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epiphytic bacterial community of the green alga
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Green Ulvacean marine macroalgae are distributed worldwide in coastal tidal and subtidal
ecosystems. As for many living surfaces in the marine environment, little is known concerning
the epiphytic bacterial biofilm communities that inhabit algal surfaces. This study reports on the
largest published libraries of near full-length 16S rRNA genes from a marine algal surface (5293
sequences from six samples) allowing for an in-depth assessment of the diversity and phylogenetic
profile of the bacterial community on a green Ulvacean alga. Large 16S rRNA gene libraries
of surrounding seawater were also used to determine the uniqueness of this bacterial community.
The surface of Ulva australis is dominated by sequences of Alphaproteobacteria and the
Bacteroidetes, especially within the Rhodobacteriaceae, Sphingomonadaceae, Flavobacteriaceae
and Sapropiraceae families. Seawater libraries were also dominated by Alphaproteobacteria and
Bacteroidetes sequences, but were shown to be clearly distinct from U. australis libraries through
the clustering of sequences into operational taxonomic units and Bray–Curtis similarity analysis.
Almost no similarity was observed between these two environments at the species level, and only
minor similarity was observed at levels of sequence clustering representing clades of bacteria
within family and genus taxonomic groups. Variability between libraries of U. australis was relatively
high, and a consistent sub-population of bacterial species was not detected. The competitive lottery
model, originally derived to explain diversity in coral reef fishes, may explain the pattern of
colonization of this algal surface.
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Introduction

Marine macroalgae are ecosystem engineers (Jones
et al., 1994), playing critical roles in the structuring
of coastal communities. Apart from comprising a
major component of primary production, macro-
algae are habitat-defining organisms by altering
sediment matrices and water flow (Alongi, 1998),
offering essential space for epibionts (Fraschetti
et al., 2006) and providing nurseries and protective
environments for many invertebrate species (Wilson
et al., 1990; Haywood et al., 1995; Bulleri et al.,

2002). Indeed, the loss of macroalgal species in
coastal ecosystems has been associated with massive
decreases in biodiversity (Schiel, 2006; Schiel and
Lilley, 2007), highlighting the significance of their
function in coastal marine ecosystems.

The surfaces of marine algae also provide a habitat
for microbial communities (Bolinches et al., 1988;
Jensen et al., 1996; Beleneva and Zhukova, 2006;
Wiese et al., 2009), and while negative associations
such as disease have been observed (Largo et al.,
1999; Vairappan et al., 2001; Wang et al., 2008), the
consistent colonization of healthy algae suggests
that the normal epiphytic microbiota are interacting
with their host in a positive manner. A notable
example of such an interaction is the dependence of
several green algae on the presence of particular
bacteria to develop a normal morphology (Provasoli
and Pintner, 1980; Nakanishi et al., 1996; Matsuo
et al., 2003; Marshall et al., 2006). Algal-associated
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bacteria have also been shown to induce the release
and settlement of algal spores (Joint et al., 2007;
Weinberger et al., 2007), to positively influence algal
growth and provide essential nutrients (Keshtacher-
Liebson et al., 1995; Croft et al., 2006), and to induce
settlement of sea urchin and other larvae (Johnson
and Sutton, 1994; Huggett et al., 2006, 2008).
Examples such as these indicate that an epiphytic
bacterial community is important to the algal host’s
normal function and, by extension, the ecology of
the habitats in which they exist.

Comprehensive assessments of whole bacterial
communities on algal surfaces are relatively rare.
The available data, based on 16S rRNA gene sequen-
cing and denaturing gradient gel electrophoresis
(DGGE) fingerprinting, suggest that algal associated-
communities are specific insofar as they differ from
the surrounding seawater (Staufenberger et al., 2008)
and from other living surfaces (Longford et al., 2007;
Lachnit et al., 2009). Given the current lack of data
and the importance of algae to coastal ecosystems, it
is of great interest to further explore the structure and
dynamics of these bacterial communities to under-
stand the ecology of bacterial algal interactions.

