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Abstract

We analyzed bacterioplankton community structure in Tillamook Bay, Oregon and its tributaries to evaluate phylogenetic var-
iability and its relation to changes in environmental conditions along an estuarine gradient. Using eubacterial primers, we amplified
16S rRNA genes from environmental DNA and analyzed the PCR products by length heterogeneity polymerase chain reaction (LH-
PCR), which discriminates products based on naturally occurring length differences. Analysis of LH-PCR profiles by multivariate
ordination methods revealed differences in community composition along the estuarine gradient that were correlated with changes in
environmental variables. Microbial community differences were also detected among different rivers. Using partial 16S rRNA
sequences, we identified members of dominant or unique gene fragment size classes distributed along the estuarine gradient. Gam-
maproteobacteria and Betaproteobacteria and members of the Bacteroidetes dominated in freshwater samples, while Alphaproteobac-
teria, Cyanobacteria and chloroplast genes dominated in marine samples. Changes in the microbial communities correlated most
strongly with salinity and dissolved silicon, but were also strongly correlated with precipitation. We also identified specific gene frag-
ments that were correlated with inorganic nutrients. Our data suggest that there is a significant and predictable change in microbial
species composition along an estuarine gradient, shifting from a more complex community structure in freshwater habitats to a com-
munity more typical of open ocean samples in the marine-influenced sites. We also demonstrate the resolution and power of LH-
PCR and multivariate analyses to provide a rapid assessment of major community shifts, and show how these shifts correlate with
environmental variables.
© 2004 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction communities. The ephemeral nature of microbes pre-

dicts that these communities, in particular, will undergo

The mixing of marine and fresh waters in estuaries
creates steep physico-chemical gradients, which are
undoubtedly accompanied by shifts in the biological

* Corresponding author. Tel.: +1 860 439 2580; fax: +1 860 439
2519.

E-mail address: aeber@conncoll.edu (A.E. Bernhard).

! Current address: Connecticut College, Department of Biology,
New London, CT, USA.

dynamic changes along the estuarine gradient. Rapid
fluctuations in environmental conditions demand meta-
bolic plasticity of the resident microbes, or, alterna-
tively, genetically diverse microbial assemblages that
exploit niche differentiation. Shifts in estuarine micro-
bial community structure may be regulated by the abil-
ity of individual populations to overcome various
environmental stresses. These stresses include changes
in nutrient concentrations, tidal currents, and predation,
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but the primary factor is thought to be changes in salin-
ity [1]. Most freshwater bacteria cannot survive even in
oligohaline waters [2,3], and salinity effects have been
observed on bacterial abundance and activity [4].
Changes in salinity also affect chemical constituents
[5], which may, in turn, affect the microbial
communities.

In addition to the effects of salinity, seasonally driven
changes in microbial communities in estuaries [6] and
rivers [7] also occur. Changes may result from variations
in freshwater flow, which would covary with changes in
salinity. In addition, high flow may supply large pulses
of nutrient-rich material, driving bacterial productivity
up within the estuary and ultimately leading to a net het-
erotrophic system [8]. Since bacteria are primarily
responsible for degradation and remineralization of dis-
solved organic material, changes in nutrient concentra-
tion and composition may lead to differences in
distributions of major bacterial populations [9,10].

Extensive studies of microbial diversity and commu-
nity structure have been carried out in ocean and lake
ecosystems (e.g. [11,12]), but only recently have
researchers begun to address this subject in estuaries
[13—17]. Other studies in estuaries have focused on the
structure and function of bacterioplankton as a group
(e.g. [8,18]), disregarding population dynamics within
the communities. Because of the substantial contribu-
tion of bacterial production to ecosystem function in
estuaries, it is important to investigate the structure of
these bacterial communities and what factors contribute
most to microbial species composition.

Recent advances in molecular techniques provide
necessary tools for microbial ecologists to assess com-
munity structure using culture-independent methods
[19]. One such technique, length-heterogeneity polymer-
ase chain reaction (LH-PCR) [20], discriminates among
numerically dominant 16S rRNA genes based solely on
length polymorphisms of the PCR products. The result
is a community profile of 16S rRNA gene products rep-
resenting different populations of bacteria. Because the
method is based on length of DNA sequences, presump-
tive identifications can be assigned to each different peak
in the profile by comparisons to sequences in the public
databases or by comparison to sequences obtained from
clone libraries. A major advantage of LH-PCR over
other molecular methods, such as gene cloning and
sequencing, is that it provides a quick way to analyze
and compare communities from a large number of sam-
ples. Recently, microbial communities in soil [21] and
coastal [20,22,23] ecosystems have been characterized
by LH-PCR.

