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ABSTRACT: To understand how the composition of estuarine bacterioplankton changes on a monthly
basis, microbial communities in the Baltimore Inner Harbor were investigated using denaturing
gradient gel electrophoresis (DGGE) of 16S rRNA gene. As revealed by DGGE fingerprints, the
composition of bacterioplankton populations in the harbor varied from month to month, and 3 major
seasonal patterns were identified: winter (December and January), spring (February to May) and
summer–fall (June to November). Sequencing of DGGE bands showed that Planctomycetes and
uncultured α-Proteobacteria were detected in all seasons. Roseobacter spp. and Rhodobacter sp.
were only present in winter and spring. Marine α-Proteobacteria and Cyanobacteria exhibited similar seasonal patterns and appeared to be more dominant from late summer to fall. β-Proteobacteria
were present in most months, but different phylotypes were present from spring to summer–fall.
γ-Proteobacteria and Bacteroidetes were only present in winter and early spring. In addition to DGGE
analysis, 48 bacterial isolates from summer and winter were cultured and characterized. Few of these
bacterial isolates matched with phylotypes determined by sequencing DGGE bands, which suggested that the density of ‘easy-to-culture’ bacteria in the natural environment may be too low to be
detected by PCR-DGGE. Bacterial seeding experiments showed that detection thresholds for PCRDGGE ranged from 2.5 × 103 to 1 × 104 cells ml–1 (0.1 to 0.4% of total cell counts), depending on the
copy number of rRNA operons in the genome of individual species.
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As an important component of aquatic microbial
food webs, bacterioplankton plays a significant role in
the global cycle of carbon, nitrogen and other elements. Understanding how the composition of microbial community changes over time and space in a
given environment could shed light on the ecological
role of microbes in the natural environment. Using
molecular tools, many novel microorganisms have
been discovered from various environments (Akkermans et al. 1999, Giovannoni & Rappé 2000). The
structure of the bacterial community changes seasonally in aquatic environments (Lee & Fuhrman 1991,
Höfle et al. 1999, Yannarell et al. 2003). For example,

an extensive study of lake bacterioplankton showed a
distinct seasonal succession and a dramatic drop in
richness and abundance in summer (Kent et al. 2004).
A recent study in a Californian coastal water body
showed that the composition of bacterial populations
shifted between months and that temporal patchiness
was seen (J. Fuhrman et al. unpubl. data). In estuaries,
composition of bacterial populations is due to the mixing of microbial communities from the river, estuary,
and coastal ocean (Crump et al. 1999). However, the
diversity and population dynamics of bacterioplankton
are poorly understood in estuarine ecosystems.
Chesapeake estuary has been shown to be very
dynamic in terms of its hydrological conditions (Smith
et al. 1992). The Baltimore Inner Harbor lies 14 miles

*Corresponding author. Email: chenf@umbi.umd.edu

© Inter-Research 2006 · www.int-res.com

INTRODUCTION

8

Aquat Microb Ecol 42: 7–18, 2006

(~22.5 km) from the mouth of the Patapsco River, the
fifth largest tributary of the Chesapeake Bay. Baltimore
Inner Harbor is part of the mesohaline Patapsco River
estuary where freshwater and salt water meet. Dissolved inorganic nitrogen and phosphorus in the surface of Patapsco River estuary exceed 30 and 0.5 µM,
respectively, in the summer period (Sellner et al. 2001).
Phytoplankton blooms occur frequently in the Baltimore Inner Harbor from late spring throughout the
summer, and the resulting biomass from dinoflagellates
supports a large and active microheterotrophic community (Sellner et al. 2001). A tight association between
bacteria and phytoplankton was observed during a
bloom that occurred in the harbor (Kan & Chen 2004).
To date, there have been a limited number of studies
on the microbial composition in the Chesapeake Bay
and its sub-estuaries (Bidle & Fletcher 1995, Bouvier &
del Giorgio 2002). Banding patterns of 5S rRNA demonstrated that the composition of bacterial communities in the bay varied between summer and winter
(Noble et al. 1997). Using fluorescent in situ hybridization (FISH) analysis with taxon-specific probes, it was
found that γ-Proteobacteria and 4 Vibrio spp. strains
exhibit strong seasonality in the Choptank River (Heidelberg et al. 2002). However, phylogenetic composition and temporal variations in the bacterioplankton
community based on 16S rRNA gene characterization
have not yet been explored in the Chesapeake estuary.
Denaturing gradient gel electrophoresis (DGGE) of
PCR amplified 16S rRNA genes was first introduced as
a quick fingerprint method to study bacterial dynamics
at the community level in 1993 (Muyzer et al. 1993).
DGGE has been extensively used to study microbial
population composition in various environments,
including lakes and rivers (Ovreas et al. 1997,
Casamayor et al. 2000), coastal waters (Bernard et al.
2000, Crump et al. 2004), polar regions (Murray et al.
1998, Bano & Hollibaugh 2002, Crump et al. 2003) and
extreme environments (Ferris et al. 1996, Sievert et al.
1999, Nakagawa et al. 2004). However, the PCRDGGE method tends to bias towards the predominant
groups within a community (von Wintzingerode et al.
1997, Casamyer et al. 2000, Kisand & Wikner 2003).
The detection threshold of DGGE for a specific type of
bacterium has been estimated based on mixed bacterial assemblages (Muyzer et al. 1993, Murray et al.
1996) and by double-checking microscopic counts of
certain bacterial groups (Casamayor et al. 2000). Using
DGGE, it is difficult to detect a bacterial population
when it occupies less than 0.5 to 1% of the total bacterial community. However, more systematic studies
need to be done to determine the detection threshold
of the PCR-DGGE approach.
The goal of this study was to understand how the
composition of an estuarine bacterioplankton com-