The Ulvacean family of marine green macroalgae
has a cosmopolitan distribution in coastal areas
worldwide (Guiry and Guiry, 2009), and
Ulva australis is found commonly in rocky intertidal
and sub-tidal areas along the coast of Australia
(Womersley, 1984). The surface of U. australis hosts
a diverse bacterial community (Longford et al.,
2007), which is considered to protect the surface of
the alga from fouling (Egan et al., 2000). This study
reports on an in-depth analysis of the bacterial
community of U. australis, and a comparison of this
bacterial community with that of the surrounding
seawater, with the aim of establishing the extent of
specificity in community composition between
these habitats. Large 16S rRNA gene libraries were
constructed from samples of both U. australis
(six samples and 5293 sequences) and local seawater
(10 samples and 10884 sequences) at different time
points and locations within the Sydney coastal area,
representing to our knowledge the largest study of
full-length 16S rRNA gene sequences from an algal
surface. The existence of a proposed stable core
community of species associated with U. australis
across space and time (Tujula et al., 2010) is further
examined here, along with the distinctness of the
community from the surrounding seawater. Finally,
we submit that the interpretation of community
composition and dynamics of large data sets, as
reported in this study, is facilitated by applying a
framework of ecological theory.

Methods

Sample collection, DNA extraction and library
construction
U. australis thalli (individuals) were collected
(wet weight 20 g per sample) from two different

rock pools at Bare Island, La Perouse at low tide in
October 2006 (samples UA1 and UA2: 331590S,
1511130E) and again in February 2007 (samples
UA3 and UA4). Thalli were also collected from
two different rock pools at Shark Point, Clovelly, in
February 2007 (samples UA5 and UA6: 331910S,
1511260E). Bacterial DNA was extracted from the
surface of the algal fronds as described previously
(Burke et al., 2009).

Seawater was collected from Sydney Harbour
(SW1 and SW2: 331500S, 1511150E) and Botany Bay
(SW3 and SW4: 331590S, 1511140E) in January 2005,
and 2 weeks later from Bare Island (SW5 and SW6:
331590S, 1511130E), and Botany Bay (SW7 and SW8).
Seawater was collected again from Bare Island (SW9
and SW10) during October 2006 to coincide with the
initial sampling of U. australis at this site. Two
hundred litres of seawater were collected for each
sample (100 l for SW9 and SW10) from a depth of
2m, and immediately serially filtered through 20, 3,
0.8 and 0.1 mm filters. DNA was extracted from
the 0.1 mm filter as described previously (Shaw
et al., 2008).

16S rRNA gene clone libraries were prepared from
DNA extracted from all samples referred to above.
16S rRNA genes were amplified using modified
primers 27F (50-AGRGTTTGATCMTGGCTCAG-30)
and 1492R (50-TACGGYTACCTTGTT AYGACTT-30)
using previously described conditions (Shaw et al.,
2008). PCR products were cloned into the Zero blunt
TOPO PCR cloning kit (Invitrogen, Carlsbad, CA,
USA) as per the manufacturer’s instructions. Clones
were sequenced from both ends, and forward and
reverse reads were assembled as in Shaw et al.
(2008).

These sequences have been submitted to GenBank
under accession numbers: 2266328848–2266331954,
2266325378–2266328847, 2265156107–2265159780,
2265159781–2265163416, 2265142994–2265146681,
2265139436–2265142993, 2271970954–2271974588,
2271978299–2271982008, 2271963732–2271967349,
2271982009-2271985697, 2271974589–2271978298,
2271967350–2271970953, 2271989381–2271993034,
2271985698–2271989380, 21913998 41–2191402367
and 2191386329–2191389151.

Sequences less than 1200 bp in length were
removed and the remaining sequences aligned using
the SINAweb aligner tool (Pruesse et al., 2007). The
Bellerophon server (Huber et al., 2004) and the
program Mallard (Ashelford et al., 2006) were used
to identify putative chimeras. Only sequences
identified in both programs as being chimeric were
removed from further analysis.

Phylogenetic classification and sequence clustering
For a broad comparison of phylogenetic groups
between planktonic seawater and U. australis
libraries, the Ribosomal Database Project (RDP)
classifier (Cole et al., 2009) was used with default
parameters to classify all sequences. The relative
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abundance of different phyla, family and genus
groups within each library was calculated from
these results.

