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INTRODUCTION

Molecular approaches have revealed much about
the diversity and function of uncultured microbes in
natural aquatic ecosystems. Several of these ap-
proaches rely on PCR amplification of 16S rRNA or
catabolic genes from DNA isolated from water samples
without cultivation of the microbes. The first steps of
these approaches, which include the collection of suffi-
cient microbial biomass and then isolation and purifi-
cation of DNA (Fuhrman et al. 1988, Giovannoni et al.
1990a), are often the most difficult ones. Occasionally,
DNA isolated from environmental samples cannot be
used in subsequent molecular analyses because of
contamination by humics and other organic com-
pounds isolated along with DNA. Even if useful DNA is
isolated, the isolation method is time-consuming.

Another nontrivial problem with the standard
approach is that the sample volume is usually large,
ranging from 500 ml for eutrophic lakes (Bahr et al.
1996) and estuaries to 20 l for open ocean samples
(Fuhrman et al. 1988, Giovannoni et al. 1990a). This
large volume can restrict the number of samples that
can be taken from incubation experiments and even of
in situ communities. Furthermore, the filtration time is
usually substantial (h); oligotrophic water can be fil-
tered quickly but more water needs to be filtered
whereas the sample volume required for eutrophic sys-
tems is smaller but often filtration is slower because of
high concentrations of detritus and organisms other
than the targeted microbes. Although the bacterial
community probably does not change during filtration,
the long filtration time limits the number of samples
that can be taken and complicates the collection of
ancillary data. Thus, the sample volume and filtration
time for the standard approach can restrict the applica-
tion of molecular tools in extensive surveys of aquatic
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habitats and in experiments calling for multiple treat-
ments or repeated sampling.

Recent environmental studies have used small sam-
ples and minimal DNA isolation (Anton et al. 2000,
Bernard et al. 2000, Fuchs et al. 2000, Zubkov et al.
2001). Positive PCR amplification from small samples is
not surprising, because it is well-known that PCR is
sufficiently sensitive to detect even a single copy of a
gene (Saiki et al. 1988). In addition, microbiologists
have long used in PCR small subsamples of bacterial
colonies without any prior cell lysis or purification of
the DNA (Joshi et al. 1991). Although PCR is known to
be possible with small samples and minimal DNA pu-
rification, the diversity of uncultured microbes re-
vealed by this minimalist approach has not been com-
pared to that retrieved by the more standard approach
with purified DNA isolated from large samples.

The goal of this study was to determine whether PCR
could be used with microbes collected on filters with-
out any purification or prior treatment of the cells (‘fil-
ter PCR’). The filter PCR method consists of filtering a
small volume (≤10 ml) of a water sample through a
polycarbonate filter and using a section of that filter
directly in PCR. The bacterial diversity revealed by the
filter PCR approach with small samples (≤10 ml) was
compared to that from the standard PCR approach
with DNA isolated from 1 to 2 l of coastal seawater. Our
results indicate that the similarities in bacterial diver-
sity recovered by the 2 approaches are more striking
than any differences. The filter PCR approach could
dramatically expand the application of PCR-based
methods in microbial ecology.

METHODS AND MATERIALS

Bacterial strains. Pure cultures of bacteria repre-
senting some of the major groups found in aquatic
ecosystems were used to test the filter PCR method
(Table 1). Isolates with only a strain
number were characterized by se-
quencing the 16S rRNA gene or by flu-
orescence in situ hybridization (Glöck-
ner et al. 1999) in the case of the
Cytophaga-Flavobacter strains. An
additional 5 Gram-positive strains
were isolated by suspending ca 1 g of
soil (Lewes, DE) in 10 ml of a low salt
solution (de Boer et al. 1998) and plat-
ing a subsample onto trypticase soy
agar. Random colonies were tested
with the standard Gram stain. The
Gram-positive bacteria were grown in
trypticase soy broth, diluted to ca 3 ×
106 cells ml–1, and tested in filter PCR.

PCR with filter sections. Typically seawater samples
were preserved in formaldehyde (2%, final concentra-
tion) usually for 30 min, and then various volumes of
preserved samples (see ‘Results’) were filtered through
25 mm polycarbonate filters (Nuclepore or Poretics)
with a 0.2 µm pore size. Although it is often convenient
to fix samples before processing, the fixation step is not
necessary. The filters were rinsed 3 times with 2 ml
dionized water and then were frozen (–20°C) until
analysis. For filter PCR, the filters were cut into 8 equal
sections. Parts of the filter with no sample were
trimmed from the sections. One section was used per
PCR reaction tube.

