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INTRODUCTION

Bacterioplankton play a fundamental role in
aquatic ecosystems through their regulation of nutri-
ent and organic matter cycles (Azam et al. 1983,
Sherr & Sherr 1988, Kirchman 1994). Studies in
diverse aquatic environments have shown that bac-

terial abundance and community composition co-
vary with numerous factors including organic matter
sources and composition (Cherrier et al. 1996, Eiler et
al. 2003), nutrient availability (Stepanauskas et al.
1999, Frette et al. 2009), water temperature (Shiah &
Ducklow 1994, 1995, McManus et al. 2004), preda-
tion (Jürgens & Güde 1994, Gasol et al. 2002), and
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viral lysis (Thingstad & Lignell 1997). Determining
the relative importance of these factors is challeng-
ing, particularly in estuaries, which experience large
and frequent changes in environmental conditions.
In these systems, tidal-driven exchanges with the
marine environment and episodic riverine inputs
alter salinity, inorganic nutrients, and the quality and
quantity of organic matter along the longitudinal axis
of the estuary. Mechanisms of bacterial community
response to these factors are poorly understood, but
can include shifts in bacterial abundance, community
composition, and activity state.

The analysis of whole-community DNA extracts
from environmental samples has been used to char-
acterize variation in estuarine bacterioplankton in
response to changes in resources and physical-
chemical conditions (Troussellier et al. 2002, Crump
et al. 2004, Henriques et al. 2004, Kirchman et al.
2005). However, DNA is present in dormant and
even dead cells, which account for a large propor-
tion of bacterial communities (Cole 1999, Sherr et
al. 1999, Bouvier & del Giorgio 2002, del Giorgio &
Gasol 2008). For example, staining with 5-cyano-
2,3-ditolyl tetrazolium chloride (CTC) suggests that
the proportion of cells that are respiring is typically
1 to 10% in diverse aquatic systems (del Giorgio &
Scarborough 1995, Choi et al. 1996, Karner &
Fuhrman 1997). The essential functions of bacterial
communities are apparently carried out by the small
proportion of the community that is metabolically
active (Bakken & Olsen 1987, Epstein 2009). Taxo-
nomic composition of the active and inactive com-
ponents of the community is un known, though shifts
in activity state have frequently been invoked to
explain functional changes where overall commu-
nity composition changes little (Freitag et al. 2006,
Crump et al. 2007, Kan et al. 2007).

While DNA-based methods cannot distinguish
active from inactive taxa, simultaneous characteriza-
tion of rRNA may provide a means for identifying the
metabolically active fraction of bacterial communi-
ties. As bacterial growth rates correlate with cellular
rRNA content (Rosset et al. 1966, Wagner 1994,
Manefield et al. 2002), the presence of bacterial 16S
rRNA indicates taxa that are metabolically active.
Analysis of rRNA has been utilized in ‘community
fingerprinting’ studies, whereby similarity is as sessed
in the absence of information on specific taxa (Koi -
zumi et al. 2003, Pennanen et al. 2004, Rodríguez-
Blanco et al. 2009). Jones & Lennon (2010) were the
first to use high-throughput sequencing of both 16S
rDNA and rRNA as a means of identifying metaboli-
cally active taxa. They found that 16S rDNA and

rRNA libraries of samples collected from 2 lakes dif-
fered in their dominance hierarchies, indicating vari-
able activity states of specific taxa. This approach has
the potential to provide new insight into mechanisms
of bacterial community response to changing re -
source conditions by characterizing the taxa that
comprise the active subset of the community.

In this study, we describe bacterial responses to
varying resource and environmental conditions
based on changes in abundance, community compo-
sition, and activity state. We exploited a longitudinal
gradient in autochthonous production and inorganic
nutrient concentrations in the tidal freshwater seg-
ment of the James River (Virginia) to compare com-
munity characteristics at 2 sites differing in organic
matter and nutrient conditions. We also conducted
laboratory experiments to assess the effects of
resource limitation on bacterial communities col-
lected from these sites. Terminal restriction fragment
length polymorphism (TRFLP) DNA fingerprinting
was used to examine bacterioplankton community
composition, and dual 16S rDNA-rRNA pyrose-
quencing was employed to classify metabolically
active taxa.