A total of 16 177 aligned sequences comprising
the 16 libraries were used to generate a similarity
matrix in ARB (Ludwig et al., 2004). Aligned
sequences were clustered by the program Mothur
(Schloss et al., 2009) into operational taxonomic
units (OTUs) using the furthest neighbour method
(that is, any two sequences in one group will have a
maximum defined distance). Cutoffs of 0.03, 0.05
and 0.10 difference were used, broadly representing
species (0.03), larger clades of bacteria expected to
encompass multiple species (0.05) and multiple
genera (0.10), within defined taxonomic groups.
Mothur was used to calculate the Chao 1 richness
estimates at the species (0.03) level of clustering,
and to generate Venn diagrams comparing the
number of overlapping OTUs between seawater
and U. australis libraries.

A matrix in the form of raw counts of sequences
from each library per OTU was manually con-
structed for OTUs at the three different taxonomic
cutoffs from data extracted from the Mothur
analysis. This matrix was analysed using the Primer
v5 software package (Clarke and Gorley, 2001) as
follows: the data were standardized to account for
the different numbers of sequences obtained in each
library and used to generate a Bray–Curtis similarity
matrix, which was then used to generate dendro-
grams using the group average.

Assessment of a core community of bacterial species
Previous work using molecular fingerprinting tech-
niques has indicated the existence of a group of
species that are consistently detected on the surface
of different U. australis individuals (Tujula et al.,
2010), referred to here as a core community.
Normalized matrices were examined manually to
determine which OTUs occurred consistently across
U. australis libraries (that is, at least once in each
sample). OTUs were classified using the RDP
classifier tool, and the level of taxonomic classifica-
tion chosen included at least 99% of all sequences
for a particular OTU. Representative sequences from
each OTU, extracted from Mothur using the get.
oturep command, were compared with DGGE bands
from a previously proposed stable core community
of epiphytic bacteria from the surface of U. australis
(Tujula et al., 2010) via BLAST (Altschul et al.,
1990).

The number of OTUs (at species level, 0.03),
which would be expected to be shared across
U. australis samples by chance, was calculated by
randomly assigning each sequence to a sample,
mapping each sequence back to the OTU it belongs
to, then counting the number of shared OTUs
between samples. An average number of shared
OTUs were calculated from 50 permutations of this
randomization.

Results

Phylogenetic characterization of planktonic seawater
and epiphytic U. australis 16S rRNA gene libraries
The 16S rRNA gene libraries of U. australis
predominantly consisted of sequences from the
Proteobacteria (64.0%) (chiefly the Alphaproteo-
bacteria (54.4%) and Gammaproteobacteria (8.4%)),
Bacteroidetes (27.6%) and Planctomycetes (3.4%);
the numbers represent the average percentage of
sequences across replicates (Figure 1a). At the level of
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Figure 1 Taxonomic affiliations for sequences within U. australis
and seawater 16S rRNA gene libraries. The average percentage
across all U. australis and seawater libraries that were classified
into particular (a) phyla, (b) family and (c) genus taxonomic
groups. Sequences within phyla, family and genus groups, which
represented less than 0.01% of library sequences are not
displayed.
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family, sequences fell within the Rhodobacteraceae
(37.0%) and Sphingomonadaceae (12.5%) (both
Alphaproteobacteria), Flavobacteriaceae (15.0%)
and Saprospiraceae (11.2%) (both Bactero-
idetes) and Planctomycetaceae (3.3%) (Plancto-
mycetes) as illustrated in Figure 1b; the majority
of sequences in the Gammaproteobacteria were
unclassified (6.0%). At the level of genera, illu-
strated in Figure 1c, Sphingopyxis (11.2%), Erythro-
bacter (0.7%), Hyphomonas (1.7%), Loktanella
(2.2%), Sulfitobacter (1.2%) and a large number of
unclassified Rhodobacteriaceae (22.4%) sequences
dominated within the Alphaproteobacteria, and
within the Bacteroidetes, genera such as Maribacter
(1.2%), Muricauda (3.8%), Krokinobacter (4.7%),
Winogradskyella (0.8%), Lewinella (1.3%) and
Haliscomenobacter (4.8%) were prevalent. An aver-
age of 3.8% of sequences in each library were
unclassified Bacteria (Figure 1a).