The conditions of filter PCR were the same as in stan-
dard PCR except that bovine serum albumin (BSA) was
added; 3 µl of BSA (stock concentration of 10 mg ml–1)
was added per 100 µl reaction. The form of BSA is
important since positive amplification was obtained
with 1 BSA preparation in filter PCR (Sigma A-7030)
but not with another (Sigma B-8894). The added vol-
umes (and stock concentrations) of dNTP (10 mM),
MgCl2 (25 mM) and primers (10 µM) were 2.5, 10, and
4 µl, respectively, for 100 µl reactions. The Taq poly-
merase (2.5 units per reaction) was from Promega
which also provided the 10× buffer. Thermal cycling
conditions typically consisted of a ‘touchdown’ series
in which the annealing temperature decreased from 65
to 55°C (or other appropriate annealing temperatures)
by 1°C degree per cycle, followed by 15 cycles at 55°C,
each for 1 min. The denaturing step was 1 min at 95°C
and the extension was 2.5 min at 72°C.

DNA isolation and DGGE analysis. To determine
whether the filter PCR approach reveals the same
diversity as the standard approach, denaturing gradi-
ent gel electrophoresis (DGGE) was used on samples
taken from the mid-Atlantic coast (incoming high tide,
Indian River Inlet, DE) on 2 dates, November 7, 1999
and May 8, 2000. Samples were first pre-filtered
through 3.0 µm (pore size) filters to remove organisms
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Strain Classification Source Reference

MAMA 021 α-proteobacteria M. A. Moran González & Moran (1997)
MAMA E37 α-proteobacteria M. A  Moran González & Moran (1997)
dB94 β-proteobacteria W. de Boer de Boer et al. (1998)
F5 β-proteobacteria Å. Hagström Hagström et al. (2000)
Vibrio harveyi γ-proteobacteria R. Belas Belas et al. (1982)
Alteromonas 07 γ-proteobacteria H. Tsujibo Tsujibo et al. (1993)
IRI 113 Cytophaga-Flavobacter M. Cottrell Unpubl.
IRI 126 Cytophaga-Flavobacter M. Cottrell Unpubl.
dB95 Gram-positive W. de Boer de Boer et al. (1998)
dB177 Gram-positive W. de Boer de Boer et al. (1998)

Table 1. Bacterial isolates tested for filter PCR. All strains yielded positive ampli-
fication when tested individually in filter PCR. Another 6 Gram-positive isolates,

which are not given in this table, were also positive
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larger than bacteria, mainly phytoplankton, in order to
minimize amplification of 16S rRNA genes in plastids
of eukaryotes. About 85% of the bacterioplankton was
in the <3.0 µm size fraction as determined by DAPI
direct count epifluorescence microscopy (Porter & Feig
1980). Samples for filter PCR were prepared as
described above.

To isolate bacterioplankton DNA for PCR and DGGE
analysis, the <3.0 µm size fraction (ca 10 l) was filtered
onto Millipore Durapore filters (0.22 µm, type GVWP)
which were stored frozen at –80°C in a storage buffer
(Giovannoni et al. 1990b). Frozen filters were thawed
and cells were lyzed using sodium dodecyl sulfate and
Proteinase K for 3 h. The lysate was extracted sequen-
tially with phenol-chloroform and chloroform. The
DNA was precipitated in sodium acetate and ethanol,
and the precipatant was collected by centrifugation.

Amplicons from filter PCR and PCR with isolated
DNA were analyzed by standard DGGE methods
(Muyzer et al. 1993) using 6% acrylamide gels con-
taining a 30 to 70% gradient of formamide and urea.
Two sets of primers were used (Muyzer et al. 1995):
358GC (GCG CCG CCG CGC CCC GCG CCC GTC
CCG CCG CCC CCG CCC G CCT ACG GGA GGC
AGC AG) and 907 RM (CCGTCAATT CMT TTG AGT
TT) and 358GC and 517R (ATT ACC GCG GCT GG).
Electrophoresis was performed at 60°C for 20 h at
100 V using a BioRad Dcode DGGE apparatus. The gel
format was 14.5 cm wide, 20 cm long and 0.75 mm
thick. Standards consisted of partial 16S rRNA genes
from a Cytophaga-Flavobacter isolate IRI 113 (top
band), Alteromonas 07 (middle band), and a Gram-
positive isolate dB95 (bottom band). These genes were
amplicons from a PCR with the same DGGE primers as
used for the samples. After staining with ethidium bro-
mide, images of the DGGE gels were taken with the
Kodak Electrophoresis Documentation and Analysis
System 120 and then the negative (i.e. black bands on
a white background) was recorded to optimize clarity.
Irrelevant lanes and the top and bottom sections of the
gels were cropped in Corel Photohouse.

