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Compared to freshwater and the open ocean, less is known about bacterioplankton community structure and
spatiotemporal dynamics in estuaries, particularly those with long residence times. The Chesapeake Bay is the
largest estuary in the United States, but despite its ecological and economic significance, little is known about
its microbial community composition. A rapid screening approach, ITS (internal transcribed spacer)-LH
(length heterogeneity)-PCR, was used to screen six rRNA operon (16S rRNA-ITS-23S rRNA) clone libraries
constructed from bacterioplankton collected in three distinct regions of the Chesapeake Bay over two seasons.
The natural length variation of the 16S-23S rRNA gene ITS region, as well as the presence and location of
tRNA-alanine coding regions within the ITS, was determined for 576 clones. Clones representing unique
ITS-LH-PCR sizes were sequenced and identified. Dramatic shifts in bacterial composition (changes within
subgroups or clades) were observed for the Alphaproteobacteria (Roseobacter clade, SAR11), Cyanobacteria
(Synechococcus), and Actinobacteria, suggesting strong seasonal variation within these taxonomic groups.
Despite large gradients in salinity and phytoplankton parameters, a remarkably homogeneous bacterioplank-
ton community was observed in the bay in each season. Stronger seasonal, rather than spatial, variation of the
bacterioplankton population was also supported by denaturing gradient gel electrophoresis and LH-PCR
analyses, indicating that environmental parameters with stronger seasonal, rather than regional, dynamics,
such as temperature, might determine bacterioplankton community composition in the Chesapeake Bay.

Estuaries rank among the most productive and dynamic
aquatic ecosystems on earth. Mixing of fresh and marine wa-
ters and significant recycling of nutrients and organic matter
production provide strong environmental gradients to the mi-
crobes living in these ecosystems. A number of studies have
shown that the compositions of freshwater and marine pelagic
microbial communities are fundamentally different (20, 28).
Analyses of rRNA genes from open-ocean samples show that
bacterioplankton generally contains representatives of the
SAR11 (Pelagibacter ubique), SAR116, and Roseobacter clades
of the Alphaproteobacteria, the SAR86 clade of the Gamma-
proteobacteria, the Synechococcus group of Cyanobacteria, and
members of the phylum Bacteroidetes (12, 20, 29, 58, 75). In
contrast, among 34 clades identified as typical freshwater bac-
teria are species associated with Alphaproteobacteria, Betapro-
teobacteria, Bacteroidetes, Actinobacteria, and Verrucomicrobia,
with relatively little overlap with the marine clades (28, 82). As
an ecotone between the freshwater and marine realms, estu-
aries contain typical taxa from both environments (20) and
bacterioplankton appear to undergo strong physiological

stresses that can result in variations in biomass, activities, and
population composition (42, 69, 73, 78).

The composition of bacterioplankton communities has been
studied in a number of estuaries, mostly relatively small sys-
tems with short residence times. These include the Columbia
River estuary (20), the San Francisco Bay (39), the Weser
River estuary in Germany (68), the Parker River estuary (21),
the Rhone River estuary in France (78), the Ria de Aveiro
estuary in Portugal (35, 36), the Changjiang River estuary in
China (67), the Moreton Bay estuary in Australia (37), and the
Delaware River estuary (19, 46). We have also recently studied
the spatial and temporal variations of Chesapeake Bay bacte-
rioplankton (44, 45). The majority of these studies used fin-
gerprinting approaches (i.e., denaturing gradient gel electro-
phoresis [DGGE], terminal restriction fragment length
polymorphism [RFLP], and automated ribosomal intergenic
spacer analysis) or FISH (fluorescence in situ hybridization) to
monitor bacterial community changes at a relatively broad
resolution along the salinity gradient or over time. However,
the results of these studies do not result in a consistent picture
of estuarine bacterioplankton spatial and temporal dynamics.
In some studies, dominant populations shifted from Betapro-
teobacteria in freshwater to Alpha- and Gammaproteobacteria
in marine sections (10, 36, 67). However, Selje and Simon (68)
reported that Alpha-, Beta-, and Gammaproteobacteria each
constituted about 10% of the community, with no pronounced
changes among the various sections of the Weser River estu-
ary. In terms of temporal variation, the picture is similar. For
instance, the middle Ria de Aveiro estuary and the Chesa-
peake Bay exhibited pronounced temporal variations (36, 44)
but, in contrast, no significant temporal variation was observed

* Corresponding author. Mailing address: Center of Marine Biotech-
nology, University of Maryland Biotechnology Institute, Suite 236, 701 E.
Pratt St., Baltimore, MD 21202. Phone: (410) 234-8866. Fax: (410) 234-
8898. E-mail: chenf@umbi.umd.edu.

‡ J.K. and M.T.S. contributed equally to this work.
§ Present address: Department of Earth Sciences, University of

Southern California, Los Angeles, CA 90089.
† Supplemental material for this article may be found at http://aem

.asm.org/.
� Published ahead of print on 7 September 2007.

6776



in the Weser River estuary (68). Combined, these observations
suggest that the factors that determine the community compo-
sition of estuarine bacterioplankton might have a strong re-
gional or physiographic component.

Although the composition of estuarine bacterial communi-
ties at a high taxonomic resolution has not yet been well de-
fined, unique estuarine populations have been reported for the
Columbia, Parker, and Weser River estuaries and the Plum
Island Sound (20, 21, 68). Most of the bacterioplankton de-
fined as typically estuarine was closely related to typical fresh-
water or marine bacterial groups and belongs to the phyla
Proteobacteria, Bacteroidetes, and Actinobacteria (21), with
these estuarine phylotypes occurring within a wider salinity
range than what is considered typical for freshwater or marine
biota (20, 68). Finally, it has been hypothesized that the devel-
opment of local estuarine bacterial communities depends on
both the residence time and growth rate of the bacterial pop-
ulations in an estuary (21). For example, Crump and col-
leagues showed that unique estuarine bacterial communities
formed in the Parker River estuary and the Plum Island Sound
only in summer and fall, when residence times were longer
than bacterial doubling times (21).

The Chesapeake Bay is the largest and one of the most
well-studied estuaries in the United States, with a long average
residence time (i.e., 7 months) (54). In general, the main fresh-
water inputs to the bay (ca. 82%) are from the Susquehanna
(52%), Potomac (18%), and James (12%) Rivers (14). Exten-
sive surveys in the main stem of the bay have shown that
bacterioplankton biomass, production, growth rates, and res-
piration vary over time and space (42, 69). In general, bacte-
rioplankton biomass and activity peak in the middle bay region
(69, 73) and in nonsummer seasons, when the temperature is
below 20°C, bacterial activities are highly correlated with tem-
perature (69). In summer, bacterioplankton appears to be re-
source limited in the northern and southern regions of the bay,
as bacterioplankton activity responded to experimental enrich-
ments with organic substrates and inorganic nutrients (70, 73).
However, a lack of response to these enrichments in the mid-
dle bay region led to the suggestion that bacterivores control
the bacterioplankton biomass and activity in this region (23).

Whether these seasonal and spatial variations in bacterio-
plankton bulk activities are a function of differences in bacte-
rioplankton community composition remains an open ques-
tion. The community composition of the Chesapeake Bay
bacterioplankton has been investigated by using a variety of
molecular tools, including analysis of 5S rRNA patterns (9, 55),
FISH (34), and 16S rRNA-based DGGE analysis (44, 45), and
community composition appeared to have a higher temporal
than spatial variation (44, 45). However, in these studies com-
munity composition was described at broad phylum and class
levels or only single genera or species were considered. Re-
markably, to date, cloning and sequencing of 16S rRNA genes
have not been applied to bacterioplankton from the Chesa-
peake Bay or other large estuaries with long (�6-month) av-
erage residence times.

