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Bacterial surface colonization is a universal adaptation strategy in aquatic environments. However, neither
the identities of early colonizers nor the temporal changes in surface assemblages are well understood. To
determine the identities of the most common bacterial primary colonizers and to assess the succession process,
if any, of the bacterial assemblages during early stages of surface colonization in coastal water of the West
Pacific Ocean, nonnutritive inert materials (glass, Plexiglas, and polyvinyl chloride) were employed as test
surfaces and incubated in seawater off the Qingdao coast in the spring of 2005 for 24 and 72 h. Phylogenetic
analysis of the 16S rRNA gene sequences amplified from the recovered surface-colonizing microbiota indicated
that diverse bacteria colonized the submerged surfaces. Multivariate statistical cluster analyses indicated that
the succession of early surface-colonizing bacterial assemblages followed sequential steps on all types of test
surfaces. The Rhodobacterales, especially the marine Roseobacter clade members, formed the most common and
dominant primary surface-colonizing bacterial group. Our current data, along with previous studies of the
Atlantic coast, indicate that the Rhodobacterales bacteria are the dominant and ubiquitous primary surface
colonizers in temperate coastal waters of the world and that microbial surface colonization follows a succession
sequence. A conceptual model is proposed based on these findings, which may have important implications for
understanding the structure, dynamics, and function of marine biofilms and for developing strategies to
harness or control surface-associated microbial communities.

Submerged surfaces in aquatic environments are rapidly colo-
nized by bacteria (14). Surface colonization may provide many
advantages to the colonizers, such as (i) protection from adverse
environments and predation, (ii) increasing nutrient availability
and metabolic cooperativity, (iii) facilitating new genetic trait ex-
change and acquisition, (iv) maintaining extracellular enzyme ac-
tivities, and (v) formation of a higher level of microbial organiza-
tion (15, 23, 29, 38). Surface-colonizing bacteria play important
roles in environmental and geomicrobiological processes, includ-
ing biomineralization of organic matter, biodegradation of xeno-
biotic compounds, and biogeochemical cycling of nutrients and
other earth elements (7, 18, 32, 40). Surface bacteria may have
critical effects on larval settlement in benthic invertebrates (51),
which is important in marine fisheries and ecosystems. They also
participate in biocorrosion and biofouling (6), causing substantial
damage and economic losses in marine engineering and indus-
tries. Surface colonization may provide a reservoir of harmful or
pathogenic microbes as well (9, 43), posing problems and diffi-
culties in public health and management of the environment.
Despite this importance, very little is known about the structure
and dynamics of the surface-colonizing microbiota in natural
aquatic environments (15, 25).

Microbial surface colonization may proceed via ordered
steps (15, 25, 31, 46, 52, 59), starting with initial sensing and

interaction of the primary colonizers with surfaces (30, 42, 51).
Prokaryotes are usually the major pioneer colonizers (34).
Bacteria contribute the most to the initial surface microbiota,
while Archaea are seldom detected (16, 60). Bacterial primary
colonizers play critical roles in modifying the surface physico-
chemical properties by multiplication and production of extra-
cellular polymeric substances (EPS) or other metabolites, mak-
ing the surface suitable or unsuitable for recruitment of
successive colonizers (10, 23). Primary colonizers may also
influence the community function, as identified in dental bio-
film formation (27). They are responsible for the initiation of
biofouling as well and are important in the success or failure of
microbiological engineering applications (62). These facts in-
dicate the paramount importance of the bacterial primary col-
onizers in surface community formation, dynamics, and func-
tion.

The Rhodobacterales group bacteria have been found to be
rapid primary surface colonizers in temperate Atlantic coastal
waters, and surface community succession (the temporal
change in microbial community composition and structure) has
been identified (15, 16, 25). However, little is known about the
identities of the primary colonizers and their succession pat-
tern in other coastal waters of the world. The importance of
surface-colonizing communities in medical, engineering, and
natural environments has been recognized for a long time (13,
27, 43, 62). However, research progress in marine environ-
ments has been slow due to the lack of research effort and
comprehensive understanding. Most research has focused on
bacterial isolates as simplified models to reduce the complexity
inherent in multispecies natural biofilms. It is difficult to ex-
trapolate the results of such research to the real world in order
to develop strategies to exploit or prevent surface microbial
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communities in natural environments (62). In the past, the
complexity, technical difficulty, and lack of conceptual formu-
lation hindered us from determining the identities and pro-
cesses of the surface-colonizing bacteria in nature.

Cultivation-independent 16S rRNA gene clone library anal-
yses were employed in the current study to determine the
identities and dynamics of the early surface-colonizing bacteria
in coastal water of the temperate West Pacific Ocean. Our
goals were to (i) determine the phylogenetic affiliations of the
most common primary colonizers on nonnutritive surfaces, (ii)
identify the diversity and succession pattern, if any, of early
bacterial surface colonizers, and (iii) compare the identities
and colonization dynamics of the currently studied Pacific
coast and the previously studied Atlantic coast (15, 16, 25) in
order to identify any generic properties of bacterial surface
colonization and succession in temperate coastal waters. Due
to the global distribution of the Rhodobacterales group bacte-
ria, especially the marine Roseobacter clade members (12, 57),
and their importance in the establishment and succession of
the surface-colonizing microbial assemblages discovered in the
Atlantic coastal waters (15, 16, 25), we hypothesized that mem-
bers of this bacterial group could be common primary surface
colonizers that are ubiquitous and dominant in coastal envi-
ronments of the temperate oceans.