We applied LH-PCR to characterize the microbial
community structure along a salinity gradient in Tilla-
mook Bay, Oregon and its major tributaries, and to follow
microbial community dynamics over several seasons. Til-
lamook Bay is a drowned-river estuary in the Pacific

Northwest and is prone to high levels of fecal pollution
and sedimentation from five major rivers that drain into
the bay. The watershed is primarily forested, but the
bay is significantly influenced by agricultural, urban,
and rural land uses. Tillamook Bay experiences large tidal
changes, with low tides exposing more than 50% of the
bay. This twice daily flux may have a significant impact
on the microbial communities, shifting from halophilic
and halotolerant organisms dominating at high tide to
halophobic organisms at low tide. Seasonal changes, such
as fluctuations in freshwater inflow, nutrient inputs, sun-
light, and temperature, may also be important factors in
determining microbial community composition.

The objectives of this study were fourfold. First, we
characterized the major microbial populations in the
estuary based on 16S rRNA gene profiles and identified
major environmental factors correlated with the com-
munity changes. Second, we used 16S rRNA sequences
from clone libraries to identify potential members of
these communities. Third, because LH-PCR is a rela-
tively new technique, we evaluated its efficacy in produc-
ing ecologically meaningful community data that could
be analyzed using classical community ecology methods.
And finally, we assessed the impact of including rare
species (or gene products) in the community analysis.

2. Methods and materials
2.1. Sampling site

Tillamook Bay is a shallow estuary on the northwest
coast of Oregon (Fig. 1). The Tillamook watershed cov-
ers nearly 1500 km?, and is drained by five major rivers.
A large floodplain created by drainage from the Tilla-
mook, Trask, Wilson, and Kilchis Rivers is mostly
developed, with the majority in dairy farms. The remain-
der of the drainage basin consists mainly of steep for-
ested slopes. The bay is also the site of commercial
and recreational fisheries, including shellfish.

The climate in the Tillamook watershed is under a
strong marine influence from the Pacific Ocean, leading
to very wet winters and dry summers. Average annual
rainfall is approximately 250 cm, with most of this fall-
ing during the fall and winter months, especially during
large winter storms.

2.2. Sample collection

Water samples were collected in Tillamook Bay and
its tributaries in June, July, October, and November
1998, and February and April 1999, at sites marked in
Fig. 1 and Table 1. Not all sites were sampled on all
dates due to inclement weather or time constraints. Sam-
ples were collected at approximately one meter below
the surface using a modified 5-L Niskin sampling bottle.
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Fig. 1. Sampling sites in Tillamook Bay, Oregon (45°N, 123°W) and its tributaries.

Table 1
Samples collected on each sampling date

Sites sampled

Bl, B3, B8, R2, R4
Bl, B4, B8

B1-B4, B6, B7, RS, T4, W4

B1-B3, R1, RS, T4, W4

February 1999 R1, R3, R4, T2, T3, WI-W3

April 1999 B1-BS, R1, R3-R7, TI-T4, W1, W3, W4

Sample sites are shown in Fig. 1.

Sampling date

June 1998

July 1998
October 1998
November 1998

Samples were subdivided for chemical, physical and bio-
logical analyses and stored on ice in the dark during
transport to the laboratory.

2.3. DNA extraction and PCR

One-liter subsamples were filtered through 0.2 um fil-
ters (Supor-200, Gelman, Ann Arbor, MI). Filters were

placed in 50 ml centrifuge tubes with 5 ml of sucrose ly-
sis buffer (0.75 M sucrose, 40 mM EDTA, 400 mM
NaCl, and 50 mM Tris, pH 9.0), and stored at —80
°C. We extracted DNA from the samples according to
the method of Giovannoni et al. [24], omitting the ce-
sium trifluoroacetate and ultracentrifugation steps.
Briefly, frozen filters were treated with sodium dodecyl
sulfate, proteinase K, and heat, followed by phenol/
chloroform extraction and ethanol precipitation.

A portion of the 5’ end of the 16S rDNA was ampli-
fied using the eubacterial primers 27F [25] and 338R
[26]. 27F was fluorescently labeled with 6-FAM (Genset,
LalJolla, CA). Each 50 pl PCR contained 1X Tagq poly-
merase buffer, 0.2 uM each primer, 200 pM each dNTP,
1.25 units of Tag polymerase, 640 ng ul~' non-acety-
lated bovine serum albumin, and 1.5 mM MgCl,.
Approximately 5 ng of DNA from each water sample
was amplified in a mini-thermal cycler (MJ Research,
Watertown, MA) under the following conditions: 25 cy-
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cles of 94 °C for 30 s, 55 °C for 1 min, 72 °C for 1 min,
followed by a final extension at 72 °C for 6 min. PCR
products were analyzed by electrophoresis in a 1% aga-
rose gel stained with 1 pg ml~" ethidium bromide. Con-
centrations of the PCR products were estimated by
comparison of band intensities to DNA mass standards
(Gibco-BRL, Gaithersburg, MD).