Seawater libraries were dominated by sequences
from the Proteobacteria (73.9%) (Alphaproteo-
bacteria (55.8%), Gammaproteobacteria (15.8%),
Betaproteobacteria (1.8%)), Bacteroidetes (12.7%)
and Actinobacteria (1.7%) phyla, as seen in
Figure 1a. At the family level, Alphaproteobacteria
sequences consisted of unclassified Rhizobiales
(14.5%), Rhodobacteraceae (8.7%) and unclassified
Alphaproteobacteria (29.7%), whereas the majority
of the Bacteroidetes sequences were from the
families Flavobacteriaceae (9.5%) and Cryomorpha-
ceae (1.4%) (Figure 1b). Gammaproteobacteria
sequences were again predominantly unclassified
(12.5%), whereas Betaproteobacteria sequences
mostly derived from the Methylophillus genera
(1.4%). The majority of sequences from seawater
libraries were not able to be classified to the genus
level with the RDP classifier tool (76.7%), and an
average 10% of sequences in each library were
unclassified Bacteria (Figure 1a).

Clustering of sequences into OTUs and richness
estimation
After removing short and chimeric sequences, the
number of sequences in each library ranged from
575 to 1382 (Table 1). Mothur analysis revealed a
total of 1061 OTUs across all samples at a cutoff of
0.03; 746 OTUs at 0.05; and 353 OTUs at 0.10
difference (Table 1). The number of OTUs at species
level (0.03) in individual libraries are listed in
Table 1, along with the Chao 1 richness estimate,
which ranged from 122 to 642 OTU’s per sample.

At species level (0.03), the majority of sequences
fell into a relatively small number of OTUs, with
70–80% of sequences comprising the 30 most
abundant OTUs within each library (data not
shown). Rarefaction data calculated in Mothur
indicated that the number of OTUs detected was
steadily increasing with the number of sequences
sampled (Figure 2).

Differences between epiphytic U. australis and
planktonic seawater libraries
Very few OTUs were shared between samples of
U. australis and seawater (Figure 3). Venn diagrams
indicate that 1.88% of OTUs at 0.03 cutoff and
3.75% of OTUs at 0.05 cutoff were shared between
seawater and U. australis libraries. Even at a cutoff
of 0.10, U. australis still contained 87.54% of OTUs,
which were distinct from those in the seawater
libraries.

Differences between libraries were also assessed
by generating dendrograms from Bray–Curtis
similarity matrices, which take into account the
abundance of sequences in each OTU (Clarke and
Gorley, 2006). The resulting plots for matrices
generated from OTUs at (a) 0.03, (b) 0.05 and
(c) 0.10 cutoffs are shown in Figure 4. At a 0.03
cutoff or species level, there was almost zero
similarity between seawater and U. australis
libraries, which form distinct clusters. Seawater
libraries were approximately 50% similar to each

Table 1 Number of sequences analysed, OTUs at 0.03 cutoff, and
Chao 1 OTU richness estimates for each 16S rRNA gene library

Sample Sequences OTUs at 0.03 Chao 1

SW1 1148 93 122
SW2 1382 107 152
SW3 1120 132 161
SW4 1179 134 180
SW5 1031 177 471
SW6 972 143 445
SW7 972 111 167
SW8 1279 112 177
SW9 856 140 642
SW10 945 184 489
UA1 790 116 242
UA2 1052 135 210
UA3 957 181 451
UA4 884 124 225
UA5 575 117 236
UA6 1035 170 250

Abbreviation: OTU, operational taxonomic units
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other, whereas U. australis libraries exhibited a
lower degree of similarity with approximately 15%
similarity across all libraries. For dendrograms in
Figures 3b and c, depicting OTUs clustered at 0.05
and 0.10 cutoffs, the same overall trend was
observed. U. australis and seawater libraries formed
distinct clusters with less than 1% similarity at 0.05
cutoff and less than 10% similarity at 0.10 cutoff.

The level of similarity between U. australis
samples increased to approximately 19% at 0.05
and 30% similarity at 0.10 cutoff. Seawater libraries
exhibited a higher degree of similarity to each other,
with approximately 55% and 65% overall similarity
at 0.05 and 0.10 cutoffs, respectively.

Is there a core community of epiphytic bacteria
on U. australis?
Species (0.03 cutoff) level OTUs present in all
U. australis libraries were identified and are listed
in Table 2. Remarkably, only six OTUs were
consistently present across the six samples, from
the 528 total OTUs characterized from U. australis.
These included one from the Bacteroidetes (Lewi-
nella sp.) and five from the Alphaproteobacteria
(four unclassified Rhodobacteraceae sp. and an
Eyrthrobacter sp.). These OTUs accounted for an
average of 15.6% (s.d.±10.96) of sequences from
each library. The large standard deviation reflects
the substantial variation in the number of sequences
in each OTU from each U. australis library (Table 2).
The number of OTUs at species level (0.03), which
would be expected by chance alone to be shared
across all U. australis samples, was 76 (s.d.±3), an
order of magnitude above what was observed.