DGGE analysis of pure culture mixtures. Ten bacte-
rial strains (see ‘Results’) were grown in overnight cul-
tures and used either singularly or in a mixture in filter
PCR with the 358GC and 517R primers. The bacterial
cultures were diluted to about 3 × 106 cell ml–1 before
filtration. The cultures were also mixed (each at 3 × 106

cell ml–1), filtered, and the filter sections subjected to
filter PCR. Genomic DNA was isolated from these
strains and used as templates (50 ng strain–1) in regular
PCR with the 358GC and 517R primers. Genomic DNA
from these strains was also mixed (each at 50 ng) and
then used in PCR. The amplicons from the various
samples of filter PCR and PCR with isolated DNA were
analyzed by DGGE as described above.

Construction of 16S rRNA gene libraries. To com-
pare the diversity revealed by filter PCR and by the
standard approach with isolated DNA, 2 gene libraries
were constructed with PCR amplicons from the 2
approaches. The sample for these libraries was taken
on an incoming tide from the Indian River Inlet,
Delaware on May 8, 2000 (salinity about 30 psu). Sam-
ples for filter PCR were preserved, and DNA was iso-
lated from about 2.0 l and was extracted as described
above. The PCR with filter sections and with isolated
DNA was conducted with the universal bacterial
primers EubB (AGA GTT TGA TCM TGG CTC AG)
and EubA (AAG GAG GTG ATC CAN CCR CA)
(Lane 1991). Two filter sections from a 10 ml sample
were used in filter PCR, and the PCR products were
combined. The PCR products from both filter PCR and
isolated DNA PCR were concentrated by centrifuga-
tion with Microcons (Amicon) and cloned with TOPO-
TA cloning kit with pCR2.1-TOPO (Invitrogen), follow-
ing the manufacturer’s instructions.

One hundred white (insert-bearing) colonies were
randomly picked from each library and re-tested by
PCR with the M13 forward and reverse primers (prim-
ing sites flanking the cloned insert in the pCR2.1 vec-
tor) to eliminate false positives. Of the original 100
clones, 92 and 98 remained positive in the filter PCR
library and isolated DNA library, respectively. To
screen the 2 libraries, amplicons from the M13 primed-
PCR of plasmids from each clone were digested with
a mixture of the restriction enzymes HhaI and RsaI
(New England Biolab). The restriction fragments were
separated by agarose gel electrophoresis using 2%
Metaphore agarose (FMC). Clones with identical
restriction patterns were grouped together into clone
families. Clones from a couple of families represented
by several clones were re-tested by restriction enzyme
digestion to confirm that they belonged to the correct
family.

The distribution of clones in gene families in the 2
libraries was compared with a R × C likelihood ratio
test, using a Monte Carlo method to obtain an unbi-
ased estimate of the exact p-value, based on a Monte
Carlo sample of 10 000 tables from the reference set.
The software used for this statistical test was StatXact
4 for Windows (CYTEL, Cambridge, MA).

Nucleotide sequencing. Subsamples of selected
bands from DGGE gels were re-amplified with appro-
priate primers and re-analyzed by DGGE to confirm
that the PCR product was from the correct band. The
product from the second PCR was then used in the
sequencing reaction. Nucleotide sequencing was per-
formed using an ABI PRISM 310 (Perkin-Elmer)
genetic analyzer and ABI PRISM Big Dye terminator
cycle sequencing reagent. Representatives from some
of the clone families were partially sequenced using
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the EubB and 517R primers (Lane 1991). Nucleotide
sequences were analyzed by using BLAST (Ver-
sion 2.1; National Center for Biotechnology Informa-
tion [available at: www.ncbi.nlm.nih.gov/BLAST/]).

RESULTS

The first step in the standard approach for examin-
ing 16S rRNA genes in aquatic ecosystems is to
extract DNA from particulate material collected on fil-
ters or filter cartridges from several liters of water.
Since the sample volume can be prohibitively large
and the extraction step time-consuming and some-
times ineffective, we explored an alternative
approach that takes full advantage of the sensitivity of
the PCR step. In brief, small volumes of seawater
(≤10 ml) were filtered through polycarbonate filters,
and a section of the filter was used directly in PCR.
Fig. 1 illustrates some typical results from the filter
PCR approach using GC358F and 907RM as primers.
A positive reaction was detected in a EtBr-stained
agarose gel when the sample was as small as 25 µl of
coastal seawater, although replication was better with
100 µl of this particular sample (Fig. 1) and larger vol-
umes for other samples (see below). The relative
amount of the amplicon appears to increase with the
filter volume (Fig. 1). Since the number of bacteria in
the original sample was 3.6 × 106 ml–1 and the filter
section was about an eighth of the total, a PCR ampli-
con was detected with about 10 000 bacteria in the
25 µl sample.