MATERIALS AND METHODS

Surface incubation and microbe collection. Glass, Plexiglas (polymethyl-
methacrylate), and polyvinyl chloride (PVC) plates (30 by 30 cm), with different
degrees of surface hydrophilicity (glass � Plexiglas � PVC) according to water
contact angle measurements obtained previously (26, 50), were used as test
surfaces. So that data could be compared, a construct similar to that used in a
previous experiment (15) was employed to deploy the surfaces in seawater at a
depth of 1 m below the water surface near Wheat Island off the Qingdao coast
(36.31°N, 120.25°E) on 23 May 2005. Three replicate test surfaces were used for
each surface type. The average seawater salinity, temperature, and pH during the
incubation period were 31.0‰, 16.0°C, and 8.0, respectively.

The original field surface incubation time frame of Dang and Lovell (15) was
used to detect the early surface colonizers so that experiments performed in the
two different world oceans could be compared. Using the procedures of Dang
and Lovell (15), surface-colonizing microbes were collected after test surfaces
were incubated in seawater for 24 or 72 h and concentrated for genomic DNA
extraction.

Extraction of genomic DNA. DNA was extracted using a modification of the
method of Rivera et al. (47). The differences were as follows: the cell pellet was
resuspended in 360 �l SET buffer (20% [wt/vol] sucrose, 50 mM Tris-HCl [pH
8.0], 50 mM EDTA), and the volumes of all solutions added thereafter were
one-fifth the original volumes described (47). The quality and quantity of the
DNA extracted from the surface-colonizing microbes were determined by elec-
trophoresis on 0.8% (wt/vol) agarose gels in 0.5� Tris-borate-EDTA.

Amplification of 16S rRNA gene. Bacteria-specific primers 27F and 1387R
were used for 16S rRNA gene amplification (15). The PCR mixtures (final
volume, 25 �l) contained each deoxynucleoside triphosphate at a concentration
of 100 �M, 1.5 �M MgCl2, 1� Taq buffer, each primer at a concentration of 0.1
�M, and 1.5 U of Taq DNA polymerase (MBI, United States). PCR amplifica-
tion was performed with a PTC-200 thermal controller (Bio-Rad, United States),
and the following program was used: initial denaturation at 94°C for 3 min,
followed by 25 cycles of denaturation at 94°C for 45 s, annealing at 55°C for 60 s,
and extension at 72°C for 90 s and then a final extension step consisting of 72°C
for 10 min. PCR products were examined by electrophoresis on a 1% agarose gel.

Construction of clone libraries. Products from five PCRs were pooled, purified
using a Gel Spin DNA purification kit (Novagen, United States), and ligated into
pMD19-T simple vectors (Takara, Japan). The hybrid vectors were used to trans-
form Escherichia coli TOP10 competent cells prepared by using the calcium chloride
protocol (49). Recombinants were selected using LB indicator plates containing
5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside (X-Gal) and isopropyl-�-D-thio-
galactopyranoside (IPTG) with 100 �g/ml ampicillin. Clone libraries were con-
structed by random selection of approximate 100 white colonies from a single plate

for each library. All clone libraries were named based on the surface type and
incubation time; GL1 was the library constructed for a glass surface incubated for
24 h, GL2 was the library constructed for a glass surface incubated for 72 h, PM1 was
the library constructed for a Plexiglas surface incubated for 24 h, PM2 was the library
constructed for a Plexiglas surface incubated for 72 h, PV1 was the library con-
structed for a PVC surface incubated for 24 h, and PV2 was the library constructed
for a PVC surface incubated for 72 h.

Amplified rRNA gene restriction analyses (ARDRA). A plasmid miniprep
method was used for recombinant plasmid preparation (15). Cloned 16S rRNA
gene fragments were reamplified by using primers RV-M (5�-GAGCGGATAA
CAATTTCACACAGG-3�) and M13-D (5�-AGGGTTTTCCCAGTCACGAC
G-3�) flanking the insertion site of the cloning vector. The PCR mixtures (final
volume, 25 �l) contained 1 �l of a plasmid preparation, each deoxynucleoside
triphosphate at a concentration of 100 �M, 1.5 �M MgCl2, 1� Taq buffer, each
primer at a concentration of 0.1 �M, and 1.5 U of Taq DNA polymerase (MBI,
United States). The following thermal cycling program was used: initial dena-
turation at 94°C for 3 min, followed by 30 cycles consisting of 94°C for 45 s, 58°C
for 60 s, and 72°C for 90 s and then a final extension step of 72°C for 10 min. PCR
products were screened for the correct size and purity by 1% agarose gel elec-
trophoresis.