In contrast, the seawater libraries contained
21 species level OTUs, which were present in every
sample, and these accounted for an average of 66.7%
(s.d±9.6) of sequences from each library. A neigh-
bour joining tree of representative OTU and ubiqui-
tous bacterioplankton clade sequences built in ARB
(Ludwig et al., 2004) (data not shown) showed that
these OTUs cluster with the ubiquitous SAR11 clade
(OTUs 1, 4 and 5), the SAR116 clade (OTUs 6, 11,
12, 14, 19 and 20) and the SAR86 clade (OTUs 3, 7, 9
and 16). Other OTUs were classified as belonging
to the Flavobacteriaceae family (OTUs 8, 13, 17, 18
and 21) the Deltaproteobacteria class (OTU 15) and
the Actinobacteria phylum (OTUs 2 and 10).

Four DGGE sequences proposed to be part of a
stable core community of bacteria on U. australis in a
previous study (Tujula et al., 2010) were compared
with sequences from each OTU consistently detected
in the U. australis libraries. None of the DGGE
sequences had high sequence identity (497%) to
the OTUs present in all libraries reported here.

Discussion

Living surfaces in the marine environment are hosts
to microbial biofilm communities, members of
which have been shown to positively affect both
the health and normal function of their hosts
(Nakanishi et al., 1996; Lee et al., 2001; Lesser
et al., 2004; Marshall et al., 2006; Rosenberg et al.,
2007). Rather than a random association, increasing
evidence suggests that such microbial epiphytic
communities are specific to their living hosts
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(Taylor et al., 2005; Yakimov et al., 2006; Longford
et al., 2007; Reis et al., 2009). Such specificity has
profound implications for predictions of microbial
diversity in the marine environment (Taylor et al.,
2004; Longford et al., 2007; Egan et al., 2008),
and highlights the importance of investigating such
host-associated communities.

Macroalgae are living hosts, performing essential
and defining roles in coastal ecosystems (Alongi,
1998; Bulleri et al., 2002; Schiel and Lilley, 2007).
However, studies concerning their associated
epiphytic bacterial communities are scarce. One
example is a recent report on U. australis, which
was found to have a variable bacterial epiphytic
community, but with a stable core community as
assessed by consistently occurring DGGE bands
(Tujula et al., 2010). However, given the limitations
of DGGE (Muyzer et al., 1993), in order to compre-
hensively address the diversity, variability and
uniqueness of the bacterial community on this
Ulvacean alga, large 16S rRNA gene libraries of near
full-length sequences from multiple samples of
U. australis across space and time were analysed
here, representing the most comprehensive assess-
ment of a macroalgal-associated bacterial commu-
nity to date. The use of a large number of sequences
(5293 from U. australis, 10 884 from seawater)
allowed for the identification of many rare as well
as abundant OTUs within both U. australis and
seawater bacterial communities. This approach is
important considering recent evidence that rare
phylotypes constitute the majority of diversity in
the marine environment (Sogin et al., 2006). The
use of near full-length sequences has additionally
allowed for a high taxonomic resolution of each
library.

Phylogenetic makeup of U. australis and seawater
communities
In support of recent studies of surface-associated
bacterial communities on sponge and macroalgae
(Longford et al., 2007), U. australis and seawater
communities were similar at the level of phyla with
libraries from both environments dominated by

Proteobacteria- (predominantly Alphaproteobacteria)
and Bacteroidetes-affiliated sequences.

