
APPLIED AND ENVIRONMENTAL MICROBIOLOGY,
0099-2240/00/$04.0010

Dec. 2000, p. 5116–5122 Vol. 66, No. 12

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Community Composition of Marine Bacterioplankton Determined by
16S rRNA Gene Clone Libraries and Fluorescence

In Situ Hybridization
MATTHEW T. COTTRELL AND DAVID L. KIRCHMAN*

College of Marine Studies, University of Delaware, Lewes, Delaware 19958

Received 18 May 2000/Accepted 4 August 2000

We determined the compositions of bacterioplankton communities in surface waters of coastal California
using clone libraries of 16S rRNA genes and fluorescence in situ hybridization (FISH) in order to compare the
community structures inferred from these two culture-independent approaches. The compositions of two clone
libraries were quite similar to those of clone libraries of marine bacterioplankton examined by previous
studies. Clones from g-proteobacteria comprised ca. 28% of the libraries, while approximately 55% of the
clones came from a-proteobacteria, which dominated the clone libraries. The Cytophaga-Flavobacter group and
three others each comprised 10% or fewer of the clone libraries. The community composition determined by
FISH differed substantially from the composition implied by the clone libraries. The Cytophaga-Flavobacter
group dominated 8 of the 11 communities assayed by FISH, including the two communities assayed using clone
libraries. On average only 10% of DAPI (4*,6*-diamidino-2-phenylindole)-stained bacteria were detected by
FISH with a probe for a-proteobacteria, but 30% of DAPI-stained bacteria appeared to be in the Cytophaga-
Flavobacter group as determined by FISH. a-Proteobacteria were greatly overrepresented in clone libraries
compared to their relative abundance determined by FISH, while the Cytophaga-Flavobacter group was under-
represented in clone libraries. Our data show that the Cytophaga-Flavobacter group can be a numerically
dominant component of coastal marine bacterioplankton communities.

An important first step towards understanding the roles of
various bacteria in the ocean is determining the numbers and
relative abundances of different bacterial groups (21). Culture-
independent studies are essential for determining how many
different types of bacteria are present in bacterial communi-
ties, because ,1% of bacteria in nature can be cultured with
currently available methods (4). The most widely used ap-
proach to examine bacterial diversity is based on clone libraries
of 16S rRNA genes, which are typically collected from natu-
rally occurring bacteria using PCR with general bacterial or
universal 16S rRNA gene primers. Data from the PCR-based
clone library approach indicate that marine microbial commu-
nities contain novel, uncultivated species that are widespread
in the major oceans of the world (12, 20, 21).

Clone libraries can deviate from the compositions of in situ
communities because of biases at each step of the method,
including sample collection, cell lysis, nucleic acid extraction,
PCR amplification, and cloning (47). The PCR step has been
studied the most extensively. Experiments using controlled
mixtures of 16S ribosomal DNA show that the relative abun-
dance of targeted DNA molecules in the final PCR product
can differ substantially from that expected (16, 40, 43, 44).
Several precautions have been proposed for minimizing the
biases during PCR (47), but the amount of bias is not known
for pelagic habitats. No study has examined the relationship
between clone library composition and community composi-
tion determined without a PCR step for bacterial communities
from the water columns of aquatic systems.

Fluorescence in situ hybridization (FISH) using 16S rRNA
probes is one approach for determining bacterial community
composition without PCR (14). Using the FISH method, cells

are identified by detection with fluorescent oligonucleotide
probes specific for different bacteria. In several environments
results from FISH are similar to the community composition
suggested by clone libraries (7, 8, 17, 41). In particular, results
from both clone libraries (36) and FISH (1, 46, 49) indicate
that b-proteobacteria dominate freshwater bacterioplankton
communities, although the two methods have not been applied
simultaneously to the same sample. In contrast, FISH results
with marine bacterioplankton seem to differ from those from
clone libraries. Marine a-proteobacteria typically dominate
16S rRNA gene clone libraries (21), while the limited data
collected using FISH suggest that members of the Cytophaga-
Flavobacter group dominate marine bacterioplankton commu-
nities (25, 42). It is not clear if these differences reflect spatial
and temporal variation or methodological differences, because
no study has applied both analyses to the same community.