Amplimers that were the correct size were restriction digested in separate
reactions using MspI and HhaI (MBI, United States). The restriction fragments
were resolved by electrophoresis on 4% agarose gels (Akeaibao, Spain) in 0.5�
Tris-borate-EDTA and digitally photographed with an ImageMaster VDS im-
aging system (Pharmacia Biotech, United States). The band patterns were com-
pared to identify redundant clones and to define operational taxonomic units
(OTUs).

Statistical analyses. The 16S rRNA gene library coverage was calculated as
follows: [1 � (n1/N)] � 100, where n1 is the number of unique OTUs (frequency,
1) detected in the library and N is the total number of clones in the same library
(39). The value obtained approximated the probability that all species present in
a given sample were represented at least once in the library.

The sequence phylotype diversity and sampling efficiency of the libraries were
analyzed by the rarefaction curve method using the aRarefactWin program
(Steven Holland, Stratigraphy Lab, University of Georgia [http://www.uga.edu
/strata/software/Software.html]).

Similarities of the surface-colonizing microbial assemblages on different
test surfaces with different incubation periods were determined by perform-
ing cluster analyses of the 16S rRNA gene clone libraries with the software
package SPSS11.5 (SPSS, United States). As studies have shown that biased
PCR amplification occurs with heterogeneous DNA samples (56), log-trans-
formed frequency data for the OTUs were used to minimize the influence of
preferential PCR amplification (15). The frequency (F) was calculated as
follows: F � (m/N) � 100, where m is the number of clones of an OTU in a
library and N is the total number of clones in the same library. Two cluster
analysis methods, hierarchical and k-means clustering, were employed to test
the robustness of the analysis methods and the consistency of the analysis
results.

16S rRNA gene sequence analyses. A total of 236 unique OTUs were identi-
fied, and 126 of them were selected for sequencing and sequence analysis,
including all the most common or predominant OTUs of the six clone libraries
and all the OTUs obtained from the PM2 library. Two primers, V-27 (5�-GGA
TCTTCCAGAGATTAGRGTTTGATC-3�) and V-1387 (5�-CTTCCAGAGATTG
GGCGGWGTG-3�), were designed to span both the pMD19-T simple cloning
vector RV-M annealing end (boldface type indicates the vector end) and one of
the 16S rRNA gene insert ends (underlined in primer V-27 for the 27F end and
underlined in primer V-1387 for the 1387R end). The primers were used sepa-
rately with primer M13-D for PCR determination of the orientations of the
inserts. Primer M13-D or RV-M was chosen based on insert orientation, and
sequencing was performed with an ABI 3770 automatic sequencer (Applied
Biosystems, United States). The resultant sequences were usually about 800 bp
long, covering at least the V1 to V3 hypervariable regions of the 16S rRNA gene.

Standard methods were used for bioinformatic determination of sequence
affiliations (15). All sequences were submitted to the online RDP-II CHECK_
CHIMERA program to check the sequence integrity and to check for chimeras
(33). For each nonchimera sequence, the GenBank BLAST program was used to
determine the nearest phylogenetic neighbor sequence (4). Sequences were
aligned with the ClustalX program (55), and phylogenetic trees were constructed
using the DNADIST and NEIGHBOR programs in the PHYLIP package (ver-
sion 3.65c) (20).

Nucleotide sequence accession numbers. The 16S rRNA gene sequences de-
termined have been deposited in the GenBank database under accession num-
bers EF215704 to EF215824.
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RESULTS

ARDRA and surface assemblage succession. Six 16S rRNA
gene libraries were constructed for three surface types (glass,
Plexiglas, and PVC) and two incubation periods (24 and 72 h).
A total of 584 clones were screened, and 544 of them contained
a proper insert. A total of 236 OTUs (unique ARDRA pat-
terns or phylotypes) were identified, and 44 (18.6%) of them
occurred in at least two libraries obtained with different surface
types or incubation periods. The library coverage ranged from
50.0 to 80.0% (Table 1). Rarefaction analysis further con-
firmed the OTU phylotype diversity of the surface-colonizing
microbiota (see Fig. S1 in the supplemental material).

Clone libraries obtained from the same surface type but with
different incubation periods typically shared only 7 to 14 com-
mon OTUs (Table 1), accounting for 10.8 to 31.4% of the
OTUs in each of the libraries. Surface microbiota succession
was further confirmed by statistical analyses. The hierarchical
(Fig. 1) and k-means (data not shown) clustering results were
consistent and showed that the libraries obtained from differ-
ent surface types but with the same incubation period were
grouped together. All the clone libraries obtained from the
24-h incubation (GL1, PM1, and PV1) were grouped into a
single class, and the three other libraries, obtained from the
72-h incubation (GL2, PM2, and PV2), were grouped into
another single class, demonstrating that the early colonization
process was highly dynamic and that succession changes oc-
curred on all test surfaces, regardless of the surface hydrophi-
licity characteristics.