munity changes over time. We described the monthly
variation of bacterial community structure from the
Baltimore Inner Harbor using DGGE. In addition, by
use of seeding a natural bacterial community with
different concentrations of known bacterial isolates,
we evaluated the detection threshold of the DGGE
method applied in this study. The detection limit of the
PCR-DGGE method is affected by the relative abundance of a population as well as by ribosomal RNA
(rrn) operon copy numbers.

MATERIALS AND METHODS
Sample collection and bacterial isolation. Water (5 l)
was collected monthly from March 2001 to February
2002 from Pier V, Baltimore Inner Harbor, using acidrinsed carboys; 250 ml of water was filtered immediately through 0.2 µm pore-size polycarbonate filters
(47 mm diameter, Millipore) and the filters were stored
at –20°C for later DNA extraction. Salinity and temperature were recorded on site and salinity was measured
with a 300011 refractometer (Sper Scientific).
Bacteria strains from the Inner Harbor were isolated
on 1⁄2 YTSS (4 g yeast extract, 2.5 g tryptone, 18 g agar
l–1 water) medium plates (Sobecky et al. 1996). The
media were adjusted to varying salinities using viral
particle-free water. Briefly, 50 and 100 µl of water were
streaked on plates for each month (March 2001 to
February 2002). Twenty bacterial colonies from each
month were collected according to morphological
characteristics including color, size, and shape of
colonies. These bacteria colonies were further purified
and stored at –80°C. In this study, 48 bacterial strains
isolated from winter and summer were randomly
picked and characterized in terms of 16S rRNA gene
sequence.
Enumeration of bacteria. Subsamples of 50 ml water
were fixed in 1% glutaraldehyde for total bacterial
counting. Briefly, 1 ml of fixed sample was filtered onto
a 0.2 µm pore-size 25 mm black polycarbonate membrane filter (Osmonics). Cells were stained with 2.5 ×
SYBR Gold solution for 10 min in the dark as described
previously (Chen et al. 2001). Bacterial cells were
enumerated under blue excitation (485 nm) on a Zeiss
Axioplan epifluorescence microscope (Zeiss). At least
200 bacterial cells per sample were counted.
Extraction of nucleic acid. Bacterial genomic DNA
was obtained from the filter by lysozyme, Proteinase K,
and sodium dodecyl sulfate concomitant with phenolchloroform extraction and isopropanol precipitation
(Schmidt et al. 1991). For natural microbial assemblages, because the filter membrane was included
through the extraction procedure, time allowed for
enzyme reactions such as lysozyme and Proteinase K
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was extended overnight to avoid an incomplete reaction. After using a SpeedVac (AES1010, Savant) to dry
the pellet, DNA was dissolved in double-distilled
water and stored at 4°C for further analysis. DNA concentrations were estimated based on 260 nm
absorbance using a SmartSpec TM 3000 (Bio-Rad).
PCR amplification of 16S rRNA genes. PCR amplification was performed in a 50 µl volume containing
approximately 50 ng of template DNA, 1 × PCR buffer,
1.5 mM MgCl2, 0.5 mM (each) primer, 200 mM (each)
deoxynucleotide, and 2.5 U Taq DNA polymerase
(Promega). PCR cycling was performed with a Peltier
Thermal Cycler PTC-200 (MJ Research). For bacterial
isolate characterization, PCR primers were 8F (AGAGTTTGATCCTGGCTCA) and 785R (CTACCAGGGTATCTAATCC) (Amann et al. 1995). The temperaturecycling conditions were as follows: 94°C for 5 min,
30 cycles at 94°C for 0.5 min, 55°C for 1 min, and 72°C
for 3 min, followed by 5 min incubation at 72°C.
PCR primers for DGGE were F1070 (ATGGCTGTCGTCAGCT), which is specific for most Eubacteria
and R1392GC (CGCCCGCCGCGCCCCGCGCCCGGCCCGCCGCCCCCGCCCCACGGGCGGTGTGTAC).
R1392GC contains a 40 bp GC-rich clamp and is based
on a universally conserved region (Ferris et al. 1996).
The temperature-cycling conditions were as follows:
after pre-incubation at 94°C for 5 min, a total of 27
cycles were performed at 94°C for 0.5 min, TA (annealing temperature) for 1 min, and 72°C for 3 min. In the
first 20 cycles, TA decreased stepwise by 1°C every 2nd
cycle, from 65°C in the first cycle to 56°C in the 20th. In
the last 7 cycles, TA was 55°C. Cycling was followed by
5 min incubation at 72°C. Agarose gel electrophoresis
was used to detect and estimate the concentration of
PCR amplicons.
DGGE and banding pattern analysis. DGGE was
performed using a Dcode™ Universal Mutation Detection System (Bio-Rad). Similarly sized PCR products
were separated on a 1.5 mm-thick vertical gel
containing polyacrylamide (acrylamide:bisacrylamide
ratio of 37.5:1) and a linear gradient of the denaturants
urea and formamide, which increased from 40% at the
top of the gel to 65% at the bottom. Similar amounts of
PCR products were loaded on the DGGE gel. Electrophoresis was performed at 60°C in a 0.5 × TAE buffer,
and 75 V of electricity were applied to the submerged
gel for 16 h. Nucleic acids were visualized by staining
with SYBR Gold and photographed (Ovreas et al. 1997).
Banding patterns (absence and presence of bands)
were analyzed by Quantity One software (Bio-Rad). A
pairwise distance matrix was calculated and analyzed
with weighted pair group mean average (WPGMA)
cluster analysis and presented as a dendrogram.
Sequencing and phylogenetic analysis. PCR products from bacterial isolates were purified using a
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Qiaquick PCR purification kit (Qiagen). Purified PCR
products were sequenced with primer 8F using Bigdyeterminator chemistry by an ABI PRISM310 or 3100
Genetic Analyzer (Applied Biosystems). For the bacterioplankton community, representative DNA bands
were excised from the gels, re-amplified, and analyzed
with DGGE again. These procedures were repeated 3
times. The DGGE bands were sequenced using the
primer F1070.
All sequences were compared with the GenBank
database using BLAST, and the closest bacterial strain
matches were obtained. Phylogenetic trees were constructed using MacVector 7.2 software package (GCG).
Briefly, sequence alignment was performed with the
program CLUSTAL W. Evolutionary distances were
calculated using the Jukes-Cantor method (Jukes &
Cantor 1969) and a distance tree was constructed
using the neighbor-joining algorithm (Saitou & Nei
1987). Bootstrap values were obtained from the
analysis of 1000 re-samplings of the data set.
PCR-DGGE detection limit. Different concentrations
(102 to 106 cells ml–1) of 3 bacterial strains (Shewanella
sp., Vibrio sp., and Pseudomonas sp.) were added to a
natural bacterial community collected from the Inner
Harbor. Preliminary results showed that a finer range
of concentrations (103 to 105 cells ml–1) of bacterial isolates was required. Vibrio sp., Pseudomonas sp. and
Synechococcus sp. CB0101 were selected because
they represented groups with high (9 copies), medium
(4 copies), and low (2 copies) rRNA operon copy numbers, respectively. DNA was extracted from the seeded
bacterial communities following the protocol applied
to natural microbial assemblages, and analyzed by
PCR-DGGE following the protocols described above.
Nucleotide sequence accession numbers. Sequences
of bacterial isolates and DGGE bands obtained in
this study were deposited in the GenBank database
under accession numbers AY789535 to AY789582 and
AY654428 to AY654452.