In this study we determined the compositions of coastal
California bacterioplankton communities using clone libraries
and FISH to determine whether a-proteobacteria or the Cyto-
phaga-Flavobacter group dominates marine bacterioplankton
communities. It is important to know which phylogenetic groups
of bacteria dominate marine bacterioplankton communities
because abundant groups may be proportionally more influen-
tial in carbon cycling and other biogeochemical processes. Fur-
thermore, understanding why particular bacteria dominate mi-
crobial communities is a fundamental ecological question. We
found that a-proteobacteria dominated clone libraries of 16S
rRNA genes, as shown previously for marine bacterioplankton
communities, whereas FISH indicated that the Cytophaga-Fla-
vobacter cluster was usually the most abundant group of bac-
terioplankton in coastal California waters.

MATERIALS AND METHODS

Sample collection and isolation of environmental DNA. Samples were col-
lected using a trace-metal-clean pump from a depth of 5 m at 11 stations located
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5 to 40 km from the California coast between Point Sur and Point Arena in June
1999. Samples were processed promptly after collection. See reference 28 for
general oceanographic information on the region.

Twenty-liter seawater samples collected at station 5 and station 9 near Point
Sur and Point Reyes, respectively, were filtered sequentially through 3- and
1-mm-pore-size polycarbonate membrane filters before the bacterial size fraction
was collected on 0.2-mm-pore-size Gelman Supor filters. Filtered samples were
stored frozen at 220°C in a storage buffer (23). Frozen samples were thawed,
and the cells were lysed using sodium dodecyl sulfate and proteinase K. The
lysate was extracted sequentially with phenol-chloroform and chloroform. Ex-
tracted nucleic acids were precipitated with ethanol (6).

Bacterial growth rate. Bacterial production was estimated by the leucine
incorporation method (31) in triplicate. The added leucine concentration was 20
nM, and the incubation time was 1 h. An index of the bacterial growth rate was
obtained by dividing leucine incorporation rates (bacterial production) by bac-
terial abundance, which was measured by fluorescence microscopy of DAPI
(49,69-diamidino-2-phenylindole)-stained samples (37).

Clone libraries. 16S rRNA genes were amplified from extracted DNA using
oligonucleotide primers EubA (AAG GAG GTG ATC CAN CCR CA) and
EubB (AGA GTT TGA TCM TGG CTC AG) (22). The 25-ml PCR mixtures
contained 4 ng of template DNA per ml, a 0.2 mM concentration of each of the
four deoxynucleoside triphosphates (dTTP, dCTP, dGTP, and dATP), 1.5 mM
MgCl2, 1 mM (each) primer, and 2.5 U of Taq DNA polymerase (Promega).
Thermocycling conditions included 1 min of denaturation at 94°C, 1 min of
primer annealing at 50°C, and 3 min of primer extension at 72°C. This cycle was
repeated 25 times. PCR products were cloned by using the TOPO-TA cloning kit
with the pCR 2.1 vector (Invitrogen) according to the manufacturer’s protocol.

Clone libraries were screened by dot blot hybridization of plasmids prepared
using alkaline lysis of recombinant clones grown for 48 h in 96-well microtiter
plates containing 200 ml of TYGPN medium per well (6). TYGPN medium
contains 20 g of tryptone, 10 g of yeast extract, 10 g of glycerol, 5 g of Na2HPO4
and 10 g of KNO3 per liter of deionized water. One-third of the plasmid prep-
aration from each well was suspended in 63 SSC (13 SSC is 150 mM NaCl plus
15 mM trisodium citrate [pH 7.7]), denatured in a boiling water bath for 10 min,
and blotted by vacuum onto a Hybond-N membrane (Pharmacia). The mem-
brane was removed from the vacuum manifold and incubated for 10 min on
absorbent paper saturated with a denaturing solution containing 0.5 M NaOH
and 1.5 M NaCl. The membrane was transferred to absorbent paper saturated
with a neutralizing solution containing 1.5 N NaCl and 0.5 M Tris-HCl (pH 7.4)
for 5 min, and the plasmids were bound to the membrane using UV light.

Clone libraries were screened using oligonucleotide probe Alf968 (25) for the
a-subclass of the proteobacteria and probe CF319a (34) for the Cytophaga-
Flavobacter group of the Cytophagales division. Probes were labeled with digoxi-
genin using oligonucleotide tailing reagents (Boehringer Mannheim) and de-
tected colorometrically using nitroblue tetrazolium, using the protocol supplied
by the manufacturer. The hybridization and washing stringency was set using the
established formamide and NaCl concentration for each probe (25, 34). Dot blot
hybridization specificity was confirmed using cloned 16S rRNA genes of cultured
bacteria in the a-, b- and g-subclasses of the proteobacteria and the Cytophaga-
Flavobacter cluster and by nucleotide sequencing of selected clones having pos-
itive hybridization with the oligonucleotide probes. Clones that did not bind the
probes for a-proteobacteria and the Cytophaga-Flavobacter cluster were classi-
fied by partial nucleotide sequencing and BLAST analysis (version 2.0; National
Center for Biotechnology Information [http://www.ncbi.nlm.nih.gov/BLAST/])
(2).