Typically, clone libraries are constructed from environmen-
tal samples and 16S rRNA genes are sequenced to determine
the phylogenetic origins of the clones recovered. Preliminary
screening for identical or closely related clones is typically
performed by using RFLP analysis to avoid redundant se-

quencing. This type of analysis is labor intensive and time-
consuming, and inferences of clone phylogenetic identity from
RFLP patterns are, in general, not possible. Recently, a novel
high-throughput analysis, internal transcribed spacer (ITS)
length heterogeneity (LH) PCR, was developed for the screen-
ing of rRNA-containing clones in large-insert genomic librar-
ies (76). Based on the length of the entire ITS region (53) and
the location of the tRNA-alanine in these regions (76), iden-
tification of environmental clones to the subclade level was
possible. This approach has been so far only applied to multi-
plex screening of genomic libraries of marine bacterioplankton
or freshwater environments (53, 76), and thus, here we evalu-
ated its applicability to the screening of PCR-based ribosomal
operon libraries of estuarine bacterioplankton that were likely
to contain clades from both freshwater and marine environ-
ments. Six rRNA operon clone libraries were constructed from
the northern, middle, and southern Chesapeake Bay in the
cold and warm seasons, respectively. Temporal and spatial
dynamics of bacterioplankton were determined on the basis of
the compositions of these clone libraries. DGGE and LH-PCR
were also applied to the same water samples, and the results
were compared to those of the clone library analyses.

MATERIALS AND METHODS

Sample collection. Water samples were collected at three stations along the
longitudinal axis of the Chesapeake Bay on 26 to 30 September 2002 and 4 to 8
March 2003. Stations 908 (39°08�N, 76°20�W), 818 (38°18�N, 76°17�W), and 707
(37°07�N, 76°07�W) were chosen to represent the northern, middle, and southern
areas of the bay, which covered the salinity gradient in the Chesapeake Bay (Fig.
1). The Chesapeake Bay is a partially mixed estuary, and the bottom layers are
anoxic in the summer. In order to evaluate primarily the diversity in the estuarine
transition, we used near-surface samples (taken at a 2-m depth) in the mid-stem
of the bay. At each station, 500-ml subsamples were taken from a 10-liter Niskin
bottle aboard the research vessel Cape Henlopen and filtered immediately
through 0.2-�m-pore-size polycarbonate filters (47-mm diameter; Millipore, Bil-
lerica, MA). The filters were stored at �20°C prior to DNA extraction. Water
temperature, salinity, and the dissolved oxygen concentration were recorded with
a Sea-Bird 911 CTD.

Chl a and nutrients analyses. Chlorophyll a (Chl a) data were only collected
during the March 2003 cruise and were kindly provided by Wayne Coats of the
Smithsonian Environmental Research Center. Duplicate samples (100 ml) from
each station were vacuum filtered (�150 mm Hg) onto 25-mm Whatman GF/C
filters, and Chl a was extracted in 90% acetone for 24 h at 4°C in the dark. Chl
a concentration was determined fluorometrically with a Turner Designs 10-AU
fluorometer. Concentrations of inorganic nutrients, including ammonia, nitrite
and nitrate, and phosphate, were determined with a Technicon AutoAnalyzer II
at the Horn Point Analytical Services Laboratory (www.hpl.umces.edu/services
/as.html). The analysis conformed to the standard methods for chemical analysis
of water and wastes proposed by the U.S. Environmental Protection Agency (79).

Synoptic data. The Chesapeake Bay is a highly monitored system, and we were
able to retrieve synoptic data from a variety of online data repositories. Historical
salinity values were retrieved from the Chesapeake Bay Program (CBP) water
quality (WQ) database (http://www.chesapeakebay.net/wqual.htm). Monthly to
biweekly Chl a concentrations estimated from in vivo fluorescence, as well as cell
extracts, were retrieved from the CBP-WQ and fluorescence databases. Al-
though the CBP stations do not have the exact same coordinates as our stations,
they are within 2 to 3 km, mostly on the main axis of the bay. Thus, for clarity,
we will refer hereafter to CBP southern bay stations CB7.3, CBI-707O, and
CBI-707P interchangeably as station 707; to middle bay stations CB5.1 and
CBI-818P interchangeably as station 818; and to northern bay stations 3.2
and CBI-908 interchangeably as station 908.

In order to increase the temporal resolution of Chl a around the sampling
times, 8-day, 9-km resolution, level 3, merged aqua-MODIS/SeaWIFS remote-
sensed Chl a concentrations were retrieved from the National Aeronautics and
Space Administration OceanColor Web (http://oceancolor.gsfc.nasa.gov) (24)
and plotted with the SeaDAS package (http://oceancolor.gsfc.nasa.gov/seadas)
(7). We are aware of the problems with overestimation of Chl a in estuarine
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systems by SeaWIFS (32) and likely by aqua-MODIS (L. W. Harding, personal
communication), and thus these data were only used in a relative fashion.

Enumeration of bacteria and viral particles. Subsamples of 50 ml of water
were fixed in 1% glutaraldehyde and stored at 4°C. For bacterial cell counts, 1 ml
of fixed sample was filtered onto a 0.2-�m-pore-size black polycarbonate mem-
brane filter (Osmonics, Minnetonka, MN). For viral particle counts, 200 �l of
fixed sample was mixed with 800 �l of Tris-EDTA-sucrose buffer and filtered
onto a 0.02-�m-pore-size 25-mm Anodisc membrane filter (Whatman, Maid-
stone, United Kingdom). Samples on filters were stained with 2.5� SYBR gold
solution for 15 min in the dark as previously described (16). Viral particles were
enumerated under blue excitation (485 nm) on a Zeiss Axioplan epifluorescence
microscope (Zeiss, Jena, Germany). At least 200 bacterial cells or viral particles
were counted per sample.

Extraction of nucleic acids. Bacterial genomic DNA was extracted by a phe-
nol-chloroform protocol as previously described (45). DNA concentration was
measured by determining absorbance at 260 nm with a SmartSpec 3000 spectro-
photometer (Bio-Rad, Hercules, CA) and assuming that 50 ng/�l corresponds to
an absorbance of 1 optical density unit.

Clone library construction. Clone libraries containing a large portion of the
rRNA operon (16S rRNA gene-ITS-23S rRNA) of bacterioplankton from the six
samples described above were constructed by PCR with primers 16S-27F (26)
and 23S-1933R (5) (see Table S1 in the supplemental material) as previously
described (77), except that (i) Platinum HIFI polymerase mix (Invitrogen, Carls-
bad, CA) was used and provided hotstart amplification, (ii) PCR products were
A tailed with the QIAGEN A addition kit (QIAGEN, Chatsworth, CA), and (iii)
products were cloned with the TOPO TA cloning kit (Invitrogen, Carlsbad, CA)
by following the manufacturer’s instructions. A total of 576 clones from six
libraries were picked for further analysis.