No product was detected in a negative control con-
sisting of a dry filter section nor in a reagent-only sam-
ple (Fig. 1). In addition, no product could be detected
in another negative control consisting of a filter which
had filtered water (0.22 µm pore size; Acrodisk, Gel-
man) passed through it.

Positive amplification in filter PCR was achieved
with freshwater samples (Hudson River), but not with a
sediment slurry (ca 1 g sediment resuspended in
10 ml). Amplification in filter PCR was sometimes
weaker than expected for the observed bacterial abun-
dance in samples from the Roosevelt Inlet (data not
shown), a highly turbid harbor with large amounts of
resuspended sediment and runoff from a marsh; DNA
isolated from these waters is sometimes resistant to
further molecular manipulations (Moore 1999). These
results indicate that filter PCR is not immune to com-
pounds that inhibit DNA polymerases.

Microscopic analysis revealed that about 70% of
coastal marine bacteria were removed from a filter sec-
tion after going through a typical PCR run. We also
tested the effect of PCR on 2 pure bacterial cultures
which we could add in large enough densities for sub-
sequent microscopic analysis. All cells of a Gram-neg-
ative strain (Vibrio harveyi ) were completely lyzed in
the PCR whereas a Gram-positive strain (dB95)
seemed unaffected, even though filter PCR gives a
positive amplification with this strain. Filter PCR
yielded an amplicon with every pure culture strain
tested (ca 20), including 8 Gram-positive strains.

Sample storage and PCR conditions

We typically fix samples in 2%
formaldehyde since the samples are also
used for fluorescence in situ hybridization
(FISH) with oligonucleotide probes. After
filtration, the polycarbonate filter is stored
at –20°C. The freeze-thaw step does not
seem to be necessary since filter samples
analyzed immediately by PCR without
any freezing also resulted in positive
amplification (Fig. 1B). Similarly, PCR
amplification was not affected by var-
iations of the preservation procedure,
such as different concentrations of
formaldehyde (0, 2, 3 or 4%) or the purity
of the formaldehyde; PCR amplification
was similar with samples preserved in
fresh formaldehyde prepared from para-
formaldehyde typically used for preserv-
ing samples for FISH (Glöckner et al.
1999), buffered ultrapure formaldehyde,
and unbuffered ultrapure formaldehyde

16

Fig. 1. Example of filter PCR (EtBr-stained agarose gel) using primers
GC358F and 907RM to amplify a portion of the 16S rRNA gene. One filter
section (about one-eighth of a filter) was used per reaction in duplicate.
Three negative controls (–) included a reagent-only sample, a dry filter sec-
tion, and a section of a filter through which particle-free seawater had been
passed. The positive control (+) was from a PCR with DNA isolated from
Alteromonas 07. The volume of the PCR reaction loaded in all sample lanes
was the same. (A) Filters were frozen before PCR; (B) filters were not frozen

before PCR
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(Polyscience, Inc.). In these tests, the filter was frozen
after the fixation step and then thawed before PCR.
Fixing the sample is often convenient, but it is not nec-
essary for successful filter PCR. It is desirable to avoid
formaldehyde because it can inhibit amplification and
lead to artifacts (Degiorgi et al. 1994).

During the development of this approach, we exam-
ined a number of variables that potentially could affect
the efficacy of the PCR using a filter sample. The only
parameter that seems crucial is the inclusion of BSA in
the PCR step; filter PCR failed without BSA. One
preparation of BSA (Sigma A-7030) worked in our
hands, but another (Sigma B-8894) did not give a posi-
tive amplification. Several other studies have shown
the effectiveness of BSA with difficult samples (e.g.
Hagelberg et al. 1989). We have obtained positive PCR
amplification using a variety of PCR primers, including
2 different sets commonly used in DGGE analyses (see
below), EubA and EubB which are used for amplifying
nearly the entire 16S rRNA gene (see below), and a16S
rRNA primer (1406) paired with a 23S rRNA primer
(Borneman & Triplett 1997, Acinas et al. 1999). The
amounts of amplicon from these reactions varied, but
this was due to the PCR itself, not the filter. The pres-
ence of the filter does not affect the PCR when the tem-

plate is isolated DNA or unextracted samples from a
pure bacterial colony (results not shown).