Nucleotide sequencing. Nucleotide sequencing was performed using an ABI
PRISM 310 (Perkin-Elmer) genetic analyzer with ABI PRISM Big Dye termi-
nator cycle sequencing reagent and oligonucleotide primers EubB and 519R
(GWA TTA CCG CGG CKG CTG) (32). Double-stranded DNA templates
were prepared using an alkaline lysis procedure recommended by Perkin-Elmer.

FISH. Bacterioplankton community compositions were determined by FISH
using probe Eub338 (3) for eubacteria, Alf968 (25) for the a-subclass of the
proteobacteria, Bet42a (35) for the b-subclass of the proteobacteria, Gam42a
(35) for the g-subclass of the proteobacteria, CF319a (34) for the Cytophaga-
Flavobacter group, SAR11A1 (18) for the SAR11 cluster (21), SAR86/1249 (15)
for the SAR86 cluster (21), and a negative control probe (29) for nonspecific
probe binding. Bacterioplankton samples from 11 stations between Point Sur and
Point Arena were prepared for FISH using a modification of the method de-
scribed by Glöckner et al. (24). Seawater samples were prefiltered through
1.0-mm-pore-size polycarbonate membranes and mixed with 3 volumes of freshly
prepared 4% formaldehyde. After 16 to 48 h in fixative at 5°C, the bacteria were
filtered onto a 0.2-mm-pore-size polycarbonate membrane (Poretics), rinsed with
0.2-mm-pore-size-filtered seawater and stored at 220°C. A piece of the filter was
placed on a Parafilm-covered glass slide, overlaid with 30 ml of hybridization
solution containing 75 ng of Cy3-labeled oligonucleotide probe, and incubated in
a sealed container for 90 min at 46°C. The hybridization solution contains 0.9 M
NaCl, 20 mM Tris-HCl (pH 7.4), 0.01% sodium dodecyl sulfate, and the con-
centration of formamide determined to achieve specificity for the targeted group
of bacteria (15, 48). The one exception was probe SAR11 A1 (18), which was
hybridized at 37°C using a hybridization solution containing 0.25 M Na2HPO4
and adjusted to pH 7.2 with 85% H3PO4 (26). After hybridization, the sample
was transferred to a wash solution containing 20 mM Tris-HCl (pH 7.4), 5 mM

EDTA, 0.01% sodium dodecyl sulfate, and a concentration of NaCl appropriate
for the probe. Probe SAR11 A1 was washed in 0.23 SSPE (13 SSPE is 180 mM
NaCl, 10 mM NaH2PO4, and 1 mM EDTA [pH 7.7]) at 37°C, using the condi-
tions described by Field et al. (18).

After hybridization, cells were stained with 2 mg of DAPI per ml and counted
in 10 fields of view using a Nikon FXA microscope fitted with Cy3 filter 41007a
(Chroma) and DAPI filter 31000 (Chroma).

RESULTS

Clone libraries. We sampled surface waters at several sta-
tions from Point Arena to Point Sur, California, in order to
compare the community compositions of bacterial assemblages
as revealed by clone libraries and by FISH. Eighty-two and 87
clones were screened in the station 5 and station 9 libraries,
respectively. BLAST analysis of nucleotide sequences indi-
cated that most of the clones in our two libraries were highly
similar (mean 5 0.97) to clones representing uncultured bac-
teria described in previous studies of marine bacterioplankton
(Table 1). The portion of the 16S rRNA gene that we se-
quenced should be adequate for classification to the pro-
teobacterial subclass level, because it includes approximately
500 bp spanning the three variable regions V1, V2, and V3.