Library screening by ITS-LH-PCR and sequencing. For two libraries, CB1 and
CB2, clones were grown overnight in U-bottom microtiter plates (Corning,
Acton, MA) and cells were pelleted at 3,000 rpm for 10 min in a Legend T plate
centrifuge (Sorvall, Asheville, NC). Plasmids were isolated by a standard alka-
line-lysis protocol (6) with a Hydra 96 microfluidic dispenser (Matrix Co., Hud-
son, NH). For the remaining libraries, 50 �l of cells grown overnight were
pelleted in 96-well PCR plates as described above, the supernatant was with-
drawn, and the cells were resuspended in 20 �l of 10� Platinum Taq PCR buffer.
The cells were lysed for 5 min at 94°C, cell debris was pelleted as described
above, and 1 �l of the supernatant was used for ITS-LH-PCR.

ITS-LH-PCR was performed as previously described (75), with some modifi-
cations. Briefly, for 96 clones of each library, two separate reaction mixtures were
set up with different primer pairs; 6-carboxyfluorescein-labeled 16S-1406F (47)
and unlabeled 23S-66R were used to amplify the ITS region, and 6-carboxy-
2�,4,4�,5�,7,7�-hexachlorofluorescein-labeled 16S-1406F and unlabeled tRNAalaR
were used to amplify the tRNA fragment (47, 75) (see Table S1 in the supplemental
material). After the analysis of CB1 and CB2 revealed that a number of clones did
not produce an ITS amplicon because of mismatches to Actinobacteria and Bacte-
roidetes by the original 23S-66R primer, modified 23S-66R primer versions targeting
these groups were designed. Thus, the new 23S-66R primer represents a mixture of
these different primer versions (see Table S1 in the supplemental material).

Labeled fragments were discriminated with an Applied Biosystems 3100 Ge-
netic Analyzer (Applied Biosystems, Foster City, CA) in Genescan mode. Sizes
of ITS and tRNA fragments were determined with the Genescan software (Ap-
plied Biosystems) and the GS2500 size standard (Applied Biosystems). Esche-
richia coli ITS and tRNA fragments amplified from the residual E. coli genomic
DNA during the template preparations were used as positive controls for PCRs.
The phylogenetic origin of clones represented by different combinations of frag-
ment pairs was determined in comparison to previously measured fragment sizes
(75). Clones representing novel combinations, as well as those without amplified
fragments with both primer pairs, were identified by sequencing of 16S rRNA
genes by the dideoxy termination reaction with the Big Dye V3.1 kit (Applied
Biosystems, Foster City, CA). A thorough phylogenetic analysis of the clones
retrieved was performed and will be presented elsewhere (J. Kan et al., submit-
ted for publication).

LIBSHUFF and �-LIBSHUFF. In order to compare the compositions of the six
clone libraries, LIBSHUFF (71) and �-LIBSHUFF (66) analyses were per-
formed with 592 homologous positions between positions 48 and 720 of the E.
coli numbering system and the Jukes and Cantor distance metric (43). After we
got the unique pair size by ITS-LH-PCR, sequences of five of six clones from
randomly chosen operational taxonomic units (OTUs) were compared and high
similarity (equal to or greater than 98.7%) was observed within OTUs. There-
fore, 98.7% was our cutoff to define our OTUs. Since only a subset of clones
belonging to each of the OTUs defined by ITS-LH-PCR was sequenced, virtual
sequences were created for nonsequenced clones by assigning (copying) clone
sequences in each OTU to nonsequenced clones in the same OTU, observing the
criterion that these virtual sequences represented a copy of a clone sequence
from the same library.

DGGE. Partial 16S rRNA genes from each microbial community were ampli-
fied by PCR with primers 16S-1070F and 16S-1392R (25, 52) (see Table S1 in the
supplemental material). PCR amplicons were subjected to DGGE analysis by a
previously described protocol (44). Briefly, PCR products were loaded onto
polyacrylamide gels with a gradient of 40 to 55%. Electrophoresis was run at
60°C in 1� TAE buffer and 70 V for 16 h, and the gel was stained with SYBR
gold (Invitrogen, Carlsbad, CA). Representative DNA bands were excised from
the gel and reamplified, and a second DGGE was performed. PCR products
were excised from reamplified bands, purified with the QIAGEN PCR purifica-
tion kit (QIAGEN, Chatsworth, CA) according to the manufacturer’s protocol,
and sequenced as described above with primer 16S-1070F.

LH-PCR. Two hypervariable regions of the 16S rRNA gene (V1, E. coli 16S
rRNA gene positions 72 to 101; V2, E. coli 16S rRNA gene positions 176 to 221)
were analyzed by LH-PCR (74) with primers 16S-27F (labeled with 6-carboxy-
fluorescein) and 16S-355R (see Table S1 in the supplemental material). A mod-
ified protocol was used in which 0.25 U of Platinum Taq DNA polymerase
(Invitrogen) and 5 pmol of each primer were used in 10-�l (final volume)
reaction mixtures run with 20 amplification cycles. One-microliter volumes of
products were combined with 9 �l of a GeneScan 2500 ROX size standard (5%
vol/vol) in highly deionized formamide and denatured at 94°C for 5 min. Am-
plicons and standards were discriminated in an AB3100 genetic analyzer (Ap-
plied Biosystems). Amplicon sizes and relative fluorescence were determined
with the Genescan 3.7 software (Applied Biosystems). Peaks with less than five
times the baseline fluorescence intensity were excluded from the analysis. The
relative abundance of each peak was estimated by dividing the integrated fluo-

FIG. 1. Map of the Chesapeake Bay showing sampling stations
(modified from reference 72 with permission of the publisher).
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rescence of an individual peak by the total integrated fluorescence of all of the
peaks.

Diversity analysis. Clone library coverage (C, the fraction of the population
represented by the phylotypes that have been discovered in each clone li-
brary) was calculated by the equation C 	 1 � (n/N) � 100, where n is the
number of unique clones and N is the total number of clones examined (61).
OTUs were defined and confirmed by the ITS-LH-PCR data and sequencing
of clones with unique paired sizes (with more than 98.7% similarity). Rar-
efaction curves were interpolated with the freeware program aRarefactWin
(38) and the analytical approximation algorithm (40) and 95% confidence
intervals (33). The statistical methods used for the estimation of species
richness and diversity indices were based on coverage. Coverage-based esti-
mations of species richness, the Shannon-Wiener index (H) and Simpson’s
index (D) were calculated by the software SPADE (15). For DGGE and
LH-PCR, species richness (presence or absence) was estimated on the basis
of the number of DGGE bands or LH-PCR peaks.

RESULTS

Distinct environmental conditions between September 2002
and March 2003. During the two cruises, samples were col-
lected in warm and cold seasons and the average water tem-
perature was 23.8°C in September 2002 and 2.5°C in March
2003 (Table 1). The salinity in September 2002 (15.5 to 27.0
ppt) was higher than in March 2003 (10.0 to 23.0 ppt). Con-
centrations of nitrate, nitrate, and dissolved oxygen in March
2003 were higher than in September 2002. No significant dif-
ferences in ammonia and phosphate concentrations were ob-
served between these two cruises (Table 1, paired t test, P 	
0.05). Abundances of bacterioplankton, cyanobacteria, and vi-
ruses in September 2002 were higher than those in March 2003
(Table 1).

The two sampled seasons represented hydrographically dis-

tinct conditions in the Chesapeake Bay. The eastern U.S. re-
gion experienced a prolonged drought from 1999 to the end of
2002, which was particularly acute in the summer of 2002 and
was followed by the snowiest winter on record in the Balti-
more-Washington region (3). The hydrography of the bay in
September 2002 reflected these conditions, as salinity values
were the highest on record since 1954 in the CBP-WQ data set.
In contrast, because of the sustained high flows in late Febru-
ary and early March, the salinity in March 2003 in the
CBP-WQ database was 2 to 5 ppt lower than normal.