16S rRNA gene sequence analyses. Of the 126 OTUs selected
for sequence analysis, which accounted for 431 (79.2%) of the 544
clones with the proper insert size, only 5 (each from a single
clone) were probably chimeras based on CHECK_CHIMERA
results. Slightly more than one-half (54.5%) of the 121 valid
OTUs had high levels of similarity (�97% identity) with known
sequences in the GenBank database, and 18.2% were only mod-
erately related (	94% identity) to known sequences. Phyloge-
netic analysis showed that 106 OTUs were affiliated with the
domain Bacteria, and the remaining 15 OTUs were related to
mitochondrion or chloroplast 16S rRNA genes from algae. Be-
sides the predominant prokaryotes, microalgae and algal spores
also contributed to the colonization of freshly incubated surfaces
in Qingdao coastal water.

Seven bacterial groups were obtained from the clone librar-
ies, including the following divisions or phyla: Actinobacteria,

Bacteroidetes, Cyanobacteria, Firmicutes, Planctomycetes, Pro-
teobacteria, and Spirochaetes (see Fig. S2 in the supplemental
material). Four Proteobacteria subdivisions were present (
-,
�-, �-, and �-Proteobacteria). The 
- and �-Proteobacteria se-
quences were highly diverse in our libraries and accounted for
24.8 and 34.7%, respectively, of the 121 OTUs characterized;
they each accounted for 33.1% of the 426 clones analyzed
(excluding the 5 chimeric clones). Bacteroidetes sequences were
diverse as well, accounting for 18.2% of the OTUs character-
ized and 8.9% of the clones analyzed.

In order to obtain a better understanding of the surface
colonizer diversity, all 36 OTUs in the PM2 library were se-
quenced, which resulted in one chimera and 35 valid se-
quences. The nonchimera sequences were affiliated with the

-, �-, �-, and �-Proteobacteria, Bacteroidetes, Cyanobacteria,
and plastids of some marine algae. OTUs affiliated with the 
-
and �-Proteobacteria showed the greatest diversity (40.0 and
31.4% of the 35 OTUs), and OTUs belonging to Bacteroidetes
were diverse (14.3%) as well. Sequences affiliated with Lokta-
nella, Ochrobactrum, Pseudoalteromonas, and the �-Proteobac-
teria were found only in the PM2 library, the least diverse
library in the current study (Table 1; see Fig. S1 in the supple-
mental material), indicating that new bacterial groups might be
found among the remaining unsequenced OTUs of the other
libraries and that greater phylotype diversity should be ex-
pected. The 121 OTUs characterized might have covered the
diversity of the surface colonizers in the coastal environment
studied only partially. However, these OTUs might be the most
important OTUs in terms of occurrence and dominance in the
libraries.

(i) Sequences of the �-Proteobacteria. The 
-Proteobacteria
clones dominated the libraries, accounting for 33.1% of the
426 clones analyzed (11.1% of the 24-h library clones and
53.9% of the 72-h library clones). The significant increase in
abundance with time was probably caused by both growth and
recruitment on the surfaces.

Thirty sequenced OTUs (141 clones) were affiliated with the

-Proteobacteria and were related to the genera Ahrensia,
Erythrobacter, Leisingera, Loktanella, Nereida, Octadecabacter,
Ochrobactrum, Paracoccus, Roseobacter, Roseovarius, Sphingo-
pyxis, Sulfitobacter, and “Candidatus Pelagibacter” (Fig. 2).
Twenty-six OTUs (137 clones) were affiliated with the
Rhodobacterales. All of them belonged to the Rhodobacter-
aceae subgroup, and they included 24 OTUs (135 clones) be-
longing to the marine Roseobacter clade, including the genera
Leisingera, Loktanella, Nereida, Octadecabacter, Roseobacter,
Roseovarius, and Sulfitobacter. Besides being quite diverse, the

FIG. 1. Dendrogram based on a hierarchical clustering analysis of
the 16S rRNA gene clone libraries, constructed using the squared
Euclidean distance similarity and Ward linkage procedures.

TABLE 1. Analysis of the clone libraries constructed for three
surface types and two incubation periods (24 and 72 h)

Library No. of
clones

No. of
OTUs % Coveragea

No. of OTUs shared
by libraries from the

same surface type

GL1 94 56 62.4 7
GL2 90 65 50.0

PM1 91 51 69.2 11
PM2 85 35 80.0

PV1 88 54 69.3 14
PV2 91 50 74.7

a The coverage values were calculated as described in Materials and Methods.
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clones of the Roseobacter clade bacteria also were dominant
(31.7%) in the libraries and had high levels of sequence simi-
larity (96 to 99%) to known GenBank sequences. There was a
significant increase in clone abundance with the increase in
surface incubation time. The clones related to Rhodobacterales
and especially the Roseobacter clade accounted for 10.1% of
the clones in the 24-h libraries and for 53.0 and 52.1% of the
clones, respectively, in the 72-h libraries.