The bulk of the clones (82 to 88%) in the libraries came
from proteobacteria (Fig. 1), and most of the proteobacteria in
both libraries were from the a-subclass (54 to 57% of all
clones). A large fraction of the a-proteobacteria were Ro-
seobacter spp. Forty-two percent of the a-proteobacterial
clones in the station 5 library and 56% in the station 9 library
were similar (.94%) to the 16S rRNA genes in cultured Ro-
seobacter spp. The a-proteobacterial clones were analyzed fur-
ther to determine the fraction affiliated with the SAR11 clus-
ter, which typically accounts for a large fraction of the clones in
libraries from aquatic systems (21). Clones affiliated with the
SAR11 cluster comprised 12% of the station 5 library but only
1% of the station 9 library.

Clones from g-proteobacteria were a substantial fraction of
the two clone libraries, comprising 26 and 30% of the station 5
and station 9 libraries, respectively (Fig. 1). Nucleotide se-
quence analysis together with the dot blot hybridizations with
probe SAR86/1249 (15) indicated that a modest fraction of the
clones was affiliated with the SAR86 cluster, which is a group
of uncultured g-proteobacteria commonly found in clone li-
braries (21). Seventeen percent of the clones in the station 5
library came from the SAR86 cluster, while 13% of the clones
in the station 9 library were affiliated with this group. The
remaining g-proteobacterial clones, comprising 9 and 17% of
the clones in the station 5 and station 9 libraries, respectively,
were similar (.91%) to 16S rRNA genes in different cultured
and uncultured g-proteobacteria (Table 1).

Clones from the Cytophaga-Flavobacter group, Planctomyces,
Verrucomicrobiales, Actinobacteria, and cyanobacteria were
present in both libraries but were not abundant (Fig. 1). One
percent of the clones in the station 5 library and 9% of the
clones in the station 9 library came from the Cytophaga-Fla-
vobacter group. Cyanobacteria were represented by a similarly
small fraction (9% or less) of the clones. Clones closely related
to Planctomyces accounted for 2% or less of the libraries. Six
percent of the clones in the station 5 library came from Acti-
nobacteria, while none of the clones in the station 9 library
were affiliated with this group. As is typical for marine bacte-
rioplankton libraries (21), b-proteobacteria were not abundant
in the two clone libraries. Only 2% or fewer of the clones in the
two libraries belonged to this subclass of the proteobacteria.

FISH. The percentage of DAPI-stained cells detected with
the eubacterial probe was usually quite high, greater than 70%
at 9 of the 11 stations (Fig. 2). This detection by FISH was
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consistently high even though bacterial growth varied by 1
order of magnitude (0.07 to 0.7 amol of leucine/cell/h). The
percentage of bacteria detected by probe Eub338 varied from
55% (standard deviation [SD] 5 12%) to 88% (SD 5 17%) of
the cells detected with DAPI. The percentage of bacteria de-
tected with a negative control probe (29), which has at least
three mismatches with the 16S rRNA genes in the Ribosomal
Database Project (release 8.0, 1 June, 2000), varied from 0 to
2% of the DAPI-stained bacteria. Results with this negative
control probe, which accounts for autofluorescence of cells and
nonspecific probe binding, were subtracted from the percent-
ages detected with probes for the bacterial groups.

The FISH results indicate that the Cytophaga-Flavobacter
group was more abundant than the proteobacteria. On average
30% of the bacteria in communities from the 11 stations were

detected with the probe for the Cytophaga-Flavobacter group
(Fig. 3). The relative abundance of the Cytophaga-Flavobacter
group varied approximately twofold, from 18 to 39% of the
cells detected by DAPI staining. The relative abundance of
g-proteobacteria varied from 7 to 42% of the bacterial com-
munity. A small fraction of the bacteria was detected with a
probe for the SAR86 cluster of the g-proteobacteria (unde-
tectable to 9%) (Table 2).

On average a-proteobacteria comprised 10% of the bacteria
detected by DAPI staining (Fig. 3). Less than 3% of the com-
munity at 6 of 11 stations was detected with the probe for
a-proteobacteria. At the other five stations a-proteobacteria
comprised 8 to 34% of the bacterial community. Fewer than
1% of the bacteria at all stations were detected with a probe for
the SAR11 cluster of the a-proteobacteria (Table 2).

b-Proteobacteria were a small fraction of the bacteria in
coastal Pacific Ocean communities, comprising at most 5%
(SD 5 3%) of the community (Fig. 3).