2.4. Gene scan analysis

Approximately 10-15 fmol of PCR product were re-
solved on a Long Ranger polyacrylamide gel (FMC,
Rockland, ME) on an ABI 377 automated DNA
sequencer using GeneScan software (Applied Biosys-
tems Inc., Fremont, CA). The internal size standard,
GS400HD-ROX (ABI), was loaded in each lane. Sizes
of the PCR products were estimated using the third or-
der cubic spline method in GeneScan software v. 3.1
(ABI). We used the software to convert fluorescence
data from the gel into electropherograms, in which the
bands were represented by peaks and the integrated
fluorescence of each band was the area under the peaks.
The relative abundance of each different size PCR prod-
uct was estimated by calculating the ratio of the area un-
der each peak to the total area for each sample. Each
peak in the profile represented one PCR product size
in base pairs (LH-PCR gene fragment) and the area un-
der the peak represented the relative abundance of the
gene fragment. Artifactual peaks were minimized by
using a threshold of 100 fluorescence units. High repro-
ducibility of this method using the same primers, PCR
conditions, and the same ABI system at Oregon State
University has been previously determined [21].

2.5. Clone library construction, sequencing and
phylogenetic analyses

Samples collected during February, June, July, and
October from sites B1, B7, B8, B9, T4, and R3 (Fig.
1) were chosen to represent a range of salinities (0-30
ppt) and environmental conditions. Environmental
DNAs were amplified with eubacterial primers 27F
and 1522R [27]. Pooled PCR products were gel purified
using a gel purification kit (Qiagen, Valencia, CA) and
cloned into the pGEM-T Easy vector (Promega, Madi-
son, WI) according to the manufacturer’s directions.
Transformants were randomly selected and inoculated
into 100 ul LB broth with 100 pg ampicillin ml~" in
96-well microtiter plates. The plates were incubated for
six hours and then one replica plate was made from each
original microtiter plate. All plates were incubated over-
night at 37 °C. LH-PCR peak sizes were determined for
138 clones by the methods described above.

Thirty-three plasmid DNAs from clones correspond-
ing to dominant or unique LH-PCR fragments in marine
and freshwater sites were prepared using the Qiaprep

Spin Column Purification Kit (Qiagen) according to
the manufacturer’s directions. DNAs were quantified
spectrophotometrically on a UV/Vis Spectrophotometer
(Shimadzu, Columbia, MD). Bidirectional sequences
were obtained using the primers 27F and 700R [12]. Se-
quences were determined on an ABI 377 DNA Sequencer
using dye-terminator chemistry. We aligned the se-
quences using the sequence editor and Fast Align in
ARB [28] and checked all alignments manually. Regions
of ambiguous alignments were excluded from the analy-
sis. All phylogenetic analyses were done using PAUP* v.
4.0 [29]. Phylogenetic trees were constructed using neigh-
bor-joining and maximum parsimony. The relative con-
fidence in branching order was evaluated by
performing 100 bootstrap replicates. Sequences were
checked for possible chimeric structure by using the
CHECK_CHIMERA program available from the
RDP [30] and by comparison of neighbor-joining trees
based on different regions of the sequence.

2.6. Environmental variables

Nutrient analyses are discussed in detail elsewhere
[31]. Briefly, dissolved inorganic phases of nitrogen
(NH; and NO; + NO;), dissolved silicon, and phos-
phorous were determined within 12 h of filtration using
standard analytical techniques [32] adapted for a seg-
mented-flow autoanalyzer [33]. Dissolved organic car-
bon was determined by high temperature combustion
on a Shimadzu TOC-5000 analyzer. Salinity was calcu-
lated from measured chloride concentration using the
expression S = 1.80655 x chlorinity [34]. Chloride con-
centration was determined using conductivity detection
with a DIONEX ED40 Electrochemical Detector. Salin-
ity was measured for all samples except during Novem-
ber, and is reported in Practical Salinity Scale units.
Because salinity and dissolved silicon were linearly re-
lated (> = 0.97), salinity values for November samples
were predicted from dissolved silicon concentrations.
Samples with salinity values less than 1 were classified
as freshwater; samples with salinity values greater than
or equal to 1 were classified as marine. Precipitation
data were obtained from the Oregon Climate Service
Website (www.ocs.orst.edu/) for the Tillamook Station
IW (45°27"W and 123°52"N). We used the sum of pre-
cipitation over the five days prior to and including the
day of sampling.