The most common Roseobacter clade OTUs belonged to

Sulfitobacter, which occurred in all six libraries and accounted
for 35.6% of the 135 Roseobacter clade clones detected in the
libraries. OTU GL1-02, which was affiliated with Sulfitobacter
brevis, was present in all clone libraries. In addition, clones
related to Octadecabacter and Roseobacter were also common
and abundant, accounting for 18.5 and 17.0%, respectively, of
the 135 Roseobacter clade clones. Three OTUs were related to
Octadecabacter, and OTU GL2-04 occurred in four libraries.
Several OTUs affiliated with Roseobacter occurred in at least

FIG. 2. Phylogenetic tree of the 
-Proteobacteria sequences recovered from the six 16S rRNA gene clone libraries, constructed using the
neighbor-joining method with the Kimura two-parameter model for nucleotide change. The branch distances indicate nucleotide substitution rates.
Scale bar � 0.1 expected change per homologous nucleotide position. Bootstrap values greater than 70% (based on 100 bootstrap resamplings)
are indicated at the nodes. OTUs that occurred in two or more libraries are shown, and the additional library names are indicated in parentheses.
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two libraries, and sequences of this genus were found in five
libraries.

Comparison of the 24- and 72-h libraries indicated that the

-Proteobacteria OTUs exhibited obvious succession during
early stages of bacterial surface colonization in the coastal
environment studied. These OTUs accounted for 10.3, 12.9,
and 19.4% of the sequenced OTUs in libraries GL1, PM1, and
PV1, respectively, and for 36.4, 40.0, and 29.7% of the se-
quenced OTUs in libraries GL2, PM2, and PV2, respectively
(see Fig. S3 in the supplemental material). The clone abun-
dance increased even more dramatically (see Fig. S4 in the
supplemental material). As the major group of the 
-Pro-
teobacteria detected, the Rhodobacterales (especially the
Roseobacter clade) OTUs also showed obvious succession with
the increase in surface incubation time; they accounted for
6.9% (6.9%), 12.9% (12.9%), and 16.7% (16.7%) of the OTUs
in the 24-h libraries and for 33.3% (33.3%), 37.1% (31.4%),
and 29.7% (29.7%) of the OTUs in the 72-h libraries. Most of
the 24-h 
-Proteobacteria OTUs were also present in the 72-h
libraries; the only exceptions were the two sequences that did
not belong to the Rhodobacterales group (Fig. 2). Eighteen

-Proteobacteria OTUs were present only in the 72-h libraries;
none of them was found in the 24-h libraries.

The Rhodobacterales bacteria, especially those in the marine
Roseobacter clade, might represent a successful primary sur-
face-colonizing bacterial group with the potential to colonize,
grow, and recruit on submerged surfaces during early stages of
surface community development in the Qingdao coastal water
studied.

(ii) Sequences of the �-Proteobacteria. The �-Proteobacteria
OTUs were abundant as well, with 42 OTUs accounting for
33.1% of the 426 clones analyzed. They were quite diverse and
were related to Alteromonas, Glaciecola, Halomonas, Methylo-
coccus, Oceanospirillum, Oleispira, Pseudoalteromonas, Psy-
chrobacter, Vibrio, some unidentified �-Proteobacteria, and ma-
rine invertebrate bacterial symbionts (see Fig. S5 in the
supplemental material). Oceanospirillales sequences were the
most dominant �-Proteobacteria phylotypes in the libraries,
accounting for 42.9% of the 42 OTUs and 69.5% of the 141
related clones. These sequences had 89 to 99% similarity to
known GenBank sequences, including sequences of Halomo-
nas, Oleispira, Oceanospirillum, and some uncultured bacteria.
Five sequenced OTUs were affiliated with Alteromonadales,
with 94 to 99% similarity to known sequences, including se-
quences of Alteromonas, Glaciecola, and Pseudoalteromonas.

The Oceanospirillales OTUs were found in all the libraries
with high frequency. OTUs GL-03, GL1-04, and GL1-05 oc-
curred in five libraries. Several other OTUs were found in two
to four clone libraries. In addition, the sequences that were
related to some marine invertebrate bacterial symbionts and
some uncultured �-Proteobacteria also occurred frequently in
the libraries. OTU PM1-06 was found in four libraries, GL2-08
was found in three libraries, and GL1-17 and PV2-21 were
found in two libraries.

The surface-colonizing �-Proteobacteria assemblage was
quite dynamic based on comparison analyses of the 24- and
72-h libraries. Sixteen OTUs were present only in the 24-h
libraries, and 17 OTUs were present only in the 72-h libraries.
For the Oceanospirillales, eight OTUs were present only in the
24-h libraries and three OTUs were present only in the 72-h