MATERIALS AND METHODS

Field study

Environmental sampling entailed monthly collec-
tions during peak primary production (May to
 September 2009) from Chesapeake Bay Program
Monitoring stations located at river mile 75 (GPS:
37.312649, −77.232826) and 99 (GPS: 37.400982,
−77.387001) within the tidal freshwater James River
(values denote distance inland from the confluence
with Chesapeake Bay; hereafter, JMS75 and
JMS99). The sites were selected based on prior
work showing large differences in chlorophyll a
(chl a), net primary production (NPP) and bacterial
abundance (BA) (Bukaveckas et al. 2011). JMS75 is
located in a region where the estuary becomes
wider and shallower resulting in more favorable
light conditions with high chl a and NPP, as well as
declining concentrations of dissolved inorganic
nutrients. JMS99 is located in a narrower, deeper
segment of the estuary where unfavorable light con-
ditions result in low chl a and NPP; nutrient concen-
trations are higher at this site. Both sites are verti-
cally well-mixed and salinity is always less than
0.5 ppt (average of monthly samples, 2005 to 2010).
Samples for the present study were collected near
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the surface (<1 m) and transported (<1 h) to the lab-
oratory in 2 l opaque Nalgene bottles at ambient
temperatures. Temperature, conductivity, and tur-
bidity were measured in the field with a Hach
Hydromet water quality sonde.

Microcosm experiments

Coincident with each field sampling, water sam-
ples (20 l carboys) were collected from the 2 sites for
laboratory microcosm experiments. Triplicate micro-
cosms (sterile 2 l Erlenmeyer flasks containing 1 l
water) were incubated for each of 5 treatment con-
ditions: (1) ‘Control’ with ambient light and no
amendments (to test for enclosure effects), (2)
enhanced ‘Light’ (to stimulate phytoplankton pro-
duction), (3) elevated ‘Glucose’ (to provide a labile
organic matter source), (4) elevated ‘Nutrients’ (N
and P), and (5) a fully ‘Combined’ treatment with
enhanced light, glucose and nutrients (to test for co-
limitation). Ambient and enhanced light levels (100
and 400 µE m−2 s−1, respectively; 8 h photoperiod)
were determined according to typical daily incident
solar radiation, water depth, and light attenuation.
Glucose amendments (1 mg l−1 glucose-C) were
equivalent to 20% of ambient dissolved organic car-
bon (DOC) concentrations (cf. Hoikkala et al. 2009)
in the James River Estuary. Nutrient amendments
included both phosphorus (as Na2HPO4) and nitro-
gen (as NH4Cl and NaNO3) to twice that of typical
in situ concentrations (for JMS99: 33 µg l−1 PO4

3–-P,
67 µg l−1 NH4

+-N, and 400 µg l−1 NO3
–-N; for JMS75:

15 µg l−1 PO4
3–-P, 60 µg l−1 NH4

+-N, and 50 µg l−1

NO3
–-N). Microcosms were incubated at ambient

river temperatures which ranged from 19°C (May)
to 29°C (August). Chemistry and microbiological
samples were obtained at the conclusion of the 48 h
experiment. Results from individual monthly experi-
ments are described elsewhere (Luria 2010); herein,
we focus solely on the September experiment for
which dual RNA and DNA pyrosequencing data are
available.

Environmental parameters

Field and microcosm samples were analyzed for
total nitrogen (TN), ammonium (NH4

+-N), nitrate
(NO3

−-N), total phosphorus (TP), soluble reactive
phosphorus (SRP; PO4

3−-P), DOC, chl a, and BA.
DOC samples (50 ml) were filtered through What-
man GF/A filters and acidified to a pH of 2 with con-

centrated HCl for later analysis using a Shimadzu
TOC analyzer. Samples for chl a (100 ml) were fil-
tered onto Whatman GF/A filters, extracted in aque-
ous (90%) acetone at 4°C for 24 h and analyzed on a
Turner Designs fluorometer. Nutrient analyses were
performed on a Skalar Sans Plus segmented flow
analyzer. In addition, NPP and community respira-
tion (CR) were determined by the dissolved oxygen
method (Dawes 1988) using triplicate light and dark
bottles (60 ml BOD) incubated at in situ light and
temperature for 8 h (NPP) and 24 h (CR).

Bacterial abundance

Triplicate 1 ml samples were stained using the
LIVE/DEAD® BacLight™ Bacterial Viability and
Counting Kit (Invitrogen), incubated for 10 min in the
dark, and then filtered onto 0.2 µm black-stained
polycarbonate membrane filters (Millipore). Cells
were counted manually using 1000× magnification
(oil immersion) on an Olympus BX41 microscope;
total BA was calculated as the sum of the counts of
‘live’ and ‘dead’ bacteria (i.e. intact cells plus those
with compromised membranes). ‘Active’ cells were
identified by staining with CTC (Sigma-Aldrich).
Aliquots of sample (2 ml) were incubated with 200 µl
CTC solution (15 mg ml−1) in the dark for 4 h on a
rotary shaker set to 25 rpm, fixed by adding 53 µl
 formalin, and counted within 24 h as described above.