U. australis libraries were characterized by
sequences from the Rhodobacteraceae, Sphingo-
monadaceae (Alphaproteobacteria), Flavobacteria-
ceae and Saprospiraceae (Bacteroidetes) families,
and included sequences from the Planctomyceta-
ceae (Planctomycetes) and unclassified Gammapro-
teobacteria. These observations are in broad
agreement with the relatively limited data on marine
algal-associated bacterial communities. The epiphy-
tic bacterial community of the brown alga Laminaria
saccharina was found to be comprised of unclassi-
fied Gammaproteobacteria, Flavobacteriaceae and
Rhodobacteriaceae sequences (Staufenberger et al.,
2008), whereas the red alga Delisea pulchra hosts
members of the Rhodobacteraceae, Sphingomona-
daceae, Flavobacteriaceae, Planctomycetaceae
and unclassified Gammaproteobacteria (Longford
et al., 2007). Macrophytes in brackish lakes show a
similar community profile (Hempel et al., 2008) and
seagrasses have also been found to be associated
with a high proportion of Alpha-, Gamma- and
Betaproteobacteria, and to a lesser extent with
Bacteroidetes (Weidner et al., 2000; Uku et al.,
2007). Thus, bacteria within these high-level taxo-
nomic groups may be important associates of algae
and marine plants in general.

The phylogenetic affiliations of sequences from
the seawater libraries also agree broadly with
published studies of coastal prokaryotic planktonic
communities (Rappe et al., 2000; Rusch et al., 2007),
being dominated by Alphaproteobacteria, Gamma-
proteobacteria, Bacteroidetes, Actinobacteria and
Betaproteobacteria, although Cyanobacteria and
Firmicutes are in notably lower abundance here.
Many of the seawater sequences were unable to be
classified to family or genus level, which is most
likely due to these sequences falling into dominant
planktonic clades, which are not included in the RDP
classification scheme, such as SAR11 (Giovannoni
et al., 1990), SAR116 (Mullins et al., 1995) and
SAR86 (Fuhrman et al., 1993). This assumption
is supported by observations of sequences from
the most abundant seawater library OTUs in

Table 2 OTUs at species level (0.03), which were found in all U. australis libraries

OTU Classification No. of sequences in OTU

UA1 UA2 UA3 UA4 UA5 UA6

8 Rhodobacteraceae sp. 1 (0.12%) 54 (5.13%) 231 (24.44%) 50 (5.66%) 3 (0.52%) 54 (5.22%)
12 Alphaproteobacteria sp. 26 (3.29%) 20 (1.90%) 26 (2.75%) 3 (0.34%) 12 (2.09%) 104 (10.05%)
23 Rhodobacteraceae sp. 12 (1.52%) 14 (1.33%) 26 (2.75%) 7 (0.79%) 17 (2.96%) 31 (3.00%)
24 Rhodobacteraceae sp. 3 (0.38%) 5 (0.48%) 12 (1.27%) 1 (0.11%) 2 (0.53%) 80 (7.73%)
45 Saprospiraceae sp. 8 (1.01%) 31 (2.95%) 5 (0.53%) 6 (0.68%) 6 (1.04) 3 (0.29%)
97 Erythrobacter sp. 8 (1.01%) 5 (0.47%) 4 (0.42%) 4 (0.45%) 1 (0.17%) 3 (0.29%)

Abbreviations: OTU, operational taxonomic units; RDP, Ribosomal Database Project.
Phylogenetic classification was determined by RDP classifier tool, and the number of sequences per OTU and the percentage of total sequences for
each library are also displayed.
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phylogenetic trees, which cluster with published
sequences from these clades (data not shown).

U. australis and seawater communities are
phylogenetically distinct
Although the seawater and U. australis communities
have similarities at the level of phyla, the two
bacterial communities are strikingly distinct at
lower taxonomic levels, as measured by Bray–Curtis
similarity and clustering analyses. At the level of
species (0.03), communities from the two environ-
ments are almost completely dissimilar to one
another with close to zero similarity between
libraries from the two environments when the
abundance of sequences in each OTU are considered
(Figure 4a) and less than 2% of the total OTUs
(1061) occurring in both seawater and U. australis
libraries (Figure 3). This is a surprising result,
considering that U. australis is for the most part
immersed in the surrounding seawater from which
these samples were taken. Even more surprising is
the level of distinctness observed between the
communities at higher levels of sequence clustering,
which represent large clades of bacteria within
defined taxonomic groups. As the maximum dis-
tance between individuals within an OTU increased
to 0.05 and 0.10, these communities remained
largely disparate. There was less than 1% and 11%
similarity across all libraries, respectively (Figures
4b and c), and the vast majority of OTUs occurred
exclusively in one environment or the other
(Figure 3). Thus, even at large evolutionary
distances, it appears that the bacterial community of
U. australis is essentially distinct from that of the
surrounding seawater, representing a divergent and
specific algal-associated community.