Diversity of PCR amplicons from filter PCR: 
DGGE analysis

We hypothesized that only a fraction of natural
bacterial communities is sampled by filter PCR, i.e.
those cells whose DNA is accessible to the PCR
reagents. If so, then the diversity of PCR amplicons
from filter PCR would be much less than the diversity
from isolated DNA. To test this hypothesis, we used
DGGE to compare amplicons from filter PCR and
from a PCR with bacterioplankton DNA isolated
from the same water sample.

Both filter PCR and isolated DNA PCR resulted in
nearly the same number and relative amounts of
amplicons from samples on 2 dates. In November, 10
bands were distinct and dominant in the DGGE gel
of the amplicons from a PCR with GC358F and
907RM (Fig. 2). Of these 10 bands, only 1 from the
isolated DNA lane is not visible among the bands in
the filter PCR lanes (Fig. 2). For the May sample,
GC358F and 517R were used as primers because
more subtle differences in samples may be apparent
when the amplicon is smaller. In this sample, there
are no apparent differences in the 2 sets of DGGE
bands (Fig. 3). These results indicate that both filter
PCR and isolated DNA PCR reveal the same bacter-

ial diversity in aquatic systems and that there is no
obvious bias due to using filter sections in PCR without
DNA extraction.
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Fig. 2. DGGE gel of amplicons from PCR with isolated DNA
and from filter PCR. The primers were GC358F and 907RM,
which are specific for a portion of the 16S rRNA gene. The
volume of the PCR reaction loaded in all sample lanes was the
same. Arrow indicates a band found in the isolated DNA lane
that is not obvious in the filter PCR lanes. Samples taken

in November 1999

Fig. 3. DGGE gel of amplicons from PCR with isolated DNA
and from filter PCR. The primers were GC358F and 517R for
a portion of the 16S rRNA gene. Standards (STD) were ampli-
cons from 3 bacterial isolates. The volume of the PCR reaction
loaded in all sample lanes was the same. Samples taken in

May 2000
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Some of the more prominent bands in the DGGE gels
were excised and sequenced in order to determine if
the communities we sampled were unusual in any
respect. In the November sample, the sequence from 1
band found in both the isolated DNA and filter PCR
lanes had the highest similarity (99%) to an uncultured
high G + C Gram-positive organism (Actinomycete
OCS155; AF001652). The other bands represent vari-
ous members of the alpha subdivision of proteobacte-
ria which often dominate bacterial communities
revealed by PCR-based approaches (Giovannoni &
Rappé 2000). These results and other data from the
clone libraries (see below) confirm that the uncultured
organisms sampled by both the filter PCR and the stan-
dard method with isolated DNA were not unusual
compared with previous studies.

Filter PCR of pure bacterial cultures

To examine in greater detail whether filter PCR
would successfully amplify 16S rRNA from all bacterial
types, several bacterial strains were grown to late
exponential phase, diluted to the abundance typically

found in aquatic habitats, and filtered as for water sam-
ples from natural coastal seawater. A positive PCR
product was obtained from the 20 bacterial strains that
were tested (Fig. 4 shows 10 strains).

To mimic complex natural communities, 10 bacterial
strains were mixed, filtered together, and the filter sec-
tions analyzed by PCR and DGGE. Similarly, isolated
DNA from the 10 strains was also mixed and the PCR
amplicons analyzed by DGGE. As with the natural
samples, the DGGE gel lanes from filter PCR and with
isolated DNA were similar; only 1 band (from 1 of the 2
β-proteobacteria tested) presented in the isolated DNA
lane was absent from the filter PCR lane (Fig. 4). Both
procedures, however, did not recover all of the added
bacteria (Fig. 4), but this ineffectiveness was not due to
the filter in PCR. Not all bacterial strains were evident
in the DGGE analysis of genomic DNA mixed together.
With the exception of 1 strain, these results indicate
that filter PCR introduces few if any additional biases
compared with the standard approach.

One sample illustrates the limits of the resolution of
the DGGE analysis which affects our ability to evaluate
the amplicons obtained by filter PCR (Fig. 4). Even
when 16S rRNA amplicons were obtained from pure

cultures and then mixed together after PCR,
the DGGE analysis could resolve only 9 of the
10 strains added together. The 2 γ-proteobac-
teria and 1 of the β-proteobacteria migrated
very close together, as did the strains from
the Cytophaga-Flavobacter cluster, making it
difficult to resolve them by DGGE.