RESULTS
Water temperature of the Baltimore Inner Harbor
varied widely across seasons. The lowest water temperature was 6°C in the winter while the highest temperature (27°C) occurred in the summer. Salinity was
highest (18 ppt) in the winter and lowest (5 ppt) in the
spring. Starting in April, salinity dropped dramatically
until May. From June to November salinity was relatively stable (11 to 15 ppt). The temperature and salinity recorded in this study were similar to previous and
current monthly monitoring data in the Inner Harbor
(http://mddnr.chesapeakebay.net/bay_cond/index.cfm).
The bacterial density fluctuated from 1.2 to 3.0 ×
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106 cells ml–1 throughout the year, and did not exhibit
an obvious seasonal pattern.
A total of 240 bacterial strains from Inner Harbor
were isolated and purified during the sampling year.
Characterizing the isolated bacteria from Inner Harbor
was not the main focus of this study. Only 48 strains
from summer and winter were picked and characterized based on the partial 16S rRNA gene sequence
(> 500 bp, Table 1), because our DGGE gel showed that
bacterial communities were very different between
these 2 seasons. Most isolates were similar to known
cultivated bacteria in the GenBank. Seventeen out of
the 27 winter isolates were most closely affiliated with
strains previously isolated from cold environments
including polar seas, Arctic sea ice, Antarctica, the
Baltic Sea etc. These coldwater isolates were not
observed in the summer months (Table 1).
DGGE revealed that the bacterial population structure
in the Inner Harbor changed from month to month
(Fig. 1). From winter to spring, the band patterns
shifted significantly. However, from early summer to
fall, the bacterial communities became relatively stable and showed similar band patterns. The monthly
samples were grouped into 3 seasonal types: winter
(December and January), spring (February to May)
and summer–fall (June to November) based on the
similarity dendrogram (Fig. 2). The number of DGGE
bands in the summer–fall season (avg. = 34.0, n = 6)
was higher than that in the winter and spring seasons
(avg. = 25.5, n = 6). Twenty-eight bands were selected
and excised. To confirm that bands from the same position in different samples represented the same organism, 4 additional bands (Inner Harbor [IH]-6’, 11’, 21’,
and 28’) were sequenced. These ‘replicated’ bands
were identical to IH-6, 11, 21 and 28, respectively. A
total of 25 DGGE phylotypes were identified based
on their 16S rRNA gene sequences. Eight sequences
were most closely related with α-Proteobacteria, 6 with
chloroplasts, 4 with β-Proteobacteria, 3 with Planctomycetes, 2 with γ-Proteobacteria, 1 with Bacteroidetes
and 1 with Cyanobacteria phylotype (Fig. 3). Bands IH1, 3, 4 and 20 could not be re-amplified and therefore
no sequences were achieved.
A phylotype of uncultured α-Proteobacteria (IH-9)
was present all year round, but Roseobacter spp. (IH14 and IH-17) and Rhodobacter sp. (IH-13b) only
appeared in winter and spring. Marine α-Proteobacterium (IH-24) was restricted to summer–fall and
winter. Phylotypes of β-Proteobacteria shifted between
winter–spring and summer–fall, and changed from
Aquaspirllum sp. and Variovorax sp. (IH-15 and IH-16;
winter–spring) to Hydrogenophaga flava and Alcaligenes sp. (IH-19 and IH-21; summer–fall). γ-Proteobacteria (IH-12 and IH-13a) were only present in
winter and early spring. Cyanobacteria (Synecho-