Differences in community composition may be
due to physical differences between these two
environments. Seawater has relatively low nutrient
concentrations, whereas living surfaces such as alga
exude organic carbon and nutrients (Pregnall, 1983).
Bacteria in the seawater must protect themselves
from damaging ultraviolet radiation and predation,
whereas microbial communities on living surfaces
form biofilm structures, shielding them from envir-
onmental stress. In addition, living surfaces have
particular physical and chemical properties such
as morphology (Morrow and Carpenter, 2008) and
inhibitory compounds (Steinberg et al., 1997; Kim
et al., 2007; Kandhasamy and Arunachalam, 2008),
which may act as selective forces on the structure
of the bacterial community (Egan et al., 2008;
Lam et al., 2008).

The observation that a large number of the OTUs
present on the surface of U. australis were not
detected in the surrounding seawater raises obvious
questions as to the origin of these bacteria in the
environment before they colonize the surface of
U. australis. Given richness estimates, these bacteria
may be present in the seawater, but below the level

of detection, despite the depth of sequencing
employed in this work. Alternatively, bacteria may
be adapted to a surface-associated lifestyle and
attach to small particles or other surfaces in the
marine environment, and as such would not have
been included in the sampling of the planktonic
seawater bacterial community.

Variability within the U. australis community
On the basis of previous studies, the fact that
algal-associated communities were distinct from
the surrounding seawater was not completely
unexpected. However, the large degree of variability
among the U. australis libraries was also striking,
with the average level of similarity (when the
abundance of sequences is considered) less than
20% at the species level (Figure 4a). A recent study
of temporal variation on U. australis also found that
DGGE community profiles from replicate plants
shared a minimum 60% of bands (Tujula et al.,
2010). The higher degree of variability observed here
is most likely due to the deeper level of sequencing,
which has identified many rare OTUs unlikely to be
detected by DGGE.

Variability at the species level appears to be an
emerging feature of complex host-associated micro-
bial communities in general. For example, the
human microbiome project has found high varia-
bility at the level of species between human hosts,
failing to detect a single species that is present
across all human hosts examined (Hamady and
Knight, 2009). A more recent study has detected
shared species among human hosts, although the
abundance of these species varies considerably
(Qin et al., 2010). A study of sponges around San
Juan Island in the northwestern United States of
America showed that bacterial communities could
vary considerably for the same species of sponge at
different sites (Lee et al., 2009), and a study of the
brown alga L. saccharina found that while there
were strong similarities at higher taxonomic levels,
no individual species were consistently found on
the algal surface (Staufenberger et al., 2008). The
feature of similarities at higher level taxa, such as
phyla and class, was also observed in this study and
in the human microbiome (Trosvik et al., 2009;
Turnbaugh and Gordon, 2009), although the
significance of this observation is not clear, as
higher level taxonomic groups often encompass a
wide variety of functional capabilities (Ettema and
Andersson, 2009). The congruence between these
human studies and marine systems may reveal an
emerging principle of host-associated, complex
microbial communities.

Lack of a core community of bacterial species on
U. australis
In a previous study of the U. australis epiphytic
bacterial community, it was proposed that while the
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community is variable, there is a core community of
species that are found consistently on the algal
surface (Tujula et al., 2010). A small number of
OTUs (six) were detected in all U. australis libraries,
although the abundance of sequences within each
OTU varied widely (Table 2). Although they corre-
spond to the same broad groups (phyla and families)
identified as important in our previous study, none
of the consistently detected OTUs from this study
had 97% similarity or more to DGGE sequences,
which previously appeared to comprise the core
community of bacterial species. This discrepancy
may be due to the different techniques employed; in
the previous study, different primers for a fragment
(around 560 bp) of the 16S rRNA gene were used,
as compared to almost full-length sequences here
(at least 1200 bp). In addition, different DNA extrac-
tion methods were employed in the two studies,
although these have been shown to give no
significant difference in community composition
when applied to U. australis (Burke et al., 2009).
The most obvious difference between the previous
study and this one is the amount of data that was
generated and analysed, highlighting the increased
resolving power that comes with deeper sequencing
of environmental microbial communities (Sogin
et al., 2006). On the basis of the data presented here,
there does not appear to be a consistent core
community of bacterial species colonizing the surface
of U. australis, suggesting that a large number of
bacterial species are able to colonize this algal surface.

