodeoxyuridine-incorporation and DGGE
assays (Hamasaki et al. 2007). In the present study, the
ratios of TRNA:rDNA in the Cytophaga subgroup as
estimated by qPCR varied greatly, suggesting that this
group has variable relative activity. We observed a few
significant relationships with environmental parame-
ters, especially a significant negative correlation with
nitrate. Although there was no correlation with chl a,
the peaks in TRNA:rDNA mostly followed the peaks in
chl a concentrations. These data, combined with the
negative correlation with nitrate, suggest that this
group may be active after phytoplankton blooms, dur-
ing subsequent increases in dissolved organic matter.
Other studies have also demonstrated the link be-
tween the abundance of the Bacteroidetes phylum and
phytoplankton blooms (Pinhassi et al. 2004, Fandino et
al. 2005, Bauer et al. 2006). Studies with members of
both Cytophaga and Roseobacter suggest that specific
bacteria within these same groups may be responsible
for carbon processing at bloom peaks and declines
(Fandino et al. 2005, West et al. 2008).

Unlike the SAR11 clade and Cytophaga subgroup,
we did not see a large variation in the ratio of 16S
TRNA to rDNA copies of the SAR116-like group, either
by DGGE or qPCR-based methods. SAR116 is a cos-
mopolitan, but not abundant, member of the Alphapro-
teobacteria and is found in open ocean environments
as well as in coastal areas (Giovannoni et al. 1990,
Suzuki et al. 1997, 2004, Pommier et al. 2007). Our esti-
mates of SAR116-like bacterial abundance in coastal
Delaware waters agree with these observations. The
TRNA:rDNA ratios of the SAR116-like group also cor-
related with chl a, suggesting this bacterial group is
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most active when phytoplankton are most abundant.
However, TRNA to rDNA ratios were low, suggesting
this group may not be very active in these eutrophic
marine waters. In contrast, the SAR116-like group is
one of the most abundant ribotypes in the Sargasso Sea
during the summer months, under highly oligotrophic
conditions (Morris et al. 20095).

CONCLUSION

We examined the temporal changes in bacterial
community structure and potential activity in a com-
plex coastal site under the continual influence of
strong physical factors. The bacterial community struc-
ture varied little compared to the variation observed in
environmental factors. However, the abundance and
potential activity of individual ribotypes in these
coastal waters varied more over time, of which approx-
imately 50 % could be explained by a suite of environ-
mental factors. Our data suggest that the activity of
individual ribotype groups, including SAR11, is highly
variable but can be assessed by measuring rRNA:
rDNA ratios. While FISH or CARD-FISH is useful for
broad phylogenetic groups, or for members that make
up a significant proportion of the community, the
method described here is useful for specific ribotypes
or those present as minor members of the community.
The present study highlights the need for an in-depth
examination of the activity of both broad phylogenetic
groups and individual ribotypes in marine systems in
order to understand their contributions to important
biogeochemical cycles.
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