Isolation of nucleic acids

For both DNA and RNA, triplicate samples were
obtained by filtering 150 ml of water through 0.22 µm
nitrocellulose filters (Millipore). Filters for RNA
analysis were then saturated with 1 ml RNAlater
(Ambion) to prevent RNA degradation. All filters
were stored at −80°C. DNA was extracted using a
WaterMaster™ purification kit (Epicentre® Biotech-
nologies) according to the manufacturer’s protocols;
purifications were verified by gel electrophoresis and
quantified using a Nanodrop Spectrophotometer.
RNA was extracted using a RiboPure-Bacteria™ kit
(Ambion) according to the manufacturer’s protocol,
including the optional DNase1 treatment, and then
checked by gel electrophoresis. cDNA (hereafter
referred to as rRNA for clarity) was synthesized from
RNA using a High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems) with 1 of the 4
 forward primers described below in the ‘Pyro -
sequencing’ section.
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TRFLP

TRFLP of 16S rDNA was carried out using the fol-
lowing PCR conditions: an initial denaturation at
95°C for 3 min, followed by 25 cycles of 94°C for 45 s,
57°C for 1 min, and 72°C for 2 min, and then a final
extension at 72°C for 7 min. PCR reaction mixtures
consisted of 1× PCR Buffer II (Applied Biosystems),
3 mM MgCl2, 0.2 mM (each) dNPT (GeneAmp),
0.2 µM forward and reverse primers, 0.4 µg bovine
serum albumin (Roche), 2.5 units Taq polymerase
(Amplitaq, Applied Biosystems), and 0.5 ng template
DNA in a final volume of 50 µl. The primers used
were 27F-FAM, with a fluorescently labeled 5’ end,
and 1492R (Polz & Cavanaugh 1998). PCR products
were purified using a Qiagen MinElute kit, and
aliquots (7 µl) were digested using 20 units MspI
(New England Biolabs) in a final volume of 10 µl.
Reaction mixtures were incubated for 6 h at 37°C fol-
lowed by a 20 min incubation at 65°C. Products were
again purified with a Qiagen MinElute kit and ana-
lyzed by capillary electrophoresis on a MegaBACE
1000/4000 Series Sequencer (Amersham Biosciences)
with an injection period of 100 s at 3000 V and a total
run of 180 min at 10 000 V. TRFLP electropherograms
were analyzed with Fragment Profiler Version 1.2
(Amersham Biosciences). Peaks were binned accord-
ing to read number with a minimum of 3 peaks
required for each bin and minimum bin size of
0.5 base pairs (bp). Shoulder peaks, peaks outside
the 50 to 1000 bp range, and peaks less than 75 rela-
tive fluorescence units (rfu) in height were excluded.
Peak data were converted into a binary matrix with
1 denoting presence and 0 denoting absence of a
 particular terminal restriction fragment.

Pyrosequencing

Pyrosequencing was performed for all environ-
mental samples and for a subset of samples from the
microcosm experiment (Control, Nutrient, and Com-
bined treatments). The Nutrient and Combined treat-
ments were selected based on the fact that they
showed the greatest response to resource amend-
ments, which manifested as an increase in net pri-
mary production and total bacterial abundance. In
addition, we replicated sequence libraries from
duplicate samples collected at JMS75 in May (rDNA
only) and August (rDNA and rRNA). DNA was pre-
pared for pyrosequencing using the PCR protocol
described above except that 1 ng template DNA was
included in each reaction and the annealing temper-

ature was 50°C to adjust for the Tm of the primers.
Primers (‘JRF’: 5’-CGC AAG (A/G) HTR AAA CTC
AAA GG-3’ and ‘JRR’: 5’-ACT AGC GAH TCC (G/A)
RCT TC-3’) were designed with the program PRIM-
ROSE (Ashelford et al. 2002) using the release 8.1 of
the Ribosomal Database Project (RDP; Cole et al.
2009) to span the V5-V7 hypervariable regions and
fused with 1 of 4 barcodes: 5’-CAG ATC G-3’, 5’-
AGC TAG CT-3’. 5’-GTC AGT ACA-3’, and 5’-TCG
ACA GAT C-3’. Analysis of the above primers using
the Probe Match program at RDP resulted in 75%
(JRF) and 85% (JRR) matches to all sequences
(≥1200 nucleotides, 1 error allowed) in the database.
PCR products were pooled in equal proportion (to
obtain a similar number of 454-pyrosequencing
reads per sample) and sequenced on a Roche 454
GS-FLX pyrosequencer using Titanium chemistry at
the Virginia Commonwealth University Nucleic
Acids Re search Facility (Richmond, Virginia). The
following quality checks were implemented: primers
trimmed, minimum sequence length 150, minimum
exponential Q-score 20, and singletons included.
Each rRNA query sequence was assigned to a set of
hierarchical taxa using a naïve Bayesian rRNA classi-
fier associated with RDP 10 Pyrosequencing Pipeline
(Wang et al. 2007).