Clone libraries from filter and isolated
DNA PCR

We constructed 2 clone libraries of 16S rRNA
genes: one of PCR amplicons from filter PCR
(10 ml sample) and the other of amplicons from
a PCR with DNA isolated from about 2 l of the
same water sample. After the initial screening
of 100 clones, 92 and 98 positive clones in the
filter and isolated DNA libraries, respectively,
were screened by restriction enzyme digests to
determine the diversity of 16S rRNA genes in
the 2 libraries. Most of the clones in both li-
braries were unique and contained a rRNA
gene not similar, based on restriction enzyme
digests, to any other 16S rRNA gene in the 2 li-
braries. However, both libraries had a few 16S
rRNA gene families represented by more than
one clone (Fig. 5). The distribution of clones
per family in the filter and isolated DNA li-
braries is statistically the same (chi-square test;
p = 0.518).
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Fig. 4. DGGE gel of 16S rRNA genes from pure bacterial isolates
analyzed either separately or in mixtures. Isolates are given in
Table 1. Mixtures consisted of: (1) the strains mixed together, fil-
tered, and then subjected to filter PCR (F); (2) isolated DNA from
each strain was mixed and then used a template in normal PCR (I);
and (3) amplicons from the bacterial isolates were mixed after PCR in
order to test the resolving power of the DGGE gel (C). Arrow indi-
cates a band observed in the isolated DNA mixture that is not

obvious in the mixed strain filter PCR lane
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The overall diversity of clones in filter PCR library
seems slightly higher than the diversity of the library
constructed with amplicons from the standard
approach. Table 2 summarizes 4 indices of diversity
recently used to compare community structure of cul-
turable bacteria and in clone libraries of 16S rRNA
genes (Dunbar et al. 1999). All 4 indices were slightly
higher for the filter PCR method than the isolated DNA
approach (Table 2). The evenness index, for example,
was 0.903 for the filter PCR library versus 0.731 for the
isolated DNA library (Table 2). In addition, rarefaction
analysis indicated a higher diversity for the filter PCR
library (Fig. 6).

The gene families found in the 2 libraries differed,
and few were present in both libraries. Only about
25% of all 16S rRNA genes were found in both

libraries (Table 3), and the 16S rRNA gene families
recovered by the 2 approaches were not the same sta-
tistically (R × C likelihood ratio test; p = 0.007). Several
gene families were found in the isolated DNA library
and not in the filter PCR library, but the reverse was
also true.

Representative clones of 7 gene families were par-
tially sequenced to gain further insights into the bacte-
rial groups sampled by filter PCR and the standard
approach (Table 4). The gene family represented by 9
clones in the isolated DNA library but none in the filter
library is very similar (97% identity) to an uncultured
α-proteobacterium (OCS12). Two other gene families
with unusual distributions of clones per family were
also α-proteobacteria (Table 4). A fourth family, which
was represented by 4 clones in the filter library and
none in the isolated DNA library, was closest to an
uncultured γ-proteobacterium (ZD0424). None of the

sequenced clones from either library was the
same as those found by the DGGE analyses.

DISCUSSION

Previous studies of aquatic microbial
assemblages had successfully used small
sample volumes with minimal DNA purifica-
tion (Anton et al. 2000, Bernard et al. 2000,
Fuchs et al. 2000, Zubkov et al. 2001), but it
was not clear if the uncultured microbial
community sampled by this approach was
similar to that sampled by the standard
approach using DNA isolated from large vol-
umes. In this study, we found that DGGE gels
of amplicons from filter PCR with ≤10 ml
samples were identical (or nearly so) to gels
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Indexa Filter library Isolated DNA library Soilsb

Rarefaction, E(S) 65.8 ± 1.1 48.2 ± 1.2 143
Shannon Index, H 5.84 4.73 6.82
Evenness, E 0.903 0.731 0.961
Simpson Index, D 0.978 0.945 0.988

aIndices were taken from Dunbar et al. (1999) and are defined as
follows: (1) E(S) = number of unique clone families expected in a
library of 90 clones (see Fig. 6); (2) H = –Σpi(log2pi), where pi is the
proportion of clones in the ith clone family; (3) E = H/Hmax, where
Hmax = log2(S) and S is the total number of ribotypes; and (4) D = 1 –
Σ(pi)2

bAverage of 4 clone libraries given in Table 2 of Dunbar et al. (1999).
The size of these libraries was about twice as big as our libraries