Usually, the number of bacteria detected by the eubacterial
probe exceeded or equaled the sum of the numbers of bacteria
detected by probes Alf968, Bet42a, Gam42a, and CF319a (Fig.
3). At nine stations, however, 6 to 38% of the cells detected

TABLE 1. GenBank entries identified by BLAST as having the
highest similarity to the station 5 and station 9 clones

that were assayed by sequence analysis

Group and GenBank entry No. of
clones

Similarity

Minimum Maximum

a-Proteobacteria
Roseobacter sp. strain PRLIST06 4 0.94 0.97
Roseobacter sp. strain Shippagan 2 0.98 0.99
Strain HRV3# HpaAS1 1 0.99 0.99
Strain KAT6 2 0.95 0.95
Strain KAT8 1 0.93 0.93
Strain GAI-36 1 0.93 0.93

Uncultured a-proteobacteria
OCS154 (SAR11 cluster) 1 0.97 0.97
OCS53 (SAR11 cluster) 1 1.00 1.00
OM25 1 0.94 0.94
OM42 9 0.98 0.99
OM65 2 0.99 0.99

Uncultured b-proteobacteria
OM43 1 0.98 0.98
OM58 1 0.97 0.97
OCS178 1 0.97 0.97

g-Proteobacteria
Pseudomonas sp. strain BAL18 3 0.96 0.99
Acinetobacter sp. strain 79 2 0.98 0.99
Strain HTB082 3 0.95 0.97
Strain DPT1.2 1 0.98 0.98
Strain NKB4 3 0.89 0.92

Uncultured g-proteobacteria
OCS44 (SAR86 cluster) 12 0.91 1.00
OM10 (SAR86 cluster) 7 0.90 0.99
400m-FREE-40 3 0.95 0.97
CRE-PA14 1 0.99 0.99
CRE-PA50 3 0.99 0.99
CRO-FL8 6 0.95 0.97
OM23 1 0.98 0.98
OM182 1 0.93 0.93

Cytophaga-Flavobacter group
Polaribacter sp. strain MED18 1 0.90 0.90
Strain SCB49 3 0.93 0.94
Uncultured CRE-PA37 1 0.90 0.90

Other groups
Uncultured Planctomyces strain

CRE-FL31
1 0.89 0.89

Uncultured Verrucomicrobiales
strain HstpL11

2 0.89 0.89

Uncultured Firmicutes CR-PA26 1 0.89 0.89
Uncultured Actinomycetes OCS155 4 0.99 0.99

Uncultured algal chloroplast
OCS182 4 0.98 0.99
OCS20 1 0.99 0.99
Prasinophyte OM39 2 0.98 0.99

FIG. 1. Percentages of clones represented by the major phylogenetic groups
of bacteria in libraries of 16S rRNA genes in samples collected near Point Sur
(station 5) (black bars) and Point Reyes (station 9) (white bars). Clones corre-
sponding to the SAR11 cluster (SAR11), a-proteobacteria (a), b-proteobacteria
(b), SAR86 cluster (SAR86), g-proteobacteria (g), Cytophaga-Flavobacter group
(C.-F.), Planctomyces, gram-positive group (Gram 1), and cyanobacteria were
identified using oligonucleotide probing and nucleic acid sequence analysis.
Eighty-two and 87 clones were screened in the Big Sur and Point Reyes libraries,
respectively.

FIG. 2. Percentages of DAPI-stained bacteria detected with the eubacterial
probe Eub338 and 3H-leucine incorporation off the coast of California. Error
bars are 6 1 SD. Clone libraries were constructed at stations 5 and 9.
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with probe Eub338 were not detected by these probes. The
results were quite different at station 21 and station 22, where
the percentages of cells detected with the group-specific probes
were 137 and 116%, respectively, of the cells detected with the
eubacterial probe Eub338, suggesting that some cells bound
more than one group-specific probe.

Clone libraries versus FISH. The bacterioplankton commu-
nity compositions determined by FISH and clone libraries of
16S rRNA genes were compared graphically by plotting per-
centages from one approach against the other (Fig. 4). Data
points above the 1:1 line indicate phylogenetic groups that are
overrepresented in clone libraries compared to their relative
abundances determined by FISH. Similarly, points below the
1:1 line indicate phylogenetic groups that are underrepre-
sented in clone libraries compared to their relative abundances
determined by FISH. The percentage of clones representing
a-proteobacteria was far greater than the relative abundance
of a-proteobacteria determined by FISH. Clones representing
a-proteobacteria dominated the two libraries, comprising 54
and 57% of the station 5 and station 9 libraries, respectively

(Fig. 4). In contrast, fewer than 1 and 15% of the DAPI-
stained bacteria in surface seawater at station 5 and station 9,
respectively, were detected in the FISH assay by probe Alf968
for a-proteobacteria (Fig. 4).