Statistics

For the field study, bacteria abundance estimates
(total, live, and the proportion active [CTC+]) were
related to environmental parameters by simple linear
regression with Sidak-corrected significance levels
(R statistical package). Overall spatial and temporal
patterns in the environmental data were visualized
using principal components analysis (PCA) applied
to the correlation matrix (PAST statistical package;
Hammer et al. 2001). For microcosm samples, treat-
ment differences in BA, NPP, CR, and chl a were
each examined using 1-way ANOVA followed by a
Tukey-Kramer HSD test for posthoc comparisons
(JMP Version 8). For both sets of experiments, TRFLP
data were analyzed using non-metric multidimen-
sional scaling (NMDS) via the Jaccard similarity
coefficient (PC-ORD Version 5; Kruskal 1964, Mather
1976).

For pyrosequencing data, RDP classifications
(hereafter referred to as ‘taxa’) were applied with
85% of sequences being assigned to phyla, 81% to
classes, and 38% to genus. From this information,
diversity was calculated using the Chao1 estimator,
and evenness was calculated as diversity divided by
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the natural log of richness (EstimateS, Version 7.5,
R. K. Colwell). Similarity between 16S rRNA and
rDNA sequence libraries was visualized by NMDS
with the Sorensen distance measure, and subse-
quently tested using the multiple response permuta-
tion procedure (MRPP, R statistical package). To
assess the level of similarity between duplicate
libraries, Sorensen distance measures were derived
and compared against a reference distribution of dis-
tance measures from all possible pairwise compar-
isons of non-replicate samples. Replicated libraries
for the May and August DNA samples were highly
similar (Sorensen distances in the bottom 1% and
10% of reference distribution, respectively) whereas
the RNA replicates exhibited somewhat greater dis-
similarity (Sorensen distances in the bottom 25%).

Following Jones & Lennon (2010), we assessed
activity levels for individual taxa based on their rela-
tive contribution to 16S rRNA and rDNA libraries.
This metric uses the relative contribution to each
library (i.e. rRNA%:rDNA%) to avoid potential bias
arising from differences in the number of sequences
obtained from each sample. The relationship be tween
rDNA-based rank and taxon-specific activity state
was tested by binomial logistic regression (JMP 8).
Sequence data have been submitted to the GenBank
database under accession no. SRA034876.

RESULTS

Field study

The study period was characterized by warm water
temperatures (18 to 30°C) and declining river dis-
charge (May = 541 m3 s−1, September = 34 m3 s−1).
When discharge was high (May), nutrients, DOC,
chl a, BA, and rates of metabolism (NPP, CR) were
similar at the 2 sites (Fig. 1). As discharge declined,
inter-site differences became apparent with JMS75
exhibiting lower inorganic nutrient concentrations
(DIN, SRP) and higher chl a, BA, NPP, CR and DOC.
At JMS75; average (May to September) chl a was
5-fold higher (79 ± 17 vs. 15 ± 5 µg l−1), NPP was
6-fold higher (696 ± 154 vs. 106 ± 57 µg O2 l−1 h−1),
and live BA was 2-fold higher (80 ± 39 × 106 vs. 27 ±
7 × 106 cells ml−1) in comparison to JMS99. There
were no significant differences between sites in the
proportions of live (p = 0.46) or active (p = 0.21) cells
determined by staining and enumeration (paired t-
tests). On average, 84% of cells at both sites were
‘alive’ (intact membranes) while the proportion of
metabolically ‘active’ (CTC+) cells corresponded to

8% of live cells. Linear regression of logarithmically
transformed data showed that total, live, and active
bacterial abundances were significantly correlated
with chl a, NPP, CR, and DOC (all p ≤ 0.02, all R2

≥ 0.64).
When PCA was applied to the environmental data

(Fig. 2), differences between the 2 sites were appar-
ent from discrete distributions along PC1 (42% of
variation), which had high factor loadings for chl a,
NPP, and CR (≥ ±0.85). A temporal progression was
observed along PC2 (29% of variation), which corre-
sponded strongly with changes in specific conductiv-
ity and turbidity (loadings > 0.75). Overall, environ-
mental conditions at the 2 sampling sites were most
similar in May but diverged as chl a, NPP and CR
increased at JMS75. These results contrast those of
the TRFLP, where the NMDS ordination (2D solution;
stress = 0.20, combined R2 = 0.56) did not reveal dif-
ferences in the bacterial communities at the 2 sites. A
modest temporal progression was observed in com-
munity composition along Axis 1, and was consistent
across sites. Overall, these findings show that while
environmental parameters and BA differed between
the 2 sites, CTC-based estimates of activity state and
TRFLP-based assessments of community similarity
did not.