2.7. Statistical analysis

All multivariate analyses were performed using PC-
ORD version 4 [35]. The relative abundance data were
transformed by an arcsine square root function to reduce
skew. Beta-diversity (a measure of compositional hetero-
geneity), average half changes (amount of change in spe-
cies composition along a gradient), skewness, and
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coefficient of variation (CV) for rows (samples) and col-
umns (gene fragments) were determined before and after
the transformation. The transformation of the raw data
did not affect the beta-diversity and produced a 42% and
35% reduction in row and column skewness, respectively,
and a 25% reduction in the CV for gene fragment totals.

Non-metric multidimensional scaling (NMS) [36] was
used to ordinate samples in gene fragment space, using
the SOrenson’s distance measure. Nonmetric scaling is
an ordination method based on ranked distances and
uses an iterative optimization procedure. The effect of
rare fragments on the ordination results was assessed
by progressively deleting fragments that occurred in
fewer than X% of samples (values for X were 0, 5, 10,
and 20) and re-running the ordination. In a separate
analysis, we also evaluated the effect of excluding peaks
that were less than 1% of the total area. The autopilot
option was set to the slow and thorough level for all
ordinations. Dimensionality (the optimal number of
dimensions or axes required to explain a sufficient pro-
portion of the variance) was assessed by choosing the
number of axes that minimized final stress and maxi-
mized interpretability of the results. The axes have no
real significance and can be rotated or mirrored without
influencing the relative distances between the points.
Stress is a measure of departure from monotonicity in
the relationship between the dissimilarity in the original
p-dimensional space and the dissimilarity in the reduced
k-dimensional ordination space and is a measure of
goodness of fit. Stability of the solutions was assessed
by the final instability output and by plotting final stress
versus number of iterations. Monte Carlo tests were run
to confirm that results obtained were significantly better
than would be obtained from randomized data. Addi-
tionally, the proportion of variance explained by each
axis and the cumulative variance explained was deter-
mined for each analysis by calculating the coefficient
of determination between distances in ordination space
and distances in the original 57-dimensional space. Cor-
relation coefficients in the ordination space were deter-
mined for each environmental variable and gene
fragment by rotating the ordination to maximize the
coefficient on one axis (using the varimax rotation op-
tion in PC-ORD) and were used to improve the inter-
pretability of the solution, not the quality of the
mathematical fit.

2.8. GenBank accession numbers

Nucleotide sequences for 16S rRNA gene clones can
be found under Accession Nos.: AY 628650, AY628651,

AY628652, AY628653, AY628654, AY628655,
AY0628656, AY628657, AY628658, AY628659,
AY0628660, AY628661, AY628662, AY628663,
AY628664, AY628665, AY628666, AY628667,
AY628668, AY628669, AY628670, AY628671,

AY628672, AY628673, AY628674, AY628675,
AY628676, AY628677, AY628678, AY628679,
AY628680.
3. Results

We compared 16S rRNA gene profiles of planktonic
microbial communities in Tillamook Bay, Oregon, to
evaluate spatial and temporal differences and correlated
these differences to changes in environmental conditions
by using multivariate statistics. The community profiles
were generated by PCR, which is known to have poten-
tial kinetic biases, partly due to the number of cycles
performed [20]. To test the effects of different cycle num-
bers of the PCR on the relative abundance of each frag-
ment, we performed 15, 20, 25, and 30 cycles of
amplification and compared the results. The CV of rela-
tive abundance of each peak between PCRs of different
cycle numbers was much lower (12.4%) when we used
the data set that exluded peaks representing less than
1% of the total area than when all peaks were included
(42%). This CV is very similar to the PCR variation
found by Ritchie et al. [21]. These data suggest no signif-
icant kinetic bias from 15 to 30 cycles, so we chose 25
cycles because it was the lowest cycle number that con-
sistently produced easily observable PCR product in a
gel.

We also evaluated the effect of deleting rare fragment
lengths to simulate the common, and often recom-
mended, practice of deleting rare species in community
composition analyses [37]. We progressively deleted
fragment lengths that occurred in fewer than 5%, 10%,
and 20% of the samples. Our analyses, however, re-
vealed little effect on the ordination, as determined by fi-
nal stress, and instability (Table 2). Based on these
results, the data matrix containing all fragment lengths
representing greater than 1% of the total area was used
for additional analyses, so that maximal data were re-
tained without increasing noise. It should be noted that
each LH-PCR peak may represent many different bacte-
rial populations. Additionally, the relative abundance of
each gene fragment does not necessarily represent the
abundance of that gene in a natural sample due to po-
tential PCR bias.