Table 2. Diversity indices for clone libraries of 16S rRNA genes retrieved
by PCR with filter sections (‘filter library’) and isolated DNA

Fig. 5. Number of clones found in 16S rRNA gene families
(restriction enzyme digest patterns) in 2 libraries made with
amplicons from filter PCR and from a PCR with isolated DNA 

taken in May 2000 from coastal Delaware waters

Fig. 6. Rarefaction analysis of 16S rRNA gene families in
libraries from filter PCR and isolated DNA
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of amplicons from the standard approach with DNA
isolated from about 2 l of coastal seawater. In addition,
the clone library from the filter PCR approach was
slightly more diverse than that from the standard
approach. Both sets of data suggest that the filter PCR
is a viable and potentially powerful approach for sam-
pling uncultured microbes in aquatic habitats.

One application of the filter PCR approach is to
examine hypotheses about variation in bacterial com-
munities on small spatial scales (Müller-Niklas et al.
1996, Azam 1998, Seymour et al. 2000, Long & Azam in
press). In our study, the ribotypes and level of micro-
bial diversity we were able to observe in these coastal
assemblages were in samples with volumes that varied
at least 4 orders of magnitude (0.1 to >1000 ml). How-
ever, any differences over the spatial scales covered by
these volumes may have been minimized by the 3 µm
prefiltration.

Our results can also be used to examine the relative
abundance of various ribotypes sampled by PCR, i.e. the
evenness of the microbial community. Evenness cannot
be examined directly with the clone library and DGGE
data because of biases associated with PCR and cloning
(Wintzingerode et al. 1997). However, one would still ex-
pect rare ribotypes to disappear from the DGGE gels as
sample size decreases and the rare ribotypes drop below

the detection limit of the PCR and DGGE
analysis. We know that the detection limit
for filter PCR is in the order of 10 000 bac-
teria. Wallner et al. (1997) reported some
variation in detection limits for PCR ampli-
fication of 16S rRNA genes from whole cells
isolated by flow cytometry. Their detection
limits were 500 and 1000 cells for E. coli
and Bacillus subtilis, respectively. Even
given a 2-fold variation in detection limits,
one would still expect some ribotypes to be-
come undetectable as sample volume de-
creased from 1000 to 0.1 ml, if the commu-
nity were unevenly distributed. The lack of

any observable change in DGGE bands argues against
these gels being dominated by a few dominant ribotypes
and many rarer ones, i.e. a very uneven bacterial
community.

In contrast to the DGGE analysis, the clone library
results seem to indicate differences between filter PCR
and the standard approach. Although the 2 libraries
had roughly similar levels of diversity and distributions
of clones per clone family, only about 25% of all clones
were found in both libraries, suggesting that the filter
PCR and standard approach did not sample the same
bacterial community. Some differences may arise due
to random sampling of a diverse community; the repro-
ducibility of clone library construction is unknown. In
addition, because of the small sample volume, the filter
PCR library would not include rare bacteria that are
potentially represented in the isolated DNA library. It
seems unlikely, however, that the large differences
between the 2 libraries could be due to chance or rare
bacteria. The exclusion of rare bacteria, if important,
should have lead to lower overall diversity in the filter
PCR library, but in fact diversity was slightly higher
than that of the isolated DNA library. The 4 diversity
indices for our libraries were only somewhat smaller
than those reported for a soil community (Table 2),
often considered the most diverse in the biosphere.
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Filter PCR % of totala Isolated DNA % of total

Number of clones 92 – 97 –
Total clone families 67 100 62 100
Unique clone familiesb 51 076 46 074
Common clone familiesc 16 024 16 026

aPercent of total gene families for each library
bGene families present in only 1 of the 2 libraries
CGene families present in both libraries (filter PCR and isolated DNA)

Table 3. Summary of clone families in libraries of 16S rRNA genes retrieved
by filter PCR and from PCR with isolated DNA

Sequenced No. of clones Closest match Similarity Accession Reference
clone Filter PCR Isolated DNA no.