Microcosm experiments

At the low-nutrient and high-chl a site (JMS75),
both the ‘Nutrient’ and ‘Combined’ treatments
resulted in significant increases in chl a, NPP, and
live BA (p < 0.05 via 1-way ANOVA; Fig. 3). How-
ever, the ‘Nutrient’ and ‘Combined’ treatments were
never significantly different from each other.

For both sites, the proportion of cells that were
metabolically active (CTC+) was not responsive to
any treatment, nor was CR. NMDS of the TRFLP data
did not show a clear separation of sites or treatments
(results not presented), and no significant differences
were detected using an analysis of similarity
(ANOSIM; all p ≥ 0.10). Overall, these results indi-
cate that resource amendments had significant
effects on BA, but not TRFLP-based assessments of
community composition or CTC-based estimates of
activity state.

Pyrosequencing results

After trimming sequences and discarding poor
reads, 156 872 sequences were obtained from 32
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samples with an average length of 410 bp. Sampling
depth was somewhat greater for rDNA libraries
(5224 ± 295 sequences per sample; mean ± SD) than
for rRNA libraries (4489 ± 229). Rarefaction curves
exhibited a marked decrease in slope at ~1000 (DNA)
and ~500 (RNA) sequences indicating that sampling
was sufficient to identify the dominant community
members as well as many rare taxa (see Fig. S1 in the
Supplement at www. int-res. com/ articles/ suppl/ a069
p247 _supp. pdf). Based on RDP classifications, the
average number of taxa in the 16S rDNA libraries
(147 ± 5) was higher than in the rRNA libraries

(127 ± 7). rDNA-based libraries also had significantly
higher evenness relative to rRNA libraries (p = 0.02;
1-way ANOVA; Table 1). For both rDNA and rRNA
libraries, samples from JMS99 exhibited higher
diversity than samples from JMS75 (Fig. 4). The total
number of taxa found within paired rRNA-rDNA
libraries averaged 181 ± 6 for all sites, months, and
treatments. The proportion of taxa that occurred in
the rDNA library but not the corresponding rRNA
library was 31 ± 2%, the proportion of taxa that
occurred in the rRNA library but not the rDNA
library was 19 ± 2%, and 50 ± 1% of taxa were found
in both of the paired samples.

For the field samples, NMDS of the 16S rRNA
and rDNA libraries revealed discrete distributions
in ordination space (Fig. 5A), which were signifi-
cantly different via MRPP (p = 0.002). This suggests
that the composition of the metabolically active
fraction of the bacterial community (i.e. those
assessed via 16S rRNA) differed from that of the
overall community (assessed via 16S rDNA). The
rRNA libraries also exhibited greater dispersion
among samples indicating greater compositional
variability among active taxa. With the exception of
May and 1 of the June samples, the rDNA libraries
were tightly clustered showing little spatial or tem-
poral variation. For rRNA libraries, significant vari-
ation was observed by month (p = 0.04; MRPP) but
not by site (p = 0.33). For both rDNA and rRNA
libraries, Cyanobacteria and Betaproteobacteria
were the dominant classes, accounting for 40% of
rDNA sequences from environmental samples (see
Fig. S2 in the Supplement). Sphingobacteria were
also moderately abundant at both sites. Cyanobac-
terial numbers climbed throughout the summer at
both JMS75 and JMS99. Betaproteobacteria peaked
in August at JMS75 and then dropped in Septem-
ber, even while Cyanobacteria continued to in -
crease. Betaproteobacteria peaked at JMS99 in
June with a relative abundance of 75%, whereas
Cyanobacteria appeared to be a major component
of increasing bacterial density in late summer. In
environmental samples, 48% of those rDNA se -
quences identified as Betaproteobacteria were clas-
sified as Burkholderiales and another 37% were
unclassified. Of those rDNA sequences identified
as Cyanobacteria, 96% were unclassified Deferrib-
acterales. Cyanobacteria Family 1.1 always ac -
counted for a disproportionate number of rRNA
sequences with 35% of Cyanobacteria sequences
attributed to Prochlorococcus.