Phytoplankton also showed distinct distributions between
the two seasons and among the three sampling stations. On
average, the concentration of Chl a in March 2003 was nearly
fourfold higher than that in September 2002 (Table 1). In
general, Chl a values decreased from the northern bay to the
southern bay, following the same trend as inorganic nutrients
(ammonia, nitrate, and phosphate). Satellite imagery and
CBP-WQ data showed that phytoplankton at station 908 in
March 2003 was in an early bloom stage, while at stations 818
and 707 the main spring bloom occurred later in the season
(see Fig. S1 and S2 in the supplemental material). Total mi-
crophytoplankton counts reached 2.5 � 104 cells/ml, mostly
dominated by diatoms (1.4 �104 cells/ml) and dinoflagellates
(1.0 � 104 cells/ml), in the northern bay (Table 2). Diatoms
accounted for approximately 88% of the total microphyto-
plankton in the middle bay (station 804) and continued to
dominate the phytoplankton community (ca. 84%) in the
southern bay (Table 2).

ITS-LH-PCR. High variability in the length of the ITS re-
gion and tRNA content between bacterial clades was observed

TABLE 1. Environmental parameters at sampling stations in the Chesapeake Bay

Date and
station

Water
temp
(°C)

Salinity
(ppt)

Dissolved
oxygen
concn

(mg/liter)

Chl a
concn

(�g/liter)

Ammonia
concn
(�M)

Nitrite and
nitrate
concn
(�M)

Phosphate
concn
(�M)

Bacterial
abundance

(106 cells/ml)

Cyanobacteria
(104 cells/ml)

Viral abundance
(107 particles/ml)

Sept. 2002
908 23.3 15.5 6.85 11.1 1.23 7.96 1.36 6.42 
 0.41a 23.0 
 6.7 3.78 
 0.73
818 23.9 19.4 6.71 6.9 0.79 4.27 0.46 4.96 
 0.18 28.6 
 6.2 5.38 
 0.95
707 24.2 27 6.45 3.4 0.95 1.37 0.36 4.11 
 0.2 36.3 
 7.8 5.21 
 0.94

Mar. 2003
908 1.2 10 14.07 41.6 1.15 42 0.58 1.24 
 0.51 0.09 
 0.02 0.98 
 0.25
818 1.8 15.8 12.08 22.5 0.59 17.6 0.48 0.57 
 0.2 0.088 
 0.01 0.81 
 0.14
707 4.4 23 11.93 14.9 2.83 0.33 0.45 
 0.17 0.11 
 0.03 0.64 
 0.1

a Mean 
 standard deviation.

TABLE 2. Microscopic counts of microphytoplankton at the northern, middle, and southern Chesapeake Bay stations during the
September 2002 and March 2003 cruises

Phytoplankton

Microphytoplankton count (cells/ml)

September 2002 March 2003

Station 858a Station 818 Station 707 Station 858a Station 818 Station 707

Diatoms 3,691 2,296 390 14,085 21,744 7,571
Dinoflagellates 128 94 13 10,476 1,056 1,232
Other 13 0 1 881 2,025 264

Total 3,832 2,390 404 25,442 24,825 9,067

a Data for station 908 were not available, and station 858 (38°58�N, 76°23�W) here served as a reference to station 908.
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(see Table S2 in the supplemental material). Sizes of ITS
fragments varied significantly among the typical marine, fresh-
water, and estuarine bacterioplankton groups and ranged from
347 bp for planktonic marine Actinobacteria to 1,275 bp for
Ahrensia sp. strain DFL-42. Sizes of tRNA fragments ranged
from 260 bp for unclassified Bacteroidetes strain CB11B01 to
655 bp for the deltaproteobacterium Desulfotalea arctica (see
Table S2 in the supplemental material). Very few overlaps
occurred among members of different major groups, and this
allowed a putative phylogenetic identification of clones with
combined ITS and tRNA lengths. Genes coding tRNA-alanine
were absent in several groups, including SAR86, SAR116, and
Actinobacteria. In some cases, tRNA-alanine-encoding regions
were found after sequencing but no corresponding ITS frag-
ments were detected, likely because of primer mismatch. The
modified versions of primer 23S-66R (including 23S-66R-Ac-
tino and 23S-66R-Bactero; see Table S1 in the supplemental
material) greatly improved the detection of clones associated
with Bacteroidetes and Actinobacteria, and thus we used these
primers to analyze all of the libraries and we recommend its
use for future analyses.

ITS-LH-PCR fragment sizes of bacterioplankton with ma-
rine origin agreed well with sizes measured in a previous study
(76) and estimated sizes from sequences deposited in GenBank.
However, Chesapeake Bay clones contained a much broader
spectrum of ITS-LH-PCR fragment sizes, indicating a high
diversity of bacterioplankton in the Chesapeake Bay estuary.
This finding extended the current ITS-LH-PCR size database
to estuarine bacterioplankton, allowing putative identification
of a wider diversity of environmental clones from aquatic en-
vironments without sequencing and will facilitate the future
screening of large-insert genomic clone libraries.

Different bacterial community compositions seen in the
warm and cold seasons. The clonal composition and distribu-
tion frequency of major bacterial clades (phyla and classes)
varied considerably between the warm and cold seasons (Table
3). Alpha-, Beta-, and Gammaproteobacteria accounted for ap-
proximately 20.9, 2.0, and 10.2% of the bacterial libraries,
respectively, in September 2002 and 49.2, 16.2, and 2.0% in
March 2003. The Bacteroidetes phylum accounted for 11.2% of
the total number of bacterial clones in September 2002 and
3.6% in March 2003. Cyanobacteria made up 9.4% of the
September 2002 libraries but were not detected in March 2003.
Actinobacteria accounted for 40.2 and 26.6% of the bacterial
clone libraries in September 2002 and March 2003, respec-
tively.

More dramatic shifts in community composition between
the cold and warm seasons were seen at the subgroup level
(Table 3). Clones associated with the SAR11 clade were only
present in libraries constructed from September 2002 samples.
Five novel subclusters of roseobacters (ChesI to -V; Kan et al.,
submitted) were found in the Chesapeake Bay. Subclusters
ChesII to -IV were only present in March 2003, while ChesI
and V were only found in September 2002 (Table 3). Clones
associated with Beta- and Gammaproteobacteria and the Bac-
teroidetes group also exhibited distinct distribution patterns in
the cold and warm seasons. Freshwater-like Actinobacteria
made up 97% of the total Actinobacteria group in March 2003.
In contrast, planktonic marine Actinobacteria represented up
to 68% of the total number of Actinobacteria clones in Sep-

tember 2002 (Table 3). Of the 85 clones recovered at station
908 in the cold season (March 2003), 15 were closely related to
strain ARK9990, which was isolated from Arctic Sea ice (11),
and 20 were closely related to a psychrophilic species, Pseu-
dorhodobacter ferrugineus (64) (Table 3). These two phylotypes
were prevalent in the northern bay in the cold season but were
not detected in the warm season.