Community profiles of 16S rRNA genes revealed a
shift from communities dominated by LH-PCR frag-
ments longer than 330 bp in the freshwater samples to
communities dominated by shorter fragments (313-329
bp) in the marine samples (Fig. 2). Differences in micro-
bial community structure along the salinity gradient
were obvious in the NMS ordination (Fig. 3), which
produced stronger axes than expected by chance as eval-
uated by the Monte Carlo test, with 85.1% of the vari-
ability explained by the first three axes (Table 2). Axis
1 accounted for 46.5% of the variability in community
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Table 2

Results from NMS ordinations and the effect of deleting rare LH-PCR fragments

Deletion criteria n Stress Instability r Iterations Monte Carlo test

Stress P
0% 50 13.2 0.00001 0.851 109 22.7 0.0196
5% 49 13.6 0.00001 0.851 149 22.5 0.0196
10% 45 133 0.00001 0.851 85 22.6 0.0196
20% 34 12.9 0.00001 0.856 133 22.7 0.0196
<1% of area 46 13.1 0.00001 0.854 78 23.8 0.0196

Fragments were deleted that occurred in fewer than X% (deletion criteria) of the samples; 7 is the number of fragments included in each analysis;
stress is the final stress of the ordination; instability is the final instability of the ordination; 12 is the cumulative coefficient of determination for the
correlations between ordination distances and distances in the original 57-dimensional space and represents the variability explained by the first three
axes; iterations is the total number of iterations run in the final analysis; the Monte Carlo test evaluates the chance that the results from the real data

set could be obtained by chance.

structure and was positively correlated with salinity and
phosphate (Table 3, Fig. 4). Dissolved silicon and ni-
trate were generally higher in the freshwater samples
and negatively correlated with axis 1. Precipitation was
also negatively correlated with axis 1. Axis 2 accounted
for 25.0% of the variability and was negatively corre-
lated with phosphate and positively correlated with pre-
cipitation and ammonium.

In addition to the differences detected along a salinity
gradient, community differences were also detected
among different rivers (Fig. 5(a)). Relative abundance
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Fig. 2. LH-PCR community profiles of a region of the 16S rRNA gene
amplified from environmental DNA using eubacterial primers 27F and
338R. Samples were collected in April 1999 and represent a salinity
gradient (values in parentheses) from freshwater (T4) to the mouth of
the estuary (BS).

of smaller fragments (<330 bp) was significantly higher
in the Wilson River, compared to the Trask and the Til-
lamook Rivers. Conversely, the Trask River was domi-
nated by LH-PCR fragments of intermediate length
(330-349 bp), while the Tillamook River had signifi-
cantly greater abundance of the large LH-PCR frag-
ments (350-366 bp). There was a general trend of
lower nutrients (ammonium, nitrate, and DOC) in the
Wilson River compared to the Trask and Tillamook,
but significant differences were detected only for ammo-
nium between the Wilson and the Tillamook (Fig. 5(b)).
Data from the Kilchis and Miami Rivers were excluded
from this analysis because they were sampled on only
one date.

Of the 46 LH-PCR fragments, three (318, 327, and
329) showed strong positive correlations to axis one (Ta-
ble 4), suggesting an affinity for marine or brackish envi-
ronments. Four (317, 339, 343, 351) had strong negative
correlations to axis one, suggesting an affinity for fresh-
water environments. Additionally, we found four gene
fragments unique to marine environments (325, 327,
329, and 331 bp fragments) and six fragments unique
to freshwater sites (317, 330, 355, 357, 364, and 365 bp
fragments).

We also found significant correlations of relative
abundance of many LH-PCR fragments with environ-
mental variables (Table 5). In general, relative abun-
dances of the smaller LH-PCR fragments were
negatively correlated with ammonium and nitrate, and
positively correlated with salinity. On the contrary, rel-
ative abundances of intermediate LH-PCR fragments
(331-350 bp) were positively correlated with nitrate,
negatively correlated with salinity. Additionally, the
intermediate size fragments were often correlated with
DOC. Similarly, relative abundances of the largest
LH-PCR fragments (351-366 bp) were also positively
correlated with nitrate, negatively correlated with salin-
ity, but did not correlate with DOC.

We screened clone libraries by LH-PCR and se-
quenced 33 clones corresponding to dominant or unique
fragment lengths along the estuarine gradient. Unfortu-
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Fig. 3. NMS ordination showing the similarity of microbial communities in Tillamook Bay and its tributaries. Each symbol represents the microbial
community from one sample; the distance between symbols is equivalent to the dissimilarity of the samples. The ordination was rotated to maximize
the correlation with salinity to axis 1. The axes have no real significance and can be rotated or mirrored without influencing the relative distances

between the points. The shaded oval indicates marine samples.