In the microcosm samples, rDNA and rRNA libra -
ries were also well-separated using NMDS (Fig. 5B).
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As was observed in the analysis of field samples, the
rDNA libraries for JMS75 and JMS99 were similar,
but the rRNA libraries were not. For each site and
each library type (rRNA or rDNA), there were con-

sistent shifts in community composition along Axis 1
(59% of variation) in response increasing resource
amendments (Control → Nutrients → Combined).
Differences in community composition between
Control and Combined treatments were statistically
significant for the pooled (both sites) dataset (p =
0.006; MRPP). In response to the Combined treat-
ment, samples for both sites became more similar.
Increasing Betaproteobacteria was an important
contributor to the overall increase in bacterial abun-
dance in the microcosm samples. Betaproteobacteria
were only moderately abundant in initial samples
(~15%), but became dominant in the combined
treatment microcosms (50%). Although Burkholde-
riales were important in environmentally derived
rDNA libraries, Neisseriaceae, primarily Chro-
mobacteria, were more prominent in the experi-
ments, accounting for over 40% of betaproteobacte-
rial sequences and over 20% of all bacterial
sequences in both the JMS75 and JMS99 combined
treatment microcosms.

Individual taxa were categorized as active or inac-
tive based on their relative contribution to rRNA
and rDNA libraries (rRNA%:rDNA% >1). The pro-
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Sample rDNA libraries rRNA libraries Activity (rRNA:rDNA)
Taxa Evenness Diversity Taxa Evenness Diversity Taxa (%) Cells (%)

Environmental
JMS75
May 176 0.66 195 148 0.68 253 54 15
June 144 0.66 307 125 0.60 328 52 32
July 159 0.67 344 105 0.63 354 42 41
August 139 0.70 368 150 0.59 380 69 50
September 152 0.64 418 107 0.61 430 42 38

JMS99
May 173 0.64 482 nd nd nd nd nd
June 94 0.55 492 nd nd nd nd nd
July 147 0.68 495 169 0.68 502 78 34
August 164 0.66 506 nd nd nd nd nd
September 143 0.64 512 138 0.68 516 66 10

Microcosm
JMS75
Control 154 0.71 438 142 0.56 449 47 26
Nutrient 136 0.71 456 102 0.60 462 42 21
Combined 118 0.69 470 80 0.59 478 27 45

JMS99
Control 134 0.72 522 154 0.68 530 75 43
Nutrient 163 0.71 529 117 0.69 531 39 29
Combined 122 0.70 536 106 0.58 537 50 39

Table 1. rDNA and rRNA pyrosequencing results for environmental and experimental (microcosm) samples obtained from 2
stations in the tidal freshwater James River (JMS75, JMS99). Data shown are the number of taxa, evenness, and diversity
(Chao1) of rDNA and rRNA libraries as well the proportion of active taxa and the proportion of active cells inferred from rRNA 

and rDNA relative abundance ratios (rRNA%:rDNA% >1). nd = not determined
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portion of active taxa ranged from 27 to 78% (mean
= 52 ± 4%; Table 1) among all samples. Neither site
nor month was found to be a significant explanatory
variable for variation in the proportion of active taxa
among environmental samples (ANOVA, p > 0.20).
Binomial logistic regression showed that for each
drop in rDNA-based rank, the odds ratio of a taxa
being active increased by 1.01 ± 0.001 (Fig. 6; p <
0.0001; environmental and microcosm libraries
pooled). This finding suggests that rare taxa were
more likely to be active. Weighting active taxa
according to their contribution to the 16S rDNA
library yielded an estimate of 32 ± 3% of sequences
that were derived from active cells (average for all
environmental and microcosm samples). However,
this estimate was sensitive to the presumed thresh-
old for distinguishing active cells (rRNA%:rDNA%

> 1; Jones & Lennon 2010). For example, use of a
higher threshold (rRNA:rDNA > 2) indicated that
only 7 ± 1% of sequences were derived from active
cells. Results from microcosm experiments show
that resource amendments resulted in fewer active
taxa but a greater number of active cells (Fig. 7).
That is, the amendments increased the proportion of
active cells but this response was limited to a small
subset of the community. Bacterial orders that were
consistently under-represented in rRNA libraries
relative to rDNA libraries included Actinobacteria,
Planctomycetacia, and Flavobacteria (see Fig. S3 in
the Supplement). Other orders exhibited variable
activity state, each including a few samples with
disproportionately high contributions to rRNA
libraries relative to rDNA libraries (see Fig. S4 in
the Supplement).
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DISCUSSION

Our use of dual 16S rDNA-rRNA pyrosequencing
combined with traditional microscopic analysis pro-
vided a novel basis for examining bacterioplankton
abundance, composition, and activity state under
variable resource conditions. Relationships were
tested via field study at 2 sites with contrasting
resource availability, and via microcosms in which
resources were experimentally manipulated. Over-
all, our results indicate that the large abundance of
inactive taxa in bacterial communities can affect
TRFLP- and rDNA-based assessments of microbial
community responses to changing resource condi-

tions. Our rRNA pyrosequencing revealed that
unique assemblages of active taxa may exist in vari-
able resource conditions, despite similarities in over-
all community composition (i.e. DNA-based assays).