Low spatial variations in bacterial communities. Despite the
strong environmental gradients, LIBSHUFF and �-LIBSHUFF
analyses indicated low spatial heterogeneity of the bacterial
community composition in the Chesapeake Bay. Overall, the
results of LIBSHUFF and �-LIBSHUFF were comparable ex-
cept for one case (March 2003, station 908 versus station 818),
where LIBSHUFF analysis indicated that two libraries were
different while �-LIBSHUFF did not (Table 4). In September
2002, the bacterial composition of the northern bay (station
908) was not significantly different from that of the middle bay
(station 818) (both P values, 0.2995 and 0.0723, are greater
than the critical P value, 0.0085), while that of the southern bay
(station 707) was significantly different from those of the other
two stations (both P values, 0.0004 and 0.0073, are less than the
critical P value, 0.0085). Likely the presence of some clones
associated with Gammaproteobacteria (such as Acinetobacter
junii, RedeBAC7D11, KTC1119, and SAR86-II) and Bacte-
roidetes, as well as the absence of freshwater Actinobacteria I, II
(80), and IV (Kan et al., submitted), contributed to this differ-
ence (Table 3). In March 2003, the middle bay (station 818)
and the southern bay (station 707) were not significantly dif-
ferent (both P values, 0.1585 and 0.7037, are greater than the
critical P value), while the northern bay (station 908) was
significantly different (P 	 0.05, Table 4) from the middle and
southern bay stations (both P values, 0.0011 and 0.0000, are
less than the critical value). In March 2003, the predominance
of members of the Rhodobacter (P. ferrugineus) and Ro-
seobacter (Arctic Sea ice ARK9990) clades in the northern bay
(each group made up 18% of the clone libraries, Table 3)
contributed to the spatial difference seen in the LIBSHUFF
and �-LIBSHUFF analyses. Gammaproteobacteria and Bacte-
roidetes in the northern bay were also different from those in
the middle and southern bay (Table 3).

Spatial and temporal patterns revealed by DGGE and LH-
PCR. Distinct seasonal patterns of bacterioplankton popula-
tions were also seen on the basis of the DGGE analysis (Fig.
2). The majority of the bands present in September 2002 were
absent in March 2003, and vice versa. However, within the
same cruise, the northern, middle, and southern bay samples
had many bands in common. Alphaproteobacteria (bands 1, 2, 3,
13, 29, and 40), Gammaproteobacteria (bands 7, 12, 14, and 21),
Cyanobacteria (bands 15 and 35), and Actinobacteria (bands 16
and 48) were present in September 2002, while Alphapro-
teobacteria (bands 8, 9, 20, 30, and 33), Betaproteobacteria
(bands 17 and 18), and Actinobacteria (bands 28, 43, and 44)
were commonly seen in March 2003. Although Alphapro-
teobacteria and Actinobacteria were present in both seasons,
the band positions and sequences were different (44).

In agreement with clone library and DGGE analyses, sam-
ples collected in different regions during the same cruise
showed similar LH-PCR electropherogram profiles (Fig. 3).
LH-PCR yielded more peaks in September 2002 than in March
2003 (Fig. 3). On the basis of the calculated values of the LH
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TABLE 3. Clone composition and distribution of bacterioplankton ribosomal operon libraries from the Chesapeake Bay

Bacterial group

No. (%) of clones

September 2002 March 2003

Station 908, CB01 Station 804, CB11 Station 707, CB22 Station 908, CB31 Station 804, CB41 Station 707, CB51

Alphaproteobacteria 13 (14.3) 18 (21.7) 23 (26.7) 51 (60.0) 33 (38.8) 40 (48.8)
SAR11

SAR11-I 8 (8.8) 7 (8.4) 9 (10.5)
SAR11-II 3 (3.3) 2 (2.4) 5 (5.8)
SAR11-III 2 (2.4) 1 (1.2)

Rhodospirillalles
SPOTSAUG01_5m94 1 (1.2) 1 (1.2)
SAR116-IIIa 3 (3.5)

Roseobacter
Chesapeake Roseobacter I (ChesI)b 1 (1.1) 5 (6.0) 4 (4.7)
Chesapeake Roseobacter II (ChesII)b 1 (1.2) 1 (1.2) 5 (6.1)
Chesapeake Roseobacter III (ChesIII)b 2 (2.4) 5 (5.9) 6 (7.3)
Chesapeake Roseobacter IV (ChesIV)b 4 (4.7) 5 (5.9) 2 (2.4)
Chesapeake Roseobacter V (ChesV)b 1 (1.1) 1 (1.2)
DG1128 2 (2.4) 2 (2.4) 1 (1.2)
GAI-37 1 (1.2) 1 (1.2) 3 (3.7)
AS26 1 (1.2)
Slope strain DI4b 5 (5.9) 14 (16.5) 13 (15.9)
Arctic sea ice strain ARK9990b 15 (17.6) 2 (2.4)
Sulfitobacter mediterraneus 1 (1.2) 1 (1.2)

Rhodobacter
Pseudorhodobacter ferrugineus 15 (17.6) 1 (1.2) 1 (1.2)
Other 5 (5.9)

Sphigomonas 1 (1.2)

Other
Ahrensia sp. strain DFL-42 1 (1.2) 6 (7.3)
Defluvibacter lusatiae 1 (1.2)

Betaproteobacteria 0 3 (3.6) 2 (2.3) 14 (16.5) 21 (24.7) 6 (7.3)
OM 156c 1 (1.2) 1 (1.2)
OM 43c 2 (2.4)
SPOTS_APR01_5m110 1 (1.2)
GKS16d 1 (1.2)
Polynucleobacter necessariusd 3 (3.5)
GKS98d 10 (11.8) 21 (24.7) 6 (7.3)

Gammaproteobacteria 4 (4.4) 12 (14.5) 10 (11.6) 2 (2.4) 0 3 (3.7)
Gamma strain AGG47a 1 (1.1) 1 (1.2) 1 (1.2)
Novel clade strain SAR86-IV 1 (1.1) 4 (4.8) 3 (3.5)
SDF1–40 1 (1.1)
CHAB-III-7 1 (1.2)
OM60c 1 (1.2)
SPOTSOCT00_5m87 1 (1.2)
Marine gamma strain HTCC2188 1 (1.2) 1 (1.2)
Acinetobacter junii 1 (1.2)
RedeBAC7D11 1 (1.2)
KTC1119a 1 (1.2)
SAR86-II 2 (2.3)
Pseudomonas syringae 1 (1.2)
Psychrobacter submarinus 1 (1.2)
Gamma strain Sva0091 1 (1.2)
Psychromonas antarctica 1 (1.2)
Unidentified Gammaproteobacteria 1 (1.1) 3 (3.6) 1 (1.2)

Deltaproteobacteria 1 (1.1) 1 (1.2) 2 (2.3) 0 0 1 (1.2)

Bacteroidetes 11 (12.1) 12 (14.5) 6 (7.0) 2 (2.4) 4 (4.7) 3 (3.7)
Flavobacteria

Flavobacteriaceae UC1 4 (4.4)
Unidentified strain CB22B12 1 (1.2)
Antarctic bacterium strain R-9033 1 (1.2) 1 (1.2)
ATAM173_A3 1 (1.2)
Cellulophaga sp. 3 (3.5)

Sphingobacteria
Unclassified strain CB11C03 1 (1.1) 1 (1.2)

Continued on following page
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from clones sequenced in this study and those previous pub-
lished (60, 74), major groups and their relative abundances
were putatively assigned to each peak. Overall, the LH of PCR
products varied from 313 to 376 bp (Table 5). While it was

difficult to assign origins to the peaks because of size overlaps,
semiquantitative information could be obtained on the basis of
the presence and relative intensities of the peaks identified
(Table 5). For instance, peaks assigned to SAR11-IA and