Functional redundancy and the lottery hypothesis
The high variability of community membership
between different samples of U. australis suggests
that functional redundancy exists within this
community. This conclusion is consistent with the
redundancy hypothesis (Naeem, 1998), which
assumes that more than one species is capable
of performing a specific role within an ecosystem,
conferring ecosystem functions a degree of resili-
ence to disturbance. Although originally proposed
for communities of macroorganisms, this hypothesis
has been tested and supported for microbial com-
munities both in laboratory microcosms (Bell et al.,
2005; Leflaive et al., 2008) and in situ soil commu-
nities (Yin et al., 2000; Persiani et al., 2008).
Functional redundancy has also been shown in
algal-associated bacterial communities, in which
bacteria from a range of taxa within the community
were shown to be able to induce normal thallus
morphology on the green alga Ulva linza (Marshall
et al., 2006). Although functional redundancy may
account for the variability observed within the
U. australis bacterial community, on its own, it
does not account for the striking differences
observed between this algal-associated community
and the planktonic community of the surrounding
seawater. These two communities are clearly dis-
tinct, even when considering OTUs with large

phylogenetic distances (0.05 and 0.10). This sug-
gests that there are selective mechanisms in place,
which determine the assemblage of species that
exist in one environment or the other. How can these
observations of both selectiveness and variability be
reconciled?

The lottery hypothesis (Sale, 1976), developed to
explain the coexistence of reef fish species that
occupy the same niche, fits the observations
described here. This hypothesis asserts that species
with similar trophic abilities will occupy space
within an ecosystem based on stochastic recruit-
ment. That is, within a group of species with similar
ecologies, whoever gets there first wins the lottery
for space (Kelley, 1989; Munday, 2004). Thus,
groups of similar species will only occupy a new
niche if it is empty or vacated by another species.

The lottery hypothesis bears resemblance to
Hubbell’s neutral theory, a model of community
assembly that departs from the traditional niche-
based view by assuming that trophically similar
species are ecologically equivalent (Hubbell, 2001),
and that the composition of communities at a local
scale is influenced only by random immigration,
birth and death events (Woodcock et al., 2007).
Neutral models have been shown to accurately
predict species distribution curves for both tropical
tree communities (Hubbell, 2005) and those of coral
reefs (Volkov et al., 2007). Neutral models of
community assembly have also been applied to
bacterial communities, with similarly accurate pre-
dictive power with respect to species abundance
distributions (Sloan et al., 2006, 2007; Woodcock
et al., 2007). Although the existence of niche
differences between different species is not disputed
by these authors, they propose a larger role for
stochastic processes in the assembly of ecological
communities than has previously been argued.

Neutral models and the lottery hypothesis
both work on the assumption of ecological
equivalence, and the neutral model assumes this
broadly. In contrast, the lottery hypothesis makes
this assumption for defined groups of species
sharing a particular niche (for example, Ulva vs
seawater) or functional aspect. In the case of
U. australis, this model would assert that there is a
guild of bacteria that all possess the necessary
metabolic abilities to colonize the various niches
on the algal surface. By definition within this guild,
there is functional redundancy and whichever
species from the guild happen to encounter and
occupy the surface first are those that will colonize
it. This would account for the variability observed
between U. australis samples. Species from the
U. australis guild may not be adapted to survive and
flourish planktonically, which could explain why
bacterial species found on the surface of U. australis
are rarely found in the surrounding seawater. One
implication of the lottery hypothesis for this system
is that the total species pool or guild that is capable
of colonizing the U. australis surface is very large,
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much larger than that observed here. The number of
observed species shared among all algal samples
was six, an order of magnitude lower than that
expected by chance (76) from randomly assigning
observed sequences in this data set to the six Ulva
samples. Given that the lottery hypothesis was
originally conceived for communities in which
guild size was some dozens of species of fish, it
will be interesting to see if this hypothesis can also
apply to guilds that potentially contain thousands of
species of bacteria. Furthermore, it would be of great
interest to know whether the ‘guild’ of bacteria
observed here is specific to U. australis, to algae, or
is simply indicative of a surface-associated lifestyle,
and this can only be ascertained by comparing the
communities of other algal, living and inanimate
surfaces, and a variety of non-surface-associated
bacterial communities.
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