In our field study, bacterial abundance (both live
and active) correlated strongly and positively with
chl a, NPP, and DOC, which suggests that algal exu-
dates may be an important source of labile organic
matter stimulating the growth and production of
estuarine bacteria (Lancelot & Billen 1984, Cole et al.
1988, White et al. 1991). This proposition is supported
by the results of a related study that revealed higher
quality of DOC (lower C:N) and faster turnover of
DOC at the JMS75 site (Bukaveckas et al. 2011),
where consistently high levels of chl a were ob -
served. Given the large differences in nutrient con-
centrations, organic matter quality, and bacterial
abundance between JMS75 and JMS99, we hypo -
thesized that analysis of bacterial community compo-
sition (i.e. DNA-based assays) would reveal distinct
assemblages in the 2 sites. However, despite these
inter-site differences in resource availability, both
TRFLP and pyrosequencing revealed high similarity
in bacterial community composition across sites.
Prominent taxa in our samples were typical of the
freshwater environment, with a few exceptions. For
example, we observed a high prevalence of Cyano-
bacteria, supporting previous work showing that
density of Cyanobacteria is higher in the tidal-fresh-
water James River than in other Chesapeake Bay
tributaries (Marshall et al. 2009). In contrast, al -
though Bacteroidetes are common in other studies,
the prevalence of Sphingobacteria in our environ-
mental samples was unusually high. Overall, our
findings suggest that bacterial abundance was most
closely linked to autochthonous production, which
varied between sites and likely influenced the quan-
tity and quality of organic matter. However, bacterial
response to the resource gradient between JMS75
and JMS99 does not appear to have involved a shift
in community composition or changes in active bac-
terial abundance. The fact that communities were
similar despite differences in environmental condi-
tions could be attributed to short transit times be -
tween these 2 sites, if water moves between sam-
pling sites faster than the microbial community can
respond via shifts in community structure. However,
transit times for this segment of the James River were
previously estimated to be 15 d (at the annual aver-
age discharge: 200 m3 s−1; Shen & Lin 2006, Shen et
al. 1999). During a portion of our study, actual transit
times were longer (July, August, and September dis-
charge <100 m3 s−1), making it unlikely that short
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transit time precluded community differentiation.
Rather, our findings are consistent with several
recent studies showing that rDNA-based assess-
ments of community composition can exhibit a high
degree of similarity owing to the large proportion of
inactive cells and the widespread distribution of
dominant taxa (Sloan et al. 2006, Woodcock et al.
2007, Östman et al. 2010). In our samples, ~30% of
taxa occurring within 16S rDNA libraries were not
found in corresponding rRNA libraries.

The microcosm experiment demonstrated a differ-
ential effect of resource amendments on the micro-
bial communities from these 2 sites. The results were
consistent with the hypothesis that the in situ micro-
bial communities at JMS75 are nutrient limited and
those at JMS99 are light limited. These expectations
are based on historical knowledge of the longitudinal
trends in dissolved nutrients and light availability
associated with this portion of the river (Bukaveckas
et al. 2011) as well as site morphology. For example,
JMS99 is located in a deeper segment of the river
where underwater irradiance and NPP are low, and
microbial communities responded most in the en -
hanced light. Interestingly, for both sites, treatment
effects were linked to higher levels of live bacterial
abundance, chl a, and NPP, but did not change com-
munity composition. TRFLP revealed no consistent
treatment effect for either site, and pyrosequencing
of the rDNA showed differences only when the most
extreme treatments were compared (e.g. Control and
Combined). For example, Chromobacteria had <1%
relative abundance in Initial samples and >20% rel-
ative abundance in the Combined treatment. These
modest changes in community composition were not
accompanied by changes in diversity or evenness
(Table 1). However, as was the case with the field
study, pyrosequencing of the rRNA provided a very
different picture of bacterial community dynamics.
Results from the rRNA libraries showed greater dif-
ferences between sites (e.g. compare ‘Initial’ treat-
ments from JMS75 and JMS99) and more dramatic
changes in community composition compared to that
provided by the rDNA libraries. This is further evi-
dence that community-level assessment of DNA may
be biased towards the most abundant members of the
community, which are not necessarily the most active.