TABLE 3—Continued

Bacterial group

No. (%) of clones

September 2002 March 2003

Station 908, CB01 Station 804, CB11 Station 707, CB22 Station 908, CB31 Station 804, CB41 Station 707, CB51

Unidentified strain CB22A10 1 (1.2)
Antarctic bacterium strain R-9286 1 (1.2) 1 (1.2)
TM18_28 1 (1.2)

Unclassified Bacteroidetes
Unclassified strain CB11B01 1 (1.1) 6 (7.2)
Unidentified strain CB11D01 2 (2.2) 2 (2.4) 1 (1.2)
RW262e 3 (3.3) 1 (1.2)
Bacteroidetes strain OM 273 2 (2.4) 1 (1.2)
Bacteroidetes strain AGG58e 1 (1.2)
Unidentified strain CB22H06 1 (1.2)

Cyanobacteria/Synechococcus 5 (5.5) 12 (14.5) 7 (8.1) 0 0 0

Plastids 0 0 8 (9.3) 0 1 (1.2) 0

Actinobacteria 57 (62.6) 22 (26.5) 27 (31.4) 15 (17.6) 25 (29.4) 27 (32.9)
Freshwater acIf 3 (3.3) 4 (4.8) 2 (2.4) 11 (12.9) 6 (7.3)
Freshwater acIIf 7 (7.7) 1 (1.2) 9 (10.6) 5 (5.9) 5 (6.1)
Freshwater acIIIf 2 (2.2) 1 (1.2) 4 (4.7) 2 (2.4) 8 (9.4) 13 (15.9)
Freshwater acIVf 7 (7.7) 2 (2.4) 1 (1.2) 1 (1.2) 2 (2.4)
Plankton marine Actinobacterium 37 (40.7) 12 (14.5) 23 (26.7)
Sediment marine Actinobacterium 2 (2.4)
Novel Actinobacterium strain CB31D05 1 (1.1) 1 (1.2) 1 (1.2)

Fibrobacters 0 1 (1.2) 0 0 0 0

Verrucomicrobia 0 2 (2.4) 1 (1.2) 1 (1.2) 1 (1.2) 2 (2.4)

Total valid clones 91 83 86 85 85 82

Chimeras or short inserts 5 13 10 11 11 14

a Groups according to Suzuki et al. (76).
b Groups according to Kan et al. (submitted).
c Groups according to Rappé et al. (59).
d Groups according to Zwart et al. (82).
e O’Sullivan et al. (56, 57).
f Groups according to Warnecke et al. (80).

TABLE 4. P values of pairwise comparisons of Chesapeake Bay clone libraries by LIBSHUFFa

Analysis method and
station no.

September 2002 March 2003

Station 908 Station 818 Station 707 Station 908 Station 818 Station 707

LIBSHUFF
908 NAc 0.1320 0.0010b NA 0.0010b 0.0001b

818 0.0530 NA 0.0050b 0.0460 NA 0.0230
707 0.0490 0.3990 NA 0.0001b 0.0220 NA

�-LIBSHUFF
908 NA 0.1520 0.0005b NA 0.0242 0.0000b

818 0.0500 NA 0.0085b 0.0201 NA 0.1566
707 0.0545 0.5390 NA 0.0008b 0.7940 NA

a Clonal compositions from different seasons were distinct, and thus LIBSHUFF and �-LIBSHUFF were only performed between libraries from the same season.
b Libraries are significantly different if equal or below the critical P value for three paired comparisons (0.0085).
c NA, not applicable.
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planktonic marine Actinobacteria had higher relative fluo-
rescence intensities in September 2002 than in March 2003
while peaks assigned to the Arctic Sea ice ARK9990 and
Roseobacter VI groups were exclusively found in March
2003.

Diversity estimates. Coverage analysis of the clone libraries
indicated that 60.2 to 75.3% of the actual diversity of Chesa-
peake Bay bacterioplankton was detected (Table 6). When
calculating species richness, the estimated coefficients of vari-
ation for the six clone libraries were higher than 0.8 and there-
fore the nonparametric estimator ACE_1 (modified abun-
dance-based coverage estimator) was applied to estimate
species richness (15). The estimated species richness of the six
clone libraries ranged from 60 to 96, respectively (Table 6).
However, no significant difference was observed between the
cold and warm seasons (paired t test, P � 0.05) in terms of
overall bacterioplankton complexity, as shown by the Shannon-
Wiener index and the Simpson index (Table 6).

The total number of DGGE bands ranged from 28 to 45,
while LH-PCR peak richness ranged from 11 to 22 (Table 6).
In contrast to the clone library analysis, both DGGE and
LH-PCR analyses showed significantly higher richness in Sep-
tember 2002 than in March 2003 (paired t test, P 	 0.027 for
DGGE and P 	 0.001 for LH-PCR).

DISCUSSION

Cold versus warm bacterial populations in the bay. The
clone library analysis of Chesapeake Bay bacterioplankton

added significant new information to the current knowledge of
the population structure and seasonal variations of estuarine
planktonic bacteria. Alphaproteobacteria was one of the pre-
dominant bacterial groups in the Chesapeake Bay and was
composed of three major subgroups, SAR11, Roseobacter, and
Rhodobacter. SAR11-related bacteria are known to be abun-
dant and ubiquitous in various marine environments (27, 50).
SAR11-related clones appeared in the bay only in the warm
season, and this was in line with our previous observations
based on the DGGE patterns in the Baltimore Inner Harbor
and the Chesapeake Bay (44, 45). This observation is also
consistent with previous studies of other estuarine ecosystems,
with the SAR11 group in very low abundance or absent in
winter and early spring (20, 21, 35, 51). Furthermore, popula-
tions of SAR11 at the Bermuda Atlantic Time-Series study site
(50, 51) increased during the summer and decreased during the
winter. Finally, a previous phylogenetic analysis of ITS regions
separated the SAR11 clade into distinct clusters that were
associated with temporal (e.g., temperature) but also geo-
graphic variations in environmental parameters (13). Overall,
these results suggest that the distribution of the SAR11 group
in coastal and estuarine regions correlates with but is not
necessarily a function of water temperature.

The prevalence of roseobacters in the March 2003 clone
libraries suggests that they are able to thrive in cold water
(average, 2.5°C throughout the bay). Roseobacters (except for
Chesapeake Roseobacter I and V; Kan et al., submitted) made
up more than one-third of the winter bacterial community in
the bay (Table 3). The occurrence of marine roseobacters in

FIG. 2. DGGE fingerprints of bacterial communities from the Chesapeake Bay. Representative bands were excised and sequenced (44). A total
of 53 bands were excised, and the missing band numbers (4, 10, 11, 19, 22, 24, 26, 27, 31, 32, 34, 37 to 39, 41, 42, 47, 49, and 51 to 53) are from
other sampling months (44). The markers (M) covered a broad range of GC contents and represent a mixture of bands excised and reamplified
from other environmental samples.
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winter is also consistent with our multiyear investigation in the
bay based on the DGGE analysis (44). A hallmark of cold
adaptation of microorganisms is the presence of proteins con-
taining the cold shock domain (31, 48). Cold shock gene ho-
mologues have been found in several Roseobacter genomes,
including Silicibacter pomeroy (49), Silicibacter strain TM1040,
and Jannaschia sp. strain CCS1 (www.jgi.doe.gov). For in-

stance, Silicibacter strain TM1040 contains two cold shock gene
homologues, CSP-A1 and CSP-E (R. Belas, personal commu-
nication). In contrast, no cold shock gene homologues are
found in some “warm-water species” such as Synechococcus
spp. (www.ncbi.nlm.nih.gov/genomes/lproks.cgi). Having these
cold shock genes may provide a competitive advantage to ma-
rine roseobacters in cold seasons. Moreover, a close relation-