Bacteria in the Cytophaga-Flavobacter group were greatly
underrepresented in clone libraries of 16S rRNA genes rela-
tive to their abundances in bacterioplankton communities de-
termined by FISH. Only 1 and 9% of the clones in the station
5 and station 9 libraries, respectively, came from the Cyto-
phaga-Flavobacter group (Fig. 4). In contrast, FISH suggested
that the Cytophaga-Flavobacter group dominated the bacterial
communities, comprising 23 and 35% of the DAPI-stained
bacteria in the station 5 and station 9 communities, respec-
tively.

Estimates of the relative abundances of g-proteobacteria
determined by FISH and clone libraries differed as well at one
of the two stations. Clone libraries overestimated the relative
abundance of g-proteobacteria in the station 5 sample. Twen-
ty-six percent of the clones in the station 5 library came from
g-proteobacteria, while only 7% of the bacteria in the station 5

FIG. 3. Percentages of DAPI-stained bacteria detected by FISH with probes for a-proteobacteria (a), b-proteobacteria (b), g-proteobacteria (g), and the
Cytophaga-Flavobacter group (C.-F.). The percentage of DAPI-stained bacteria detected with the probe for eubacteria (Eub338) corresponds to the maximum bar
height. The white portions of the bars indicate cells detected with probe Eub338 but not with any group-specific probe (other eubacteria).

TABLE 2. Relative abundances of the SAR11 and SAR86 clusters and total a-proteobacteria and g-proteobacteria detected
by FISH in bacterioplankton communities of the coastal Pacific Oceana

Station Location
% of DAPI-stained cellsb

SAR11 cluster Total a-proteobacteria SAR86 cluster Total g-proteobacteria

2 Monterey Bay ,1 (1) 1 (2) 0 19 (6)
3 4 km south of Point Sur 0 1 (1) ,1 (1) 7 (3)
5 Point Sur ,1 (1) ,1 (1) 0 7 (3)
8 Point Reyes ,1 (1) 3 (2) 9 (9) 27 (7)
9 5 km north of Point Reyes 0 15 (6) 3 (4) 29 (8)
13 Point Arena 0 3 (2) 4 (4) 33 (14)
14 20 km south of Point Arena ,1 (1) 3 (2) 3 (3) 13 (9)
19 Point Año Nuevo 0 15 (7) 0 33 (11)
21 Point Sur 0 30 (8) 0 32 (13)
22 18 km south of Point Sur 0 34 (17) ,1 (1) 35 (10)
24 Point Sur, 37 km offshore 0 8 (5) 2 (2) 8 (3)

a The SAR11 cluster is a group of a-proteobacteria and the SAR86 cluster is a group of g-proteobacteria. The SAR11 cluster was detected with probe SAR11A (18),
and the SAR86 cluster was detected with probe SAR86/1249 (15). Total a-proteobacteria and g-proteobacteria were detected with probes Alf968 (25) and Gam42a
(35), respectively.

b The values in parentheses are SDs from 10 microscopic fields of view.

VOL. 66, 2000 DOMINANT PHYLOGENETIC GROUPS OF MARINE BACTERIA 5119



community were detected with the Gam42a probe for g-pro-
teobacteria (Fig. 4A). In contrast, FISH and clone libraries
yielded similar estimates of the relative abundance of g-pro-
teobacteria in the station 9 sample. Both approaches indicated
that g-proteobacteria made up 30% of the community at this
station (Fig. 4B).

b-Proteobacteria comprised equally small fractions of the
clone libraries and of the bacterial communities as determined
by FISH (Fig. 4).

DISCUSSION

Our study revealed substantial differences between the com-
munity compositions of marine bacterioplankton communities
determined by FISH and clone libraries of 16S rRNA genes.
Similar to marine bacterioplankton clone libraries from previ-
ous studies (21), our coastal California Pacific Ocean clone
libraries were dominated by a-proteobacteria. In contrast, di-
rect microscopic analysis of the same samples by FISH showed
that the Cytophaga-Flavobacter group was far more abundant
than the a-proteobacteria group. Previous studies using FISH
have shown that the Cytophaga-Flavobacter group also domi-
nates marine bacterioplankton communities in the North Sea
and Antarctic Ocean (25, 42).