coccus sp.) were commonly found in the summer–fall
season but disappeared in winter and spring. Similar
seasonal patterns were found in some plastids (IH-6,
IH-7 and IH-8). However, in winter, different plastids
(IH-5 and IH-10) became prevalent. Bacteroidetes
(IH-28) and Planctomycetes (IH-27) were relatively
dominant in the spring and early summer, but absent
in other seasons (Figs. 1 & 3).
Because few of the characterized heterotrophic
bacteria isolates were seen in the DGGE phylotypes,
additional experiments were conducted to understand
the discrepancy between culture-dependent and molecular approaches. Different concentrations of cultivated bacterial cells were added to a natural microbial
assemblage in order to estimate the detection threshold of DGGE. DNA extraction efficiency was tested.
With the increase of cells amended, DNA concentration increased and showed a close relationship with
cell densities (Fig. 4). The corresponding bands for
Vibrio sp. and Shewanella sp. could be conveniently
detected when cell densities were above 5 × 103 cells
ml–1, whereas Pseudomonas sp. presented weak bands
even when the density reached 1 × 104 cells ml–1 (Fig. 5).
Furthermore, when the concentration of seeded bacteria increased to 106 cells ml–1, most DGGE phylotypes
from natural water became undetectable on the gel
(Fig. 5, Lane 8).
The detection threshold was further analyzed by
adding a more stringent range of cells (Fig. 6a). At a
concentration of 2.5 × 103 cells ml–1, the band corresponding to Vibrio sp. with high gene copy numbers
could be detected. However, the band representing
Pseudomonas sp. could not be seen until cell density
reached 1 × 104 cells ml–1 (Fig. 6b). With an average
bacterial concentration of 2.43 × 106 cells ml–1 in the
water, the detection threshold for Vibrio sp. and
Pseudomonas sp. corresponded to 0.1 and 0.4% of total
bacterial cell counts, respectively. The band corresponding to the introduced Synechococcus sp. strain
ran at the same position as a band from the natural
assemblage. Sequencing of the bands showed that
they were identical phylotypes. Therefore, the detection limit for Synechococcus sp. could not be properly
evaluated.

DISCUSSION
Based on a single rich medium, our cultured bacterial
isolates provided only a ‘snapshot’ of ‘easy-to-culture’
bacteria of the whole community. It was not our intention in this study to conduct a thorough survey of Inner
Harbor bacterial isolates. The region of the 16S rRNA
gene used for characterizing bacterial isolates (8F to
785R) did not overlap with the region flanked by

Sample
collection time

Aug 2001
Aug 2001
Aug 2001
Jul 2001
Jul 2001
Jul 2001
Jul 2001
Jul 2001
Aug 2001
Aug 2001
Jul 2001
Aug 2001
Aug 2001
Jul 2001
Jul 2001
Jul 2001
Jul 2001
Jul 2001