libraries. The �-Proteobacteria OTUs were dominant in both
the 24- and 72-h libraries, accounting for 27.6, 54.8, and 36.1%
of the sequenced OTUs in libraries GL1, PM1, and PV1,
respectively, and 36.4, 31.4, and 32.4% of the sequenced OTUs
in libraries GL2, PM2, and PV2, respectively (see Fig. S3 in the
supplemental material). However, the relative abundance of
the �-Proteobacteria clones decreased from 40.1% in the 24-h
libraries to 26.5% in the 72-h libraries (see Fig. S4 in the
supplemental material). The abundance of the Oceanospiril-
lales clones, the major group of the surface-colonizing �-Pro-
teobacteria in the Qingdao coastal environment studied, de-
creased as well. The Oceanospirillales clones accounted for
10.4, 60.0, and 27.1% of the clones analyzed in libraries GL1,
PM1, and PV1, respectively, and 8.6, 18.8, and 11.8% of the
clones analyzed in libraries GL2, PM2, and PV2, respectively.
The Oceanospirillales bacteria might represent a fast-surface-
colonizing bacterial group, while the contribution of the other
�-Proteobacteria to development of the surface microbiota
might be less important. Except for the Oceanospirillales spe-
cies, many of the �-Proteobacteria might leave the colonized
surface early, and the strains that remain might not establish
stable populations very well on the submerged surfaces.

(iii) Sequences of the Bacteroidetes. Twenty-two sequenced
OTUs (38 clones) were affiliated with the Bacteroidetes, includ-
ing the groups Bacteroidales, Flavobacteriales, and Sphingobac-
teriales (see Fig. S6 in the supplemental material). The Fla-
vobacteriales OTUs had 91 to 99% similarity to known
GenBank sequences. They were the major members of the
Bacteroidetes detected in the libraries, accounting for 81.8% of
the related OTUs. These bacteria were highly diverse and were
related to the genera Dokdonia, Fluviicola, Formosa, Mari-
bacter, Mesonia, Pibocella, Polaribacter, Psychroserpens, Tena-
cibaculum, and Ulvibacter.

The Bacteroidetes OTUs accounted for 10.3, 19.4, and 16.7%
of the sequenced OTUs in the GL1, PM1, and PV1 libraries,
respectively, and 12.1, 14.3, and 24.3% of the sequenced OTUs
in the GL2, PM2, and PV2 libraries, respectively (see Fig. S3 in
the supplemental material). Eight OTUs occurred only in the
24-h libraries, and 10 OTUs occurred only in the 72-h libraries.
The Bacteroidetes and Flavobacteriales clones accounted for 9.2
and 6.8% of the OTUs in the 24-h libraries, respectively, and
8.7 and 8.2% of the OTUs in the 72-h libraries, respectively
(see Fig. S4 in the supplemental material).

DISCUSSION

In the current study, PCR-based bacterial community anal-
yses were employed to study the primary colonizers and suc-
cession process in early stages of surface colonization at the
Qingdoo coast of the temperate West Pacific Ocean. So that
the results could be compared with the results of previous
studies of the Atlantic coast (15), the same experimental and
analysis procedures were used, except for the DNA extraction
method and PCR conditions. Our PCR procedure included 25
cycles, and the annealing temperature was 55 °C in order to
obtain exponential amplification of the diverse 16S rRNA gene
targets and to minimize the occurrence of artifacts and bias.
This was a significant improvement over the previous PCR
procedures (15, 25). Sequences of the common and dominant
surface-colonizing bacteria were probably amplified and recov-
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ered using the improved PCR conditions. The molecular tech-
nique used provided a means to probe the underappreciated
issue of microbial surface colonization in a natural environ-
ment.

Cluster analyses indicated that the microbial assemblages
obtained with the same surface incubation time were similar
regardless of the surface type, and the early colonizing process
was highly dynamic, consistent with the early findings obtained
for the Atlantic coast (15, 16, 25). These findings indicate that
successional change in microbial communities in early stages of
surface colonization is a common feature in temperate coastal
waters. However, it is also important to recognize that OTUs
identified in environmental libraries reflect only the number of
different sequences and not the number of different species
originally in the samples (15, 19). Fluorescence in situ hybrid-
ization (FISH) will be carried out to further test our findings
(16).

Submerged surfaces in aquatic environments may be rapidly
covered by a conditioning film of organic compounds, which
affects the surface physicochemical properties prior to bacte-
rial adhesion (21). The exposure to seawater might result in
convergence of surface hydrophobicity, roughness, and nutri-
ent conditions due to the formation of a conditioning film (5).
Thus, the initial surface-colonizing communities may be similar
due to the masking effect of the conditioning film on the
surface chemistry and to some common rules that may govern
the microbial cell-surface interactions (25), resulting in similar
initial surface-colonizing bacterial communities on distinct sur-
face types in coastal waters in different regions of the world
(15, 16, 25).

Our data indicated that clones of the surface-colonizing
Rhodobacterales, especially the marine Roseobacter clade, be-
came more diverse and dominant with an increase in the sur-
face incubation time. Analyses based on clone libraries and
FISH quantification consistently demonstrated that the
Rhodobacterales bacteria were the ubiquitous dominant early
surface colonizers in the Atlantic coastal waters (15, 16, 25),
and they were also dominant on marine particles (17). Similar
conclusions can be drawn across half of the globe from the
Atlantic Ocean to the Pacific Ocean. The marine Roseobacter
clade bacteria have also frequently been isolated from surfaces
or biofilms in marine waters (28). All these findings indicate
that the Rhodobacterales group bacteria are the primary sur-
face colonizers in temperate coastal waters of the world.