Table 3
Correlation coefficients of environmental variables with ordination
axes 1 and 2

Variable Axis 1 Axis 2
Ammonium 0.08 0.29
DOC 0.05 0.02
Nitrate —0.55 0.11
Phosphate 0.47 —0.36
Precipitation —0.61 0.30
Salinity 0.91 0.13
Dissolved silicon -0.91 0.10

The ordination was rotated to maximize the correlation coefficient for
salinity on axis 1 as shown in Figs. 3 and 4.

nately, no clones were recovered that corresponded to
marine fragments 325 and 331 bp. Two clones were
determined to be chimeras and were omitted from sub-
sequent analyses. Seventeen clones belonged to the Bac-
teria and were dominated by members of the
Proteobacteria (Fig. 6). Six sequences belonged to the
Gammaproteobacteria and represented fragments rang-
ing from 340 to 365 bp. Four clones belonged to the
Betaproteobacteria, representing fragments ranging
from 339 to 345 bp. We also found four clones clustering
with the Alphaproteobacteria, representing gene frag-
ments ranging from 313 to 318 bp. Two sequences clus-
tered with members of the Bacteroidetes and had
fragment lengths of 334 and 344 bp. One additional
clone was found to belong to the Verrucomicrobiales

group, and had a 355 bp fragment. The remaining 14
clones were classified as plastid rRNA genes from pho-
tosynthetic eukaryotes (Fig. 7) and had fragment lengths
ranging from 318 to 330 bp. In most cases, the closest
relatives were plastid genes recovered from the Pacific
and Atlantic coasts [22], and were affiliated with the ma-
jor phytoplankton lineages Bacillariophyceae, Crypto-
phyceae, Prasinophyceae, and Prymnesiophyceae.

4. Discussion

Analysis of community profiles of microbial 16S
rRNA genes revealed shifts in the community composi-
tion that correlated with environmental gradients within
the estuary. The primary factors were salinity and dis-
solved silicon, which serve as proxies for marine and
freshwaters, respectively, but other environmental vari-
ables were also important. Similar results were found
along a salinity gradient in Chesapeake Bay using fluo-
rescence in situ hybridization techniques [16] and in
Plum Island Sound, MA using denaturing gradient gel
electrophoresis (DGGE) analysis [17]. Such similar find-
ings in geographically distinct systems using different
methods suggests a global and predictable response of
microbial communities in estuarine gradients, and that
the responses are sufficiently robust to overcome poten-
tial biases of the various methodologies.
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Fig. 4. NMS ordinations showing the relationship between environmental variables and the microbial communites. Each ordination is the same as
shown in Fig. 3 (each symbol represents the microbial community from one sample). The different size (volume) of the symbols represents the
differences in relative concentrations of the specific parameter for each sample in that panel: (a) DOC, (b) ammonium, (c) nitrate, (d), phosphate, (e)
precipitation, and (f) salinity. The range of actual values for each parameter is indicated in parentheses.

Community profiles generated by LH-PCR analysis
are based on the relative abundance of different size
PCR products. Organisms with identical PCR product
lengths are not necessarily identical species, or even clo-
sely related, although certain general classifications can
be made. Suzuki and others [20] predicted LH-PCR gene
fragment lengths of 366 published sequences from culti-
vated bacteria and environmental clones commonly
found in ocean and coastal systems. In general, the
smaller fragments (314-329 bp) are predominantly
Alphaproteobacteria, Cyanobacteria or chloroplast
genes. Larger fragment sizes (340-350 bp) tend to be
dominated by Betaproteobacteria and Gammaproteobac-
teria and members of the Bacteroidetes [20]. Our se-
quence data corroborate these general trends. For
example, all of the sequences belonging to either the

Alphaproteobacteria or chloroplast rRNA genes repre-
sented fragments of 330 bp or less. Likewise, all Betapro-
teobacteria and Gammaproteobacteria and members of
the Bacteroidetes recovered in our study represented
fragments of 334 bp or larger.

Differences between microbial communities in fresh-
water and marine samples were not unexpected, and
are consistent with culture-based studies that investi-
gated survival of bacteria at different salinities [2,38].
Our understanding of microbial distribution and its rela-
tion to salinity has been further elucidated by molecular
studies. For example, Alphaproteobacteria and Cyano-
bacteria are commonly found in open and coastal ocean
samples [39] and marine Alphaproteobacteria decrease in
abundance with decreasing salinity [40]. Additionally,
Betaproteobacteria have rarely been found in marine
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studies, but are common inhabitants of freshwaters [39].
The distribution of LH-PCR fragments in our study and
their predicted phylogenetic affiliation are clearly in line

Table 4

with predictions of microbial communities along a salin-
ity gradient. It is unclear, however, whether these salin-
ity-related differences in community composition are

Correlation coefficients of LH-PCR fragments with ordination axes and phylogenetic affiliations for each fragment