Jul 2001

IH8-2
IH8-12
IH8-1
IH7-4
IH7-14
IH7-1
IH7-9
IH7-6
IH8-3
IH8-16
IH7-13
IH8-19
IH8-6
IH7-18
IH7-3
IH7-12, IH7-17
IH7-7
IH7-15

IH7-20

IH3-15
Mar 2001
IH3-10
Mar 2001
IH2-13
Feb 2002
IH3-6
Mar 2001
IH3-5
Mar 2001
IH2-10
Feb 2002
IH2-7
Feb 2002
IH3-16
Mar 2001
IH3-2, IH3-8
Mar 2001
IH2-1, IH2-6
Feb 2002
IH2-14
Feb 2002
IH2-5, IH2-11, IH2-20
Feb 2002
IH2-2
Feb 2002
IH2-12
Feb 2002
IH2-8, IH2-16, IH2-18
Feb 2002
IH3-3, IH3-11
Mar 2001
IH2-9, IH3-4, IH3-14 Feb 2002, Mar 2001
IH2-19, IH8-15
Feb 2002, Aug 2001

ID

AY515442

AF005021
AF483624
AJ627402
AF493657
AY162108
AJ391181
AY177372
AF526906
AY189743
AF539777
AF539775
AF390747
AY686638
AF530282
AJ295445
AF005248
AF387349
AF445680

AF468385
AF468358
AF538933
AF162266
U63938
AB049741
AF359537
AJ295713
AJ295714
AF172991
AY152673
AY259121
U65012
AJ609272
AJ000214
U85905
X74718
Z76666

γ

Actinobacteria
Firmicutes
α
Bacteroidetes
γ
α
β
Actinobacteria
α
γ
γ
γ
γ
γ
Miscellaneous
γ
γ
α

γ
Miscellaneous
β
Bacteroidetes
Bacteroidetes
γ
Miscellaneous
Miscellaneous
Miscellaneous
γ
γ
γ
γ
γ
γ
γ
γ
γ

Identity Accession Phylogenetic
(%)
no.
group

Arctic sea ice bacterium ARK10032
98
Arctic sea ice bacterium ARK10036
96
Comamonas testosteroni WDL7
97
Flavobacterium frigidarium
99
Flavobacterium sp.
99
Idiomarina sp. Loihi-Chm (16S)-1
94
Marine bacterium SCRIPPS_101
97
Polar sea bacterium R7076
98
Polar sea bacterium R7216
100
Pseudoalteromonas sp. UL1
96
Pseudomonas rhizosphaerae
99
Pseudomonas sp. Hsa.28
96–98
Pseudomonas stutzeri
98
Psychrobacter maritimus
99
Shewanella baltica NCTC10735
97–99
Shewanella frigidimarina ACAM 588
98
Vibrio ordalii NCMB2168
97–99
Pseudomonas pseudoalcaligenes
96, 97
strain LMG 1225T
Aeromicrobium erythreum
95
Bacillus marisflavi strain TF-11
98
Brevundimonas vesicularis
96
Flavobacterium sp. EP215
97
Gamma proteobacterium GMD16F03
99
Marine alpha proteobacterium AS-19
100
Massilia sp. 72
95
Microbacterium imperiale 51-6C
100
Paracoccus haeundaesis strain BC74171 98
Pseudoalteromonas sp. RE2-5b
97
Pseudoalteromonas sp. RE2-12b
93
Pseudomonas alcaligenes isolate LB19
97
Pseudomonas putida KL33
95
Pseudoxanthomonas sp. S5-25
97
Rape rhizosphere bacterium tsb058
99
Shewanella amazonensis
96, 97
Shewanella sp. 184
99
Uncultured alpha proteobacterium
96
clone SM1E02
Uncultured gamma proteobacterium
93
strain GWS-BW-H33M

Most closely related organism
(based on partial 16S rRNA gene)

Intertidal mudflats

Puerto Rico soil
Yellow Sea, Korea
Freshwater biofilm
River Taff epilithon, UK
Sargasso Sea
Adriatic Sea
Soil
Spacecraft
Halophilic astaxanthin-production
Biofilms
Biofilms
NA
NA
Canadian paper mill
Rhizoplane of oilseed rape
Amazonian shelf muds
Butter
Mammoth Hot Springs, Yellowstone

Arctic sea ice
Arctic sea ice
Degradation of linuron
Antarctica
Northern Baltic Sea
Deep low-temperature vent Hawaii
Associated with dinoflagellates
Polar seas
Polar seas
Marine alga Ulva lactuca
Spain soil
Freshwater
Denitrification
Sea ice and sediment, Sea of Japan
Baltic Sea
Antarctica
Southern Chile
Lake Kauhako, Hawaii

1

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
2
1
1

1

1
1
1
1
1
1
1
1
2
2
1
3
1
1
3
2
3
1

Source
No. of isolates
(refer to the original submission) in warm season in cold season

Table 1. Identification of bacterial strains isolated from the Inner Harbor based on the partial 16S rRNA gene sequence similarities. Shaded area shows the species appeared
both in summer and winter. NA: source not available from the original submission
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2002