Our data suggest that clone libraries of 16S rRNA genes
amplified using general bacterial primers overestimate the rel-
ative abundance of a-proteobacteria and underestimate the
Cytophaga-Flavobacter group. Although additional data from
more aquatic environments are clearly needed, the data so far
collected with FISH suggest that the Cytophaga-Flavobacter
group may comprise a larger fraction of marine bacterioplank-
ton communities than clone libraries have indicated. Studies
using clone libraries of 16S rRNA genes suggest that the Cy-
tophaga-Flavobacter group is enriched on particles but com-
prises a much smaller fraction of free-living communities (11,
12, 38). For example, the Cytophaga-Flavobacter group ac-
counted for 75% of the cloned 16S rRNA genes amplified from
the community of particle-associated bacteria in the Columbia
River estuary (11). Enrichment of the Cytophaga-Flavobacter
group on particles is probably real, because bias associated
with the PCR-based clone library approach should influence
results for both the free-living and particle-associated commu-
nities.

The PCR primers used to determine diversity in microbial
communities using clone libraries are critical for obtaining an
accurate determination of community composition. Primers

that are ineffective with the Cytophaga-Flavobacter group
would obviously lead to underestimates of the relative abun-
dance of this group. However, there are no obvious mis-
matches between the general bacterial primers we used and
16S rRNA gene sequences for the Cytophaga-Flavobacter
group now available in GenBank. The forward primer EubB
matches all of the 11 Cytophaga-Flavobacter sequences that
have been determined for the binding site of this primer. Seven
of the nine Cytophaga-Flavobacter sequences match the reverse
EubA primer exactly; one sequence has a single mismatch,
while another sequence has three mismatches. However, the
mismatches in this reverse primer are probably not responsible
for clone libraries underestimating the relative abundance of
the Cytophaga-Flavobacter group. The commonly used univer-
sal reverse primer (1492R) (32) matches all 22 of the Cyto-
phaga-Flavobacter genes that have been completely sequenced
in the region where this probe binds. Libraries made with
universal primers also have low representation by the Cyto-
phaga-Flavobacter group (21).

However, lack of amplification by the general bacterial prim-
ers is still a likely explanation for the difference between the
FISH and clone library results. Although the GenBank data-
base indicates that the bacterial and universal PCR primers
should be effective for the Cytophaga-Flavobacter group, the
current sequence data may not yield the most robust test.
GenBank sequences come largely from cultured bacteria, but
we know that these bacteria represent a small subset of total
bacterial diversity. In addition, sequences in the database from
uncultured bacteria obviously would not include any sequences
that do not match currently used primers, because they would
not be retrieved by PCR. In short, our data suggest that a
dominant group of marine bacteria, i.e., the Cytophaga-Fla-
vobacter cluster, is underrepresented in the GenBank database.
We suspect that further examination of uncultured bacteria in
the Cytophaga-Flavobacter cluster will reveal differences in the
binding sites for general bacterial and universal primers.

The number of 16S rRNA genes per genome could be an-
other reason why we found differences between the clone li-
brary composition and the actual community composition de-
termined by FISH (16). A group having more copies would be
more abundant in the library. However, a-proteobacteria
which are more abundant in clone libraries seem to have fewer
copies of the rRNA operon than the Cytophaga-Flavobacter
group. The 8 members of the Cytophaga-Flavobacter group that
have been examined average five copies of the rRNA operon,
while the 17 a-proteobacteria (including Roseobacter spp.)
have only three copies on average (Ribosomal RNA Operon
Copy Number Database [http://rdp.cme.msu.edu/rrn]). Based
on these data, we would expect the Cytophaga-Flavobacter
group to be overrepresented, not underrepresented, in clone
libraries. Of course, operon copy number has been determined
only for cultured bacteria, and there may be problems extrap-
olating the results to uncultured bacteria.

A final possible explanation for our results is that the FISH
method may not be detecting all bacteria. In our study the
percentage of cells detected by FISH with the eubacterial
probe Eub338 was generally high (.70%) (Fig. 2), but at some
stations almost 45% of bacteria were not detected by FISH.
The factors limiting detection of microbial cells by FISH are
the abundance of ribosomes per cell (33), accessibility of the
rRNA (19), and cell wall permeability (48). The percentage of
cells detected by FISH did not increase with higher growth
rates and presumably more ribosomes per cell (30, 33), sug-
gesting that the growth rate did not limit detection by FISH
(Fig. 2). There may be other explanations for why some cells
were not detected by FISH. It is possible that gram-positive

FIG. 4. Relationship between compositions of 16S rRNA gene clone libraries
and bacterial community compositions in the coastal Pacific Ocean at Point Sur
(station 5) (A) and Point Reyes (station 9) (B). Clones and DAPI-stained
bacteria were classified as a-proteobacteria (a), b-proteobacteria (b), g-pro-
teobacteria (g) and members of the Cytophaga-Flavobacter group (C.-F.).
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cells were not permeable to oligonucleotide probes under the
conditions we used. In addition, archaea which would not be
detected by the eubacterial probe, may comprise part of the
community that was not detected by FISH (13).