Fragment size (bp) Axis 1 Axis 2 Phylogenetic affiliation

317 —0.67 0.05 Alphaproteobacteria

318 0.89 —0.26 Alphaproteobacteria, Cryptophyceae cp
320 0.28 0.64 Prymnesiophyceae cp

327 0.84 —0.01 Prasinophyceae cp

329 0.70 —0.16 Prasinophyceae cp

337 —0.38 0.55 ND

339 —0.52 0.60 Betaproteobacteria

343 —0.70 —0.12 Betaproteobacteria, Gammaproteobacteria
345 —0.38 —0.64 Betaproteobacteria, Gammaproteobacteria
350 0.35 —0.59 ND

351 —0.61 0.07 ND

The ordination was rotated to maximize the correlation coefficient for salinity on axis 1.

Only those fragments that had correlations greater than 0.5 on at least one axis are listed.
“ND” indicates the clone was not detected; “cp” refers to rRNA genes from chloroplasts.
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Table 5
Correlation coefficients of LH-PCR fragments with environmental
variables

LH-PCR Phosphate Ammonium Nitrate DOC  Salinity
fragment size

313 —0.27

314 —0.31 -0.33

317 —0.44 -0.37 —0.51
318 0.39 —0.48 0.77
319 —-0.29 —0.40

320 —0.35 -046 —032  0.27
322 -0.27 0.42
325 0.51

327 0.43 —0.56 0.84
329 0.36 -0.43 0.75
331 0.47

334 0.59 —0.46
336 0.29 0.49 0.28 —0.41
337 —0.60 —0.37 —0.37 —-0.40
338 0.29 0.30

339 —-0.53 —0.31 —-0.30 —0.61
340 0.38

341 —0.28
342 0.36 0.46 —0.33
343 0.61 —0.71
345 0.39 032 —0.39
348 0.40
350 0.34 0.27

351 —0.30 0.32 —0.49
352 0.33

353 0.29 —0.39
355 0.30

356 —0.36
358 —0.31
359 0.37

361 —0.27 0.30 —-0.29
362 —0.31
363 —0.35
366 0.71

Only those fragments with significant correlation (x = 0.05) with at
least one variable are shown.

due to the direct effects of salinity (i.e. an inability to
adapt to osmotic stress) or some other factor or group
of factors that co-vary with salinity.

Like salinity, dissolved silicon had a strong correla-
tion with the differences in microbial community struc-
ture, and was inversely related to salinity. Although
changes in bacterial communities may be due to the sim-
ple absence of salt, changes in dissolved silicon may also
affect community differences. Dissolved silicon is often
associated with increased suspended material of terres-
trial origin, and tends to be higher in rivers than in
coastal waters [41]. The increase in particulate material
provides additional surfaces for bacterial colonization,
which has been shown to influence community composi-
tion [42].

Differences in microbial community composition
were detected not only between freshwater and marine
samples, but also among different rivers. The shift in
the Wilson River towards smaller LH-PCR fragments

compared to the Tillamook and the Trask Rivers may
reflect lower inorganic nutrients, particularly ammo-
nium. This is consistent with the negative correlations
between the smaller LH-PCR fragments and inorganic
nutrients. Conversely, the Tillamook River, which had
the highest ammonium and DOC levels, had signifi-
cantly more of the larger LH-PCR fragments compared
to the Trask and Wilson Rivers. Although there are not
sufficient data to thoroughly address this issue, our data
suggest the potential to use microbial community com-
position as a proxy for nutrient loading in rivers and
bays. This hypothesis warrants further study.

We also detected a seasonal influence in microbial
community composition. These differences are likely
due to significant differences in precipitation and/or in-
creased runoff, which may bring large amounts of soil
particles and bacteria into the river. During February,
sampling was carried out during a storm, and as a result,
the samples were heavily laden with sediment. Microbial
communities from these samples were all very similar
and clustered together in the ordination, suggesting a
common factor influencing these communities. Similar
results were observed in November, when precipitation
was also quite high (over 7 in.).