2001

experiments with seeded bacteria
suggested that the detection threshold
varied with different bacterial species.
For example, Vibrio sp. could be detected at 2.5 × 103 cells ml–1 (Fig. 6),
which corresponded to ~0.1% of the total bacterial population (2.1 × 106 cells
ml–1). However, Pseudomonas sp. was
not detectable until cell density
reached 1 × 104 cells ml–1 (Figs. 5 & 6).
Interestingly, the Synechococcus sp.
bands detected (Fig. 1) corresponded to
samples where Synechococcus counts
were over 1.1 × 104 cells ml–1 (Wang &
Chen 2004). No Synechococcus sp.
DGGE bands were detectable when
Synechococcus sp. cell densities were
low. This result also supports a previous
study on the detection limit of Synechococcus sp. in Lake Cisó and Lake
Vilar, NE Spain (Casamayor et al. 2000).
It is known that many factors (DNA extraction, primer selection, PCR cycles,
gene copy number, etc.) can influence
the outcome of PCR, particularly when
applied to environmental samples (e.g.
Fig. 1. Monthly patterns of Harbor bacterial composition revealed by DGGE.
Numbered bands are those excised and sequenced; Synechococcus bands
Farrelly et al. 1995, Suzuki & Giovannoni
labeled with *. From July to November, Synechococcus cell counts were 8.1 ×
1996, von Wintzingerode et al. 1997,
104, 5.2 × 104, 7.4 × 104, 2.0 × 104, and 1.1 × 104 cells ml–1, respectively
Crosby & Criddle 2003). We character(Wang & Chen 2004)
ized the total bacterial community in the
Inner Harbor, without pre-filtration to reDGGE primers (1070F to 1392R). It would be ideal to
move phytoplankton cells. Six plastid sequences related
compare the partial 16S rRNA sequence of bacterial
to eukaryotic algae were identified in the DGGE fingerisolates and DGGE bands at the same region. We
prints. The presence of algal DNA will affect the DGGE
tested the 8 closest hits of our sequences and BLAST
patterns of the bacterial community, but will also provide
using a short (500 bp) and long (~1400 bp) fragment of
16S rRNA gene sequences. Six of the 8 sequences
December, 2001
(AF468358, AF538933, AJ295714, AY162673, Z76666,
Winter
0.63
January, 2002
and AF483624) showed similar BLAST outcomes at the
strain or species level. Therefore, the comparison
May, 2001
between bacterial isolates and DGGE phylotypes
April, 2001
0.55
should not have been significantly affected by the nonMarch, 2001
Spring
0.64
overlapped primers.
0.69
February, 2002
It was intriguing to learn that few of the 48 character0.47
ized bacterial isolates matched with phylotypes from
July, 2001
November, 2001
DGGE band sequences. Is the cell density of isolated
0.62
0.64
bacteria in natural waters too low to be detected by
June, 2001
PCR-DGGE? If so, what is the detection threshold of
0.53
Summer and fall
August, 2001
PCR-DGGE for estuarine bacterioplankton? Muyzer et
October, 2001
0.66
al. (1993) and Murray et al. (1996) reported that PCR0.72
DGGE is sensitive enough to detect 1 to 2% of bacterial
September, 2001
populations in the mixed assemblage of selected bacteFig. 2. Dendrogram based on similarity matrix of bacteriorial strains. The introduction of serially diluted bacteria
plankton DGGE fingerprint banding patterns from 12
into a natural community allowed us to get a direct estimonthly samples. Similarities (as proportions of 1) between
mate of the detection limit based on cell number. Our
band patterns are indicated at branch divisions
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Nanoarchaeum equitans (AJ318041)

+
IH- 27
Uncultured bacterium clone CRD99-57 (AF428635)
IH- 18
+
Uncultured bacterium clone CRD99-45 (AF428699)
IH- 23 +
100 Glaciecola pallidula CAM 615T (U85854)
IH- 13a
100 Uncultured bacterium ECS30 (AB041300)
IH- 12
99 Alcaligenes sp. (X92415)
100

91

81

100

100

93
0.05

89

Gamma-Proteobacteria

IH- 21 +
97 Hydrogenophaga flava DSM 619 (AJ420328)
87
90

74

Planctomycetes

IH- 19 +
+
IH- 15
Aquaspirllum delicatum (AF078756)

Variovorax sp. MN 36.2 (AJ313017)
IH- 16 +
96 Uncultured Rhodobacter bacterium 131-1-2 (AJ404646)
IH- 13b
99 Marine alpha proteobacteriumAS-19 (AJ391181)
IH- 24 +
Sulfitobacter sp. GAI-37 (AF007260)
IH- 25 +
Uncultured alpha proteobacterium RSHD3E4 (AF190211)
IH- 17
Uncultured Roseobacter sp. 667-19 (AJ294355)
93 IH- 14
IH- 26
100 Sphingomonas sp. B18 (AF410927)
Uncultured bacterium clone 1-PML (AF477850)
100
+
IH- 9
Uncultured alpha proteobacterium 96A-7 (AF353226)
100 IH- 11
+
100 Uncultured Cytophagales (AF429232)
IH- 28
100 Synechococcus sp. PS723 (AF216955)
IH- 22 +
IH- 7 +
100
IH- 6
+
Plastid-like marine Eubacterial sp. (agg56) (L10941)
+
IH- 5
100 IH- 2
+
IH- 8 +
Prasinophycea plastid (AF393608)
100
IH- 10