However, detection problems with FISH cannot account for
the difference we found between the clone library and FISH
results. The greatest difference between the clone library and
FISH data was the relative abundance of a-proteobacteria
(Fig. 4). Even if all cells not detected by FISH were a-pro-
teobacteria, the clone library composition would still differ
from the community composition determined by FISH. In the
station 5 sample, if we assume that the 45% of the DAPI-
stained bacteria not detected by FISH are all a-proteobacteria,
they would be 45% of the community (versus ,1% now). This
percentage (45%) is still less than the percentage of a-pro-
teobacteria in the clone library (53%). The same argument can
be made for station 9, where only 15% of the DAPI-stained
bacteria were not detected by FISH. Assuming that all of these
undetected cells are a-proteobacteria increases their represen-
tation to 30%, which is less than the percentage of a-pro-
teobacteria in the clone library (58%) and still less than frac-
tion of the community determined by FISH to be in the
Cytophaga-Flavobacter group (35%).

Several studies have found a close correspondence between
clone library composition and in situ community composition
determined by FISH. The community of bacteria associated
with the deep-sea hydrothermal vent polychaete Alvinella pom-
pejana is one example from a marine environment (7). Simi-
larly, clone libraries and FISH confirmed that populations of
Nitrosospira and Nitrospira spp. dominated bacterial popula-
tions in a nitrifying fluidized bed reactor (41). The same phy-
logenetic groups dominated clone libraries of 16S rRNA genes
and the natural microbial communities in a rice field soil in-
oculum and cellulose enrichment cultures (8). In a stable tol-
uene-degrading consortium, clone libraries and FISH detected
the same dominant bacteria and archaea as well (17). How-
ever, clone library and FISH results are not always the same.
One example is the bacterial community in batch reactors
modeling activated-sludge processes. Clone libraries of 16S
rRNA genes amplified from activated-sludge communities
were dominated by the Cytophaga-Flavobacter group, but the in
situ community composition determined by FISH was domi-
nated by b-proteobacteria (10). Although in many environ-
ments the same phylogenetic groups are detected by FISH and
clone libraries, the activated-sludge study and our study of
marine bacterioplankton indicate that these two approaches
can yield different estimates of numerical dominance.

The hypothesis that easily cultured bacteria are not repre-
sentative of most bacteria in natural bacterioplankton commu-
nities is reinforced by the large difference between community
compositions determined by culture-dependent and culture-
independent (e.g., clone libraries of 16S rRNA genes) ap-
proaches. However, the Cytophaga-Flavobacter group may be a
noteworthy exception if this group is numerically dominant in
marine bacterioplankton communities, as suggested by our
study and others (25, 42). Representatives of this group typi-
cally show up in culture collections, although they are not
abundant in clone libraries (45). Ecophysiological studies
based on cultured bacteria (27) could be quite useful for study-
ing the ecology of marine bacteria, even given that certain
aspects of their metabolism in culture likely differ from that in
nature. Bacteria from the Cytophaga-Flavobacter group seem
to be good candidates for further laboratory study. More work
is needed to determine if the particular types of bacteria in the
Cytophaga-Flavobacter group that can be cultured are in fact
abundant in natural communities.

Dominance of the Cytophaga-Flavobacter group in bacterio-
plankton communities has important implications for our un-
derstanding of organic matter cycling in the ocean. Cultured
strains of bacteria in the Cytophaga-Flavobacter group are well
known for their capacity to degrade high-molecular-weight
organic compounds (39), and the same appears to be true for
uncultured members of this group (9). An abundant Cyto-
phaga-Flavobacter group using high-molecular-weight organic
compounds would be consistent with work showing that this
size class of organic material is a large, biologically labile pool
in the ocean (5). Information on the different types of marine
bacteria in the Cytophaga-Flavobacter group, as well as their
capacity for organic matter consumption, should lead to a
better understanding of carbon cycling by bacteria in the
ocean.
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