Although phylogenetic identification does not neces-
sarily predict physiology, it is tempting to speculate,
based on dominant fragment sizes in particular environ-
ments. For example, samples collected from nutrient-
rich river sites were dominated by longer fragments,
which we found to be represented mostly by Betaprote-
obacteria and Gammaproteobacteria. Many Gammapro-
teobacteria are adapted to high nutrient conditions
[43], such as those found in many of the freshwater sites
in our study. The larger LH-PCR fragments, which in-
clude the Betaproteobacteria and Gammaproteobacteria
and Bacteroidetes, were generally negatively correlated
with salinity, and many were positively correlated with
nitrate. Conversely, fragments representing Alphaprote-
obacteria, Cyanobacteria, and plastid genes dominated
the marine samples, which generally had lower inorganic
nutrient concentrations. Alphaproteobacteria, particu-
larly members of the Roseobacter group and the
SARI11 clade, are often dominant members of marine
bacterioplankton [11,40], and many are adapted to oli-
gotrophic conditions [43]. In our study, populations rep-
resented by smaller LH-PCR fragments such as the
Alphaproteobacteria and Cyanobacteria were generally
negatively correlated to inorganic nutrients, and had sig-
nificant positive correlations with salinity. Finding
phototrophic populations to be negatively correlated
with inorganic nutrients initially seemed surprising,
since phototrophs are often nitrogen limited in estuaries
and marine systems [44,45]. However, we cannot distin-
guish phototrophic LH-PCR fragments from heterotro-
phic Alphaproteobacterial fragments with certainty
because they often share the same size fragments.
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Fig. 6. Phylogenetic relationships of partial 16S rRNA gene sequences (449 positions) from clones representing various LH-PCR fragments (size of
fragment in base pairs is indicated in parentheses). Trees were inferred by the neighbor-joining algorithm with the Kimura 2-parameter correction

factor. Bootstrap values greater than 50 are shown on internal nodes.

Like most ecological methods for analyzing microbial
community structure, LH-PCR is not immune to poten-
tial biases or limitations. One such limitation is the
uncertainty of the composition of each peak in a profile.
Our purpose for sequencing a small selection of clones
was primarily to confirm that the broad phylogenetic
distribution of LH-PCR fragment sizes described in a
previous study [20] applied to our system. To fully char-
acterize the LH-PCR fragments detected in our study
was beyond the scope of our study and our resources.
Although we have partially characterized most of the
dominant peaks, we cannot confirm the actual composi-
tion of each peak in every sample. Even if this were fea-

sible, discrimination between some Alphaproteobacteria
and plastid genes, for example, would be impossible be-
cause they share the same fragment size. However, the
power of LH-PCR lies in its use as an initial screening
approach, to characterize major changes in community
composition, and to identify populations of potential
interest for further study.

It was initially surprising that deleting rare fragments
did not affect our analysis; this suggests that the patterns
we detected are robust. Deleting some percentage of rare
species is a common, and often recommended, practice
in community analyses. Rare species often occur errati-
cally and can create noise in the data, possibly obscuring
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factor. Bootstrap values greater than 50 are shown on internal nodes.

important patterns [37]. Additionally, their presence can
elevate the variance among samples without contribut-
ing useful information about the sample site. However,
excluding rare species may violate general ecological
observations and theory [46]. Since the ordinations did
not differ with the exclusion of rare fragments, we left
them in to avoid losing any potentially useful
information.

Our ability to detect rare species, however, may be
compromised by the methods we used. Traditional mac-
roecology studies involve counting species directly,
which tends to increase the chances of detecting rare
species. In this study, estimates of DNA extraction effi-
ciencies were only about 30% (estimated by dividing the

total DNA recovered per sample by the expected yield
calculated from the average number of cells/ml
[2x10°] and an average of 5 fg of DNA per cell).
Assuming that this 30% is representative of the sample,
then some rare species would likely be eliminated at this
step. Gene amplification by the PCR may be biased [47],
and rare sequences may not amplify as well as abundant
ones. Assuming rare sequences were amplified, they may
not be detected in the final GeneScan analysis. Gene
fragments that are below the detection limit will appear
only as background noise. The detection limit of Gene-
Scan is difficult to quantify because it is affected by
many variables, such as amount of template used in
the PCR, number of cycles, and amount of product
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loaded in the gel. Since we were interested in major com-
munity shifts, we optimized the amount of DNA ana-
lyzed to maintain a maximum peak height below 6000
relative fluorescent units, to avoid cut-off peaks (with
flat tops). Additionally, each LH-PCR fragment likely
represents more than one species of bacteria, so that rare
species may, in fact, be included in some of the frag-
ments, but we were unable to detect them individually.

In conclusion, our investigation of the diversity in
estuarine bacterioplankton and its relation to physical
and chemical parameters suggests that the differences
observed reflect the phylogenetic variability of the com-
munities under different conditions, rather than physio-
logical plasticity of the same microbial assemblage.
Additionally, we have demonstrated that LH-PCR and
NMS are powerful tools for analyzing microbial com-
munity dynamics over spatial and temporal scales and
identifying factors that most influence these dynamics.
Although these methods alone do not provide informa-
tion on individual species within a sample, they equip
investigators with the ability to process many samples
quickly, thus providing information on heterogeneity
within a system. Additionally, by identifying unique or
dominant gene fragments in a community, researchers
can streamline DNA sequencing, easily targeting only
those fragments of interest.
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