Beta-Proteobacteria

Alpha-Proteobacteria

Bacteroidetes
Cyanobacteria

Chloroplasts

Fig. 3. Phylogenetic affiliations of representative 16S rRNA gene sequences from excised DGGE bands. Sequences from
this study in bold. : DGGE band present in winter; : DGGE band present in spring; +: DGGE band present in summer–fall.
Nanoarchaeum equitans was used as an outgroup. Scale bar = 0.05 substitutions per site

valuable information on the population dynamics of
dominant phytoplankton. The primers used in this study
yielded 320 bp amplicons, which overlapped with the V8
variable region in the 16S rRNA gene. Recently, dif-

ferent sets of DGGE primers were evaluated based on
the bacterial community in the maize rhizosphere or rumen digesta of sheep. Universal primers based on region
V3 of 16S rRNA were recommended for shorter frag-
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It is worth pointing out that the detection limit of
PCR-DGGE in our study appeared to be affected by
gene copy number. Ribosomal RNA gene-based mole600
cular techniques (i.e. PCR-DGGE, LH-PCR, ARISA,
500
TRFLP etc.) present a quantitative bias towards organ400
isms with higher gene copy numbers (Crosby & Criddle 2003). At the time, the Ribosomal RNA Operon
300
Copy Number Database (rrndb) (Klappenbach et al.
200
2001) contained 502 entries, with 259 genome sizes
100
and rRNA operon copy numbers available. There was
0
no obvious relationship between rRNA operon copy
0
1
2
3
4
5
number and genome size (r2 = 0.18) (Fig. 7). We chose
Cell no. (million cells ml-1)
several bacterial strains for the detection threshold
Fig. 4. DNA extraction efficiency of seeding experiment. Equastudy, selected to reflect different rRNA gene multition shows relationship between DNA concentration and total
plicity. Genomes of Vibrio spp. and Shewanella spp.
cell numbers
typically contain 9 copies of the rRNA operon;
Pseudomonas spp. has on average 4 copies, while
Synechococcus spp. contains 2 copies (Fig. 7). Our
ments, while regions V3–V5 and V6–V8 were suggested
results indicated that the detection threshold for PCRfor longer fragments (Yu & Morrison 2004). However, to
our knowledge, those DGGE primers have not been
DGGE was affected by the gene copy number of the
16S rRNA operon. Bacterial groups in natural environcompared systematically for planktonic bacterial comments with low rRNA operon copy numbers may need
munities. This is an important issue that warrants future
study. In a recent study in the Chesapeake Bay, our
to reach higher cell densities to be detectable by PCRDGGE band sequences matched well with clone library
DGGE.
sequences (16S–ITS–23S region) (authors’ unpubl.
The detection threshold of DGGE provides a possible explanation as to why most cultured bacteria could
data), which suggested that the major bacterioplankton
not be detected by DGGE. It is likely that the concenpopulations were not distorted by the DGGE primers we
used.
tration of most bacteria grown on enriched media was

DNA concentration (ng µl-1)

800
700

y = 435.05 ln ( x ) + 103.5
R2 = 0.9919

Fig. 5. DGGE detection threshold measured by seeding a natural microbial community with different concentrations of 3
bacterial strains (Vibrio sp., Pseudomonas sp., and Shewanella sp.). Lanes 0 to 8: negative control (0 cells), 100, 500, 1 × 103, 5 ×
103, 1 × 104, 5 × 104, 1 × 105 and 1 × 106 cells ml–1 added, respectively. Lanes 9 to 11: DGGE fingerprints for pure cultures of Vibrio
sp., Pseudomonas sp. and Shewanella sp., respectively. Closest phylogenetic affiliations of band sequences shown on left
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Fig. 6. DGGE detection threshold measured by seeding a natural microbial community with finer range concentrations of 3
bacterial strains (Synechococcus sp. CB0101, Vibrio sp., and Pseudomonas sp.). (a) Lanes 0 to 6: negative control (0 cells), 1 × 103,
2 × 103, 2.5 × 103, 5 × 103, 1 × 104, and 1 × 105 cells ml–1 added, respectively. Lanes 7 to 9: DGGE fingerprints for pure cultures
of Synechococcus sp. CB0101, Vibrio sp., and Pseudomonas sp., respectively. M: marker consisting of DGGE bands identified
as chloroplast, uncultured α-Proteobacterium, Roseobacter sp., β-Proteobacterium, Synechococcus sp. and Cytophaga sp.
(b) Enhanced view of subsection highlighted in (a)
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rrn copy number