Across both the field and microcosm studies, we
observed large changes in bacterial abundance
despite the low proportion of the community consid-
ered active based on CTC staining. CTC-based esti-
mates for the abundance of active cells have been
shown to correlate with bacterial production (del
Giorgio et al. 1997, Sherr et al. 1999) and respiration

(Smith 1998), but have also come under criticism for
possible methodological constraints (e.g. Ullrich et al.
1996, Karner & Fuhrman 1997, Servais et al. 2001,
Créach et al. 2003). In our study, the percentage of
cells identified as active based on CTC staining was
low (mean = 13 ± 1%), but similar to previously
reported values (del Giorgio & Scarborough 1995,
Choi et al. 1996, 1999, Karner & Fuhrman 1997). If
only CTC+ cells were actively dividing, maximum
doubling times in our microcosms ranged from 8 to
21 h, consistent with values derived from bacterial
production measurements (Crump et al. 2007). CTC-
based estimates of cell activity were not found to be
responsive to environmental or experimental varia-
tions in resource conditions. In contrast, assessments
of activity state based on 16S rRNA sequencing
yielded higher estimates of the proportion of active
cells (32 ± 3%) and revealed greater variability
among environmental (sites, months) and experi-
mental (Control, treatments) samples. Our basis for
determining activity state followed Jones & Lennon
(2010), whereby taxa with a higher relative abun-
dance of rRNA than rDNA were considered ‘active’
(ratio > 1). An inherent limitation to this approach is
the variable rRNA operon copy numbers among taxa.
Even more noteworthy is the fact that bacteria likely
exhibit a continuum of activity levels such that the
use of a fixed threshold to distinguish ‘active’ from
‘inactive’ is subjective; it may be more appropriate to
instead view cellular metabolism as a continuum
within a nested hierarchy of physiological states
(Smith & del Giorgio 2003). Within this conceptual
model, the method described above provided a basis
for delineating the active fraction that may prove
useful to understanding how environmental condi-
tions shape bacterial communities and for linking
changes in the active component to specific functions
of interest (Mou et al. 2008, DeLong 2009, McCarren
et al. 2010).

Despite problems in defining ‘active’ taxa, the dis-
parity found between 16S rRNA libraries, even when
their corresponding rDNA libraries were similar,
emphasizes the differences in composition between
the overall community and its active fraction. For
example, rDNA libraries indicated that bacterial
communities at JMS75 and JMS99 were largely
unchanged throughout the second half of our sam-
pling period, whereas rRNA libraries varied greatly
from site to site and from month to month. In Septem-
ber, rDNA libraries from the 2 sites exhibited a high
degree of similarity (Sorensen distance in lower
10%), while rRNA libraries had low similarity
(Sorensen distance in top 15%). It should be noted
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that even replicate rRNA libraries showed somewhat
greater dissimilarity (lower 25%-tile) than replicate
rDNA libraries (lower 10%-tile). Greater dissimilarity
may be due to lower sampling depth for the rRNA
duplicates or to methodological issues related to
rRNA recovery and cDNA production. These find-
ings are based on a single replicated rRNA sample
and 2 replicated rDNA samples, but suggest that fur-
ther efforts are needed to resolve the reproducibility
of rRNA libraries.

Our principal finding was that 16S rRNA libraries
differed from rDNA libraries obtained from the same
site/month or microcosm. Further, rRNA libraries
were more variable in composition than rDNA
libraries. While the majority of taxa (~50%) were rep-
resented in both rRNA and rDNA libraries, a large
proportion (30%) contributed to rDNA libraries but
not rRNA. Another 20% of taxa contributed to rRNA
but were too rare to be detected among rDNA
sequences. These patterns suggest that environmen-
tal conditions select unique subsets of active taxa
from a common pool of taxa. Our results also show
that rare taxa were more likely to be active than
dominant taxa. This has previously been demon-
strated for estuarine or marine bacteria taking up
specific substrates (e.g. Cottrell & Kirchman 2000,
Alonso-Sáez et al. 2007, Ruiz-González et al. 2012),
but research at the community level is only just
beginning (Jones & Lennon 2010, Sjöstedt et al.
2012). Disproportionate activity by rare taxa dispels
the notion that rare taxa are present ‘accidentally’
and supports the theory that they represent an
important component of the community capable of
exploiting favorable environmental conditions. Dom-
inant taxa are presumably very competitive general-
ists whose prominence manifests in a high degree of
similarity in rDNA assessments of community com-
position. Rare taxa contribute the bulk of community
diversity and account for a larger proportion of the
active community than would be expected based on
their relative abundance. The extent to which the
uneven distribution of taxa and variable activity state
determines how microbial communities control rates
of ecosystem processes, and their ability to respond
to environmental disturbances, is an important
avenue for future research.
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