FIG. 3. LH-PCR analysis of bacterioplankton communities in the Chesapeake Bay. The x axis shows peak size in base pairs, and the y axis shows
peak intensity in relative fluorescence units. Peaks a to y represent different bacterial groups and subgroups. Sd, peaks of size standards.
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ship between roseobacters and phytoplankton has been re-
ported (4, 30, 62, 81). Many roseobacters are able to turn over
dimethylsulfoniopropionate released from microalgae (30, 81)
and are commonly found associated with phytoplankton
blooms (4, 62). 2003 was a high-flow year in the Chesapeake
Bay, and the highest river discharge occurred in March 2003
(2). Large amounts of nutrients carried by river runoffs re-
sulted in a major phytoplankton bloom in the upper bay that
was dominated by diatoms and dinoflagellates (Table 2). We
propose that the cold adaptation and symbiotic relationship

with phytoplankton could partially explain the prevalence of
marine roseobacters in the cold season.

It was noteworthy that a high percentage of clones very
closely related to Arctic Sea ice strain ARK9990 was seen in
the northern bay but not in other stations in March 2003. The
northern bay also contained abundant Rhodobacter-related
clones in the cold season, and most of these clones were closely
affiliated with P. (Agrobacterium) ferrugineus, a psychrophilic
bacterium isolated from deep sediments in the North Atlantic
Ocean (64). Our previous studies in the Baltimore Inner Har-

TABLE 5. Analysis of LH-PCR amplicon sizes, identities, and percent peak areas

Amplicon Size (bp) Phylogenetic group(s) Taxonomic
affiliationa

% Peak area

September 2002 March 2003

Station 908 Station 818 Station 707 Station 908 Station 818 Station 707

a 313 Synechococcus C 0.8 1.3
b 314 Roseobacter Ches I, II, and IV and

fibrobacters
�, F 5.9 10.8 6.5 3.2 12.7 15.2

c 316 Ches I and II, DG1128, AS26
Rhodobacter, slope strain D14,
Sulfitobacter, SAR11-II and -III,
and SAR116

� 23.2 16.8 7.5 23.7 29.2 32.5

d 317 SAR11-IA � 29.9 23.4 35.3
e 318 Arctic sea ice ARK 9990 and GAI-37 � 8.8 2.1 2.6
f 319 Plastids P 0.9 1.4 4.9
g 328 Rhodospirillalles � 1.3 3.6 4.5
h 329 Rhodospirillalles � 2.7
i 330 Ahrensia sp. strain DFL-42 � 0.2 0.4 2.2 5.1 2.5 2.7
j 331 Pseudorhodobacter � 0.6 22.3 1.2
k 334 Unknown ND 1.1 1.0 1.0
l 339 Gamma � 0.6 2.7 3.3
m 340 Delta  1.9 3.7 2.1 1.9 3.7
n 342 GKS98, SAR86-II, and acI-B and -C �, �, A 2.4 2.7 2.6 19.9 29.4 12.3
o 345 acI-D, acII-B, and Verrucomicrobiales A, V 3.9 8.2
p 346 acII-A and acIV-A A 1.3 4.4
q 347 Bacteroidetes and Verrucomicrobiales B, V 4.5 4.1 2.9 4.3 7.3 5.9
r 348 Bacteroidetes and acIII, IV-C B, A 4.3 6.7 4.5 5.5 8.7 13.0
s 349 Bacteroidetes B 1.9 4.5 1.8 2.7 3.1
t 350 Bacteroidetes and unidentified

Gamma
B, � 1.7 1.6

u 353 Plankton marine actinobacteria and
acIV-B and -D

A 12.0 5.6 6.3 0.7 0.5 0.9

v 358 Unknown ND 0.4 0.4 0.8 1.1
w 360 SAR86-IV � 2.0 1.2 1.7
x 361 Gamma AGG47, HTCC2188, and

Sva0091
� 2.7 2.8 6.2 2.4

y 376 Unknown ND 0.4 2.6 2.0

a �, �, �, and  refer to the subdivisions of the Proteobacteria. C, Cyanobacteria; F, fibrobacters; A, Actinobacteria; B, Bacteroidetes group; P, plastids; ND, not
determined.

TABLE 6. Diversity analyses of Chesapeake Bay bacterioplankton by clone library, DGGE, and LH-PCR

Station Date Clone library Phylotype
richness % Coverage Estimated richness

(ACE_1)
Shannon-Wiener

index Simpson’s index DGGE band
richness

LH-PCR
peak

richness

908 Sept. 2002 CB01 26 71.4 59.5 (23.9)a 2.74 (0.36) 0.19 (0.04) 37 22
804 Sept. 2002 CB11 33 60.2 94.2 (38.6) 3.42 (0.19) 0.07 (0.01) 45 21
707 Sept. 2002 CB22 31 64 95.5 (42.8) 3.22 (0.26) 0.10 (0.03) 37 19
908 Mar. 2003 CB31 26 69.4 82.6 (40.3) 3.02 (0.17) 0.09 (0.02) 28 11
804 Mar. 2003 CB41 21 75.3 56.7 (29.1) 2.73 (0.16) 0.11 (0.02) 32 11
707 Mar. 2003 CB51 26 68.3 87.9 (45.7) 3.05 (0.16) 0.08 (0.02) 29 12

a Standard errors for the estimates are in parentheses.
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bor, located in the northern Chesapeake Bay area, also iden-
tified many winter bacterial isolates that were closely related to
other psychrophilic bacteria (45). The retrieval of these puta-
tive psychrophilic bacteria in the upper Chesapeake Bay during
the winter was intriguing, as is the fate of these putative psy-
chrophiles in summer. Whether these organisms are present in
very low abundances that typically escape detection by PCR or
are preserved in sediments is a subject for future studies.

Cyanobacterial clones (mostly marine Synechococcus) were
detected in September 2002 but not in March 2003, suggesting
that these unicellular cyanobacteria are adapted to warm sea-
sons. Concentrations of unicellular cyanobacteria in the Ches-
apeake Bay are typically low (�103 cells/ml) in winter and high
(ca. 105 cells/ml) in summer, and the absence of cyanobacterial
clones in March 2003 could be due to the low cyanobacterial
abundance (K. Wang and F. Chen, unpublished data). On the
other hand, unicellular cyanobacteria were important compo-
nents of the Chesapeake Bay bacterial communities during the
warm season. Cyanobacterial clones accounted for 6 to 15% of
the September clone libraries, which is consistent with the fact
that picocyanobacteria represented 3.6 to 14.1% of the total
bacterial counts in September 2002 samples (Table 2). Ches-
apeake Bay picocyanobacteria are known to be dominated
by a unique group of estuary-adapted Synechococcus bacteria,
which are different from oceanic Synechococcus bacteria
(17, 18).

