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The principles underlying the assembly and structure of complex
microbial communities are an issue of long-standing concern to the
field of microbial ecology. We previously analyzed the community
membership of bacterial communities associated with the green
macroalgaUlva australis, and proposed a competitive lotterymodel
for colonization of the algal surface in an attempt to explain the
surprising lack of similarity in species composition across different
algal samples. Here we extend the previous study by investigating
the link between community structure and function in these com-
munities, using metagenomic sequence analysis. Despite the high
phylogenetic variability in microbial species composition on differ-
ent U. australis (only 15% similarity between samples), similarity in
functional composition was high (70%), and a core of functional
genes present across all algal-associated communities was identi-
fied that were consistent with the ecology of surface- and host-
associated bacteria. These functions were distributedwidely across
a variety of taxa or phylogenetic groups. This observation of simi-
larity in habitat (niche) usewith respect to functional genes, but not
species, together with the relative ease with which bacteria share
geneticmaterial, suggests that the key level atwhich to address the
assembly and structure of bacterial communities may not be “spe-
cies” (by means of rRNA taxonomy), but rather the more functional
level of genes.
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Metagenomic analysis of environmental microbial commu-
nities has revealed an enormous and previously unknown

microbial diversity, and expanded our knowledge of their func-
tion in a variety of environments (1–5). Much still remains un-
known, however, such as the principles underlying the assembly
and structure of complex microbial communities, an issue of
long-standing concern to the field of microbial ecology. To this
aim, several recent studies have supported the “neutral hypoth-
esis” (6–8), a largely stochastic model for community assembly,
which assumes that species are ecologically equivalent and that
community structure is determined by random processes (9, 10).
However, there is also evidence that niche or deterministic
processes play a role in community structure (11, 12); thus, both
niche and neutral processes are likely to affect the assembly of
complex microbial communities.
Support for these models is based on species abundance dis-

tributions, and critical functional aspects, such as the assumption
of ecological equivalence, have for the most part not been tested.
In this study, we examine the encoded functions of an algal-
associated bacterial community and link patterns of function to
patterns of community assembly. Following the results of an
earlier study (13), we investigate these communities in the con-
text of the lottery hypothesis, a model for community “assembly”
derived from studies of eukaryotic communities, such as coral
reef fish (14). This hypothesis incorporates both neutral and
functional aspects and argues that ecological niches are colo-
nized randomly from a pool of species with similar ecological
function that can coexist in that niche (14, 15). Available space
within that niche is colonized by whichever suitable species

happens to arrive there first, meaning that colonization of space
is random from within a functionally equivalent group of species.
In the context of a bacterial community, this model implies that
there are guilds of bacterial species, whose members are func-
tionally equivalent with respect to their ability to colonize
a particular niche (e.g., the surface of the seaweed Ulva aus-
tralis), but that the composition of species in any particular
community (e.g., a single U. australis individual) is determined
stochastically by recruitment from within those guilds. Impor-
tantly, members of a guild can be phylogenetically related or
unrelated. If this model is correct, different species from within
these guilds should share functional traits, and a core suite of
functional genes should be consistently present in all communi-
ties of a particular habitat, independent of the taxonomic or
phylogenetic composition of its species.
In an earlier study (13) we characterized the bacterial phylo-

genetic diversity of seawater and U. australis, a member of
a common green algal family often found in tidal rock pools or
shelves around the world. We found that algal-associated com-
munities were highly distinct from the surrounding seawater
communities, but were also highly variable among individual algal
samples, with only six operational taxonomic units (of a total of
528) at a 97% sequence identity cut-off occurring on all samples
(13). This finding means that each U. australis sample hosts
a unique assemblage of species (as defined by 97% 16S rRNA
similarity). Given that the recruitment of new community mem-
bers onto U. australis is most likely to come from the seawater,
these results are somewhat contradictory with respect to dominant
models of community assembly: the differences between seawater
and algal communities imply selective mechanisms of assembly on
the algal surface (niche partitioning), and the high variability be-
tween algal hosts is consistent with random colonization (e.g.,
neutral processes).
Here, we analyze the metagenomes of these communities to

show that the algal-associated bacterial communities are func-
tionally distinct from seawater communities, but contain a core
of functional genes, which are represented across all algal sam-
ples. These functions are consistent with the ecology of surface-
and host-associated bacteria, and importantly are distributed
across a variety of taxa in individual communities, indicating
functional redundancy across taxa. This mix of functional and
random processes is consistent with the predictions of the com-
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petitive lottery model for the assembly of complex microbial
communities. Moreover, this functional (niche) partitioning with
respect to genes, but not phylogeny, in these assemblages high-
lights the potential difficulty in using bacterial species to test
hypotheses derived from eukaryotic ecology, which focus on
species as the critical unit. Given the relative ease with which
bacteria share genetic material, the key level at which to address
the assembly of these bacterial communities may not be species,
but rather the more functional level of genes or gene clusters.

Results and Discussion
Algal-Associated Bacterial Communities Encode a Distinct Functional
Profile. We generated over 681 Mbp of metagenomic shotgun
sequencing data from six algal