F-22 4 0 Unidentified α-proteobacterium OM42 0.98 U70680 Rappé et al. (1997)
F-28 4 0 Uncultured γ-proteobacterium ZD0424 0.95 AJ400355 Zubkov et al. (2001)
I-1 6 7 Uncultured α-proteobacterium CRE-PA70 0.98 AF141539 Crump et al. (1999)
F-4 4 4 Uncultured Roseobacter 0.99 AF245632 González et al. (2000)
F-26 2 9 Unidentified α-proteobacterium GAI-36 0.99 AF007259 González & Moran (1997)
I-88 0 4 Uncultured α-proteobacterium CRE-PA70 0.99 AF141539 Crump et al. (1999)
I-5 0 9 Uncultured marine α-proteobacterium OM242 0.98 U70689 Field et al. (1997)

Table 4. Analysis of selected clones from clone libraries constructed with amplicons from filter PCR or from a PCR with isolated
DNA. The clones were either from the filter (e.g. F-22) or the isolated DNA library (e.g. I-1). The closest match was determined

by a BLAST analysis of GenBank
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The differences between the 2 clone libraries seem
to contradict the results from the DGGE analyses;
DGGE gels from filter PCR and the standard approach
were identical, or nearly so. We are not aware of a
study that has directly compared clone library and
DGGE results, but it seems reasonable to expect that
abundant ribotypes would be equally represented by
both approaches (ignoring biases for now) and that
rare ribotypes would be more prominent in clone
libraries than in DGGE gels. The rare ribotypes proba-
bly result in weak bands that are not obvious, if visible
at all, on a DGGE gel with several dark bands. These
numerous but individually rare ribotypes would result
in many unique clones in a clone library of 16S rRNA
genes, and indeed most ribotypes (>75%) in our
libraries were represented by a single clone, found in
only 1 library. Even so, we would expect that the
libraries from 2 samples with similar DGGE profiles
should have the large gene families in common, i.e.
those families represented by several clones. This was
not the case. Both libraries had large gene families that
were found in one library but not the other. Further-
more, none of the sequences of the dominant DGGE
bands were similar to sequenced 16S rRNA genes in
the 2 clone libraries.

The biases associated with PCR-based methods are
well known, and a recent study indicates that the com-
munity structure implied by clone libraries can be
substantially different from that revealed by fluores-
cence in situ hybridization (FISH) in coastal systems
(Cottrell & Kirchman 2000). The fidelity of DGGE and
other fingerprint methods in representing the phyloge-
netic composition of bacterial communities is not
known, but the differences we see between DGGE and
clone library results suggest that different biases are
associated with these 2 molecular methods. Diver-
gence of the 2 methods may start at the PCR step since
different primers are used. The ligation and cloning
steps may introduce additional biases during construc-
tion of clone libraries. Of course, these biases are pre-
sent in both filter PCR and the standard approach with
isolated DNA. Given our present understanding of
microbial diversity, results from DGGE (and probably
other DNA fingerprint methods) and clone libraries
produced by the filter PCR approach appear to be as
valid as results from the standard approach in examin-
ing uncultured microbial assemblages in aquatic envi-
ronments.

Another problem with the standard approach is
unequal extraction of DNA from all microbes
(Wintzingerode et al. 1997); other extraction proce-
dures need to be tested. An analogous problem with
filter PCR is whether or not the DNA from all bacteria
would be equally accessible to the PCR reagents. In
our study, amplification was positive for all pure cul-

tures we tested by filter PCR. Similarly, Wallner et al.
(1997) found that PCR of whole cells without DNA iso-
lation was successful with 10 strains fixed by formalde-
hyde and 5 Gram-positive strains preserved with
ethanol, but they did report negative results with 2
pure bacterial strains from the beta and gamma subdi-
vision of proteobacteria. In our study, filter PCR did not
recover all ribotypes from a mixture of 10 bacterial
strains, but the standard approach with isolated DNA
was almost equally inadequate. We think that this pure
culture experiment (Fig. 4) illustrates problems with
PCR and the DGGE analysis, not in trying to retrieve
genetic material from filter sections.

Even given the biases and other problems, PCR-
based methods will continue to be used in ecological
studies. This study indicates that large samples are not
essential for all PCR-based approaches. The filter PCR
approach has several advantages over the standard
method for obtaining DNA for molecular analysis. The
time required for filtering ≤25 ml is at least 10-fold less
than that for large volumes, and several (at least 12)
samples can be filtered simultaneously on multiple-fil-
ter manifolds. If filtration is not possible immediately
(e.g. because other samples or measurements have to
be taken), water samples can be easily fixed and pre-
served for filtration at a more convenient time. Fixation
of large volumes is certainly possible but is more cum-
bersome at best. Analogous to archiving isolated DNA
for future analyses, several filters from a sample can be
prepared, frozen and saved for filter PCR at a later
date. Because of its ease and small sample size, the fil-
ter PCR method should greatly extend the application
of PCR-based molecular methods in aquatic microbial
ecology.
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