Lower spatial than temporal heterogeneity in the Chesa-
peake Bay. The LIBSHUFF and �-LIBSHUFF analyses
showed that the northern bay in March 2003 and the southern
bay in September 2002 contained bacterial communities that
were different from the other two samples collected during the
same cruise (Table 4), even though these differences were not
pronounced on the basis of DGGE and LH-PCR analyses. The
strong river runoff and consequent phytoplankton bloom in the
upper bay in March 2003 and ocean water influx in September
2002 might be the main causes of these spatial differences in
bacterial communities. The high frequency of Betaproteobac-
teria and freshwater Actinobacteria in March 2003 samples also
supports the influence of freshwater runoff, while the predom-
inance of Gammaproteobacteria and planktonic marine Acti-
nobacteria indicates the effect of ocean water in the southern
bay. Spatial variations in bacterial community structure along
the salinity gradients of estuaries have been reported (10, 20,
21, 35, 37, 67). The effect of salinity on microbial diversity
appears to be more severe in the low-salinity (�5 ppt) or
high-salinity (�30 ppt) end, and 5 ppt has been used in the past
as a salinity cutoff for separating freshwater and estuarine
bacterial communities (36). The salinities of the six samples
analyzed in this study ranged from 10 to 27 ppt (Table 1).
Although osmotic stress is known to have negative effects on
cell survival (8), the salinity range in this study appeared to
have a limited impact on estuarine bacterial diversity patterns.

In general, spatial variations in bacterioplankton communi-
ties in the Chesapeake Bay were much less pronounced com-
pared to the temporal variations. LIBSHUFF and �-LIBSHUFF
analyses (Table 4) indicated that clone libraries represented the
same bacterial communities in the middle and southern parts of
the bay in March 2003, as well as in the northern and middle
parts of the bay in September 2002. This low spatial heteroge-
neity in bacterial community composition, in stations about

100 km apart, in a physically heterogeneous environment such
as the Chesapeake Bay was quite remarkable. This could result
from long average residence times, from relatively fast water
exchange between these stations through estuarine circulation,
or more likely from similar selective pressures exerted by sim-
ilar environmental parameters among these stations. Temper-
ature and daylight duration are obvious examples of parame-
ters similar at these geographic scales, but many others might
exist. Long average residence times are again critical to allow
sufficient time for these selective forces to homogenize popu-
lations in different regions of the bay. The average residence
time of the Chesapeake Bay is on the order of several months
and is several orders of magnitude longer than the doubling
time of bacteria in the bay (54), thus allowing the development
of stable distinct bacterial populations in this estuarine system
(21).

Methodological considerations. Clone library analyses of
bacterial spatial and temporal variations in the Chesapeake
Bay provide useful information on the interactions between
the population structure and environmental parameters. How-
ever, with the large number of samples collected in a multiple-
year investigation, it is difficult to apply clone library analysis to
all of the samples. Therefore, linking the limited data on six
clone libraries to environmental parameters might bias the
views on the environmental effects on bacterial community
changes. In order to investigate the interactions between bac-
terial community variation and key environmental parameters,
we previously applied DGGE to monitor the multiple-year
bacterial community fingerprints. Statistical analyses indicated
that the community structure variations significantly correlated
with water temperature and Chl a, while inorganic nutrients,
dissolved oxygen, and viral abundance also contributed (44).

16S-23S rRNA ITS regions display significant heterogeneity
in both length and nucleotide sequence, providing higher tax-
onomic resolution than 16S rRNA genes, and thus have been
extensively used to distinguish closely related species or even
strains of single species (18, 41, 63). Chesapeake Bay Synecho-
coccus clones, members of different subclades of freshwater
Actinobacteria, the Roseobacter clade, and different phylotypes
of Gammaproteobacteria and Bacteroidetes could be easily dis-
tinguished by ITS-LH-PCR fragments sizes (see Table S2 in
the supplemental material), and the phylogeny of ITS se-
quences of the Synechococcus clones has previously confirmed
the divergence between the marine cluster A and B Synecho-
coccus clades (18). However, variable paired sizes of ITS-LH-
PCR were commonly observed in very closely related (�98%
similarity) phylotypes on the basis of 16S rRNA gene se-
quences (i.e., Roseobacter DI4 clade, Betaproteobacteria
GKS98 clade). The existence of multiple copies of rRNA oper-
ons with variable spacer regions in the genomes of these or-
ganisms or relatively higher rates of evolution of spacer regions
in these groups could explain this observation. Furthermore,
not all of the known bacteria contain typically organized rRNA
operons. Thus, the operon cloning and ITS-LH-PCR pre-
screening missed those bacteria lacking the typical operon
structures, which might have underestimated the bacterial di-
versity in the Chesapeake Bay, although comparison to a pre-
vious study that used DGGE (44) indicates that this was not
likely.

In order to evaluate the effect of virtual sequences in
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LIBSHUFF and �-LIBSHUFF, we estimated the minimal sim-
ilarity between different sequences in each of the OTUs. The
minimal similarity measured (98.7%) indicates that the virtual
sequences should only affect the calculation of homologous
coverage by LIBSHUFF and �-LIBSHUFF above 98.7% se-
quence similarity. Heterologous coverage, on the other hand,
would be impacted less by virtual sequences, since they repre-
sent a copy of a clone sequenced from each individual library
and thus are less likely to be identical to virtual sequences from
other libraries. Delta-C values would, in turn, be overestimated
by LISBSUFF and �-LIBSHUFF above a 98.7% distance, and
the P value for our analyses would be lower (W. B. Whitman,
personal communication). For libraries to be statistically sig-
nificantly different, the lower of the two P values from each
pairwise comparison has to be equal to or lower than the
critical P value. Most of the P values for the spatial pairwise
comparisons in our analyses were higher than the critical P
value, even with the “underestimation” of the P value caused
by our virtual sequences. Thus, the virtual sequences should
make the libraries appear more different than they really are
and the observation of low spatial heterogeneity of Chesa-
peake Bay bacterioplankton should hold.

The three independent methods (clone library analysis,
DGGE, and LH-PCR) were consistent for the major bacterial
groups despite the fact that different primers were used for
each method. Approximately 70% of the DGGE band se-
quences were similar to clone sequences in the libraries (data
not shown). A major discrepancy between DGGE and clone
library analyses was the presence of Planctomycetes in DGGE
analysis and not in the clone libraries. The absence of Planc-
tomycetes in clone libraries was likely caused by known mis-
matches between 16S rRNA genes from this clade and the 27F
primer used in PCRs for clone library construction. Neverthe-
less, it was clear that clone library analysis provided the highest
“species” richness among the three methods (Table 6). In
order to further quantify the dominance of different phyloge-
netic groups, quantitative PCR or specifically designed FISH
must be applied to the Chesapeake Bay.

Conclusion. This study represents the first clone library anal-
ysis performed for bacterioplankton in the Chesapeake Bay or
any large estuary with a long average residence time. Seasonal
and spatial distributions of Chesapeake Bay bacterial popula-
tions in many cases reflected environmental fluctuations. Ge-
netic diversity of the microbial community has been explored
with a variety of molecular tools, and recently a new view of
bacterial diversity has been uncovered by massive pyrose-
quencing analyses, which allows the exploration of the “rare
biosphere” (70). It has been predicted that the number of
different microbial taxa in water samples ranges from a few
hundred to one million (1, 22, 65). We believe that estuarine
bacterial communities are far more complex than what we
learned from the clone library analysis and that, in fact, un-
derstanding the diversity and ecology of these systems is in its
infancy.
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