12
y = 0.637x + 2.1654
R2 = 0.1838

10

a
8
6
4

c

b

2
0
0

2

4

6

8

10

Genome size (mb)
Fig. 7. Distribution of rrn operon copy numbers vs. genome size of
rrndb bacterial entries. a, b, and c represented closest relatives of
bacterial isolates added in seeding experiments; a: Vibrio spp.
and Shewanella spp.; b: Pseudomonas spp.; c: Synechococcus spp.
At this time, rrndb comprises 259 entries with both rrn operon
copy number and genome size available

low in the natural samples. On average, the total
colony counts on plates were 6450 cells ml–1 (n = 8).
Assuming that the colonies on 1 plate were equally
derived from 10 different bacterial species, the abundance of each species accounted for 0.265% of the
total cell density (avg. 2.43 × 106 cells ml–1). Therefore,
their concentrations were lower than the detection
limit and they were absent from the DGGE gel. A limited number of bands indicated that DGGE is biased
toward abundant groups in the community and underestimates actual bacterial diversity in the samples.
Our results demonstrated that bacterial community
structure in the estuarine ecosystem is variable
between months, but that a seasonal pattern could be
identified. Overall, bacterial communities in the summer–fall season were more similar to each other,
whereas winter communities appeared to be distinct
from spring, summer and fall. Two populations that
corresponded to phylotypes of Cyanobacteria (Syne-
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chococcus sp.) and marine α-Proteobacterium exhibited a similar seasonal pattern in the Inner Harbor.
Occurrence of the Synechococcus sp. phylotype in the
DGGE analysis supported the seasonal distribution of
Synechococcus sp. cell densities in the harbor (Wang &
Chen 2004). The abundance of Synechococcus
reached 8.14 ± 0.98 × 104 cells ml–1 in summer (July),
and decreased to 2.57 ± 0.53 × 102 cells ml–1 in winter
(February). The marine α-Proteobacterium phylotype
(IH-24) followed a seasonal pattern similar to that of
the Synechococcus sp. Marine α-Proteobacteria have
been found in a number of marine environments (Gonzalez & Moran 1997, Suzuki et al. 1997). This group of
bacteria is numerically dominant (28%) in coastal
waters, but not detectable in low salinity (< 5 ppt) or
freshwater (Gonzalez & Moran 1997). In the Baltimore
Inner Harbor, no marine α-Proteobacterium were
found in April and May when salinity was at its lowest
(~5 ppt). However, marine α-Proteobacteria were also
not detected in other months (January to March) when
salinity was above 15 ppt, which suggested that this
group may be sensitive not only to salinity, but also to
water temperature.
As β-Proteobacteria are dominant in freshwater and
have never been found in marine water (Methe et al.
1998, Glöckner et al. 1999), it is believed that this
group advected into the estuary from the Patapsco
River. One Bacteroidetes phylotype (IH-28) with high
G + C content was detected from January to June, but
was not detected in other months. The Bacteroidetes
group is abundant in marine systems (Glöckner et al.
1999) including Delaware estuarine and coastal
waters (Cottrell & Kirchman 2000, Kirchman et al.
2003). Because these species are known to be
involved in the degradation of complex macromolecules (Shewan & McMeekin 1983), they adapt well to
water with high particle loads (Cottrell & Kirchman
2000). In spring, terrestrial run-off from the Patapsco
River provides the largest load of nutrients and particles to the Inner Harbor (Boesch et al. 2001, Sellner et
al. 2001), which may offer suitable environmental
niches to this group.
Chesapeake estuarine bacterioplankton are composed of mixed populations from both freshwater and
marine origin, and the balance of these populations
may be interpreted by seasonal variability. It has been
reported that bacterioplankton communities in freshwater differ from those in marine communities (e.g.
Gonzalez & Moran 1997, Methe et al. 1998, Glöckner
et al. 1999, Cottrell & Kirchman 2000, Zwart et al.
2002). In estuaries, dominating bacterial groups shift
along the salinity gradient from α- and β-Proteobacteria, Gram-positive bacteria, and Verrucomicrobia to
α- and γ-Proteobacteria (Crump et al. 1999). Increasing
precipitation that started from late March in the Inner

Harbor (www.atmos.umd.edu/~climate/) resulted in a
significant drop in salinity in April. Thereafter, βProteobacteria (IH-15, IH-16, and IH-19) dominated
spring bacterial communities. It is likely that river
run-off brings more freshwater populations into the
harbor in spring. In contrast, salinities in winter and
summer–fall were relatively stable but temperatures
changed remarkably, which suggested that the shift in
bacterial composition between summer and winter
was possibly related to temperature fluctuations rather
than to salinity. To understand the interaction between
community shifts and environmental factors, we are
currently conducting an inter-annual survey to investigate the spatial and temporal variations of Chesapeake
Bay bacterioplankton.
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