Besides being abundant, ubiquitous, and frequently surface
associated (57), the Roseobacter clade bacteria are physiolog-
ically active as well, and they are the fastest utilizers of nutrient
enrichments in coastal environments (1–3). These bacteria play
important roles in marine ecosystems, such as carbon and
sulfur cycling and trace metal reduction (12, 57). To adapt to
surface life, bacteria may also exploit intercellular communi-
cation and interaction (36, 37), facilitating diverse collective
behaviors within the colonizing community, such as coopera-
tion and/or competition (10, 44, 61). Many Roseobacter clade
bacteria produce acylated homoserine lactones (22, 35, 58), the
quorum-sensing signals involved in various microbial pro-
cesses, such as biofilm formation and development. Thus, these
bacteria may have the ability to shape the subsequent biofilm
community structure and development via cell-cell communi-
cation and interaction. Our current data, along with previous

studies (15, 16, 25), indicated the global importance of the
Roseobacter clade bacteria in early surface colonization and
community succession.

The surface Roseobacter clade OTUs from the Atlantic
coastal waters were related to Roseobacter, Roseovarius,
Ruegeria, and Sagittula (15, 16, 25), mainly in the Antarcto-
bacter-Sagittula, Octadecabacter-Ruegeria, Roseobacter, and
Silicibacter-Ruegeria superlineages, while some of the Qing-
dao coast sequences were mainly affiliated with the Octade-
cabacter-Ruegeria, Roseobacter, and Sulfitobacter-Staleya-
Oceanibulbus superlineages as defined previously by Buchan
et al. (12). Both similar and distinct bacteria lineages within
the Roseobacter clade could be identified as primary surface
colonizers in different coastal waters of the world. The local
microbial composition and environmental factors might
have important effects on the primary surface-colonizing
microbiota.

The �-Proteobacteria, especially the Oceanospirillales, were
also very diverse and common on the submerged surfaces at
the Qingdao coast. However, Oceanospirillales sequences were
only occasionally found in the surface 16S rRNA gene libraries
from the Atlantic coast (15, 16, 25), where the most important
surface-colonizing �-Proteobacteria might be the Alteromonad-
ales species (15, 25). Thus, for �-Proteobacteria, the early sur-
face assemblages might be quite different in distinct coastal
waters of the world.

FISH quantification indicated that the �-Proteobacteria con-
tributed less to the surface-colonizing microbiota on sub-
merged glass, stainless steel, and polycarbonate surfaces in the
Atlantic coastal waters than the Rhodobacterales bacteria con-
tributed (16, 25). Our current study indicated that the relative
abundance of the �-Proteobacteria clones decreased with sur-
face incubation time. The �-Proteobacteria might be fast-sur-
face-colonizing species. However, most of them, with the pos-
sible exception of the Oceanospirillales species, could not
establish stable colonizing populations in the early steps of
surface community development, in contrast to the surface-
colonizing Rhodobacterales species. It has been found that cer-
tain Roseobacter clade bacteria produce antibacterial com-
pounds when they are growing on a surface, preventing other
bacteria, including �-Proteobacteria, from colonizing the sur-
face and forming a biofilm (8, 10, 11, 24, 44, 48). A strain was
even found to invade and disperse preestablished biofilms
formed by other bacteria (45). Genes encoding nonribosomal
peptide synthetases and polyketide synthases, key enzymes in-
volved in the synthesis of various pharmaceutically important
natural products, have been identified in many Roseobacter
clade bacteria (35). The ability to produce antibacterial com-
pounds and the enhancement of biofilm formation via cell
aggregate formation may give the Roseobacter clade bacteria
selective advantages that help explain their prevalence and
dominance in marine surface microbiota (11, 35, 46, 57).
Whether the decrease in the �-Proteobacteria relative abun-
dance on the submerged surfaces in Qingdao coast water was
related to the potential inhibitory effect of the surface-coloniz-
ing Roseobacter clade bacteria during early stages of surface
microbiota development is worth further investigation.

The Bacteroidetes are often abundant in riverine and estua-
rine biofilms and particles (25, 31, 41). However, the success of
Bacteroidetes in particle assemblages may be due more to their
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use of detritus as a carbon source rather than to their prefer-
ence for surfaces (25). Although diverse Bacteroidetes se-
quences, especially those of the Flavobacteriales group, were
found in our clone libraries, most of these sequences were not
abundant. However, the importance of Bacteroidetes could be
underestimated, as their sequences were usually underrepre-
sented in 16S rRNA gene clone libraries constructed from
environmental samples (25).

Based on our current knowledge and understanding, a con-
ceptual model sequence of surface-colonizing bacterial com-
munity dynamics during early stages of development is pro-
posed, with the Rhodobacterales, especially the marine
Roseobacter clade bacteria, as the keystone primary surface
colonizers. The major steps are described below.

The first step is the initial deposition and attachment of
free-living bacteria on a conditioning film-covered submerged
surface. The Roseobacter clade bacteria may be among the
fastest colonizers on freshly submerged surfaces (15, 16, 25).
These bacteria not only are abundant and ubiquitous in coastal
waters (57) but also react to a low level of nutrient enrichment
faster than other bacteria, such as the �-Proteobacteria and
Bacteroidetes (1–3). The conditioning film could be a significant
source of nutrients for the Roseobacter bacteria (5, 21). The
initial attachment may be an active and selective process, and
surface sensing via two-component regulatory systems may be
important (30). Furthermore, the formation of a conditioning
film may result in convergence of surface physicochemical
properties, masking the original differences of the surfaces (5)
and encouraging selection of specific bacterial groups to de-
velop and harness specific physiological and genetic adaptive
advantages.

The second step is competition for surface resources via
active growth and recruitment. This step involves quick growth
of the Roseobacter clade bacteria to form microcolonies on
surfaces, stimulated by surface-accumulated nutrients (1–3, 15,
16, 25). The Roseobacter and other bacteria may also recruit
cells on the surfaces via formation of aggregates consisting of
surface-attached cells and aquatic free-living cells (46, 57).
During this step, due to quick utilization of the nutrients that
were originally accumulated on the submerged surfaces by the
Roseobacter clade bacteria, some of the initially attached bac-
teria belonging to other groups, such as the �-Proteobacteria,
may actually leave the surfaces. The increase in the number of
key primary surface colonizers, such as the Roseobacter clade
bacteria, and the decrease in the number of other bacteria are
the main dynamic characteristics at this stage.

The third step is competition for surface resources via quo-
rum-sensing-regulated processes, such as EPS and antibiotic
production. Once the Roseobacter clade bacterial populations
reach a certain density, they may actively expel or take advan-
tage of the other surface-attaching bacteria via quorum-sens-
ing-regulated antibiotic production and other mechanisms (8,
10, 11, 24, 35, 44, 45, 48, 57). Quorum sensing may also be
important for multispecies biofilm formation (22, 35, 58).
Microbial competition and cooperation may happen at the
same time on a surface via cell-cell communication and
interaction.

The fourth step is a shift in the surface-colonizing microbial
community. Once the Roseobacter clade bacterial climax pop-
ulation is reached, some of the cells may leave the surface to

avoid overcrowding, or they may become less active due to
limited availability of nutrients and other resources or to aging
and death of the bacterial cells because of phage infection,
protozoan grazing, or other microbial interactions (23, 42, 52,
54). The accumulation of EPS and other biopolymers may
make the surface physicochemical properties significantly dif-
ferent from those of the initial conditioning film-covered sur-
face, thus allowing other microbes to grow or colonize (63).
One of the options may be the Bacteroidetes bacteria, which are
active biopolymer utilizers and are abundant in natural aquatic
biofilms and particles (25, 41, 60). The biofilm matrix structure
may vary depending on the microbes present, their physiolog-
ical status, the nutrients available, and the prevailing physico-
chemical conditions (53). A change in the biofilm matrix com-
position may occur with the change in the bacterial community.
At this stage, the surface-colonizing bacterial community and
biofilm matrix composition shift from the early primary struc-
ture to the secondary structure usually seen in nature.

In this simplified conceptual model, the early surface colo-
nizers, such as the Roseobacter clade bacteria (15, 16, 25), are
the initial active utilizers of surface resources during surface
microbiota formation and development (1–3). These bacteria
convert the initial surface-accumulated nutrients and energy
(whose levels may be very low in nature) into biomass and
extracellular products, which may be exploited by the late-
stage microbes for nutrients or microhabitats (63). As the
keystone primary colonizers, the Roseobacter bacteria provide
the important transition of the submerged surfaces from low-
nutrient status (covered with conditioning film) to high-nutri-
ent status (covered with abundant EPS and other biopolymers)
for the succession and maturation of the surface-colonizing
microbial community. The Roseobacter bacteria may also in-
fluence the surface community structure, dynamics, and func-
tion via cell-cell communication and interaction (8, 10, 11, 22,
24, 35, 44–46, 48, 57, 58). Decoding the cellular and ecological
processes of the keystone primary colonizers should signifi-
cantly increase our knowledge of marine biofilm formation,
development, and function.

The current study, along with previous studies, demon-
strated the global importance of the Rhodobacterales group
bacteria in microbial surface colonization and community suc-
cession in coastal environments. The conclusion that the
Rhodobacterales group bacteria are the keystone primary sur-
face colonizers is based on several lines of evidence, including
their abundance, omnipresence, cellular physiology involving
quick reactions to low-level nutrient enrichment (such as the
formation of conditioning films on submerged surfaces), ge-
netic potential for cell-cell communication and interaction,
and ecological and environmental functions, as shown in the
various studies cited in this paper. However, these key primary
surface colonizers have seldom been studied to determine their
roles in surface microbiota structure, dynamics, and function.
Further investigation of how bacteria interact with surfaces
and with one another and what common rules govern the
initial colonization and succession process should help workers
decode biofilm ecology in marine environments and develop
strategies to harness or control the surface-associated micro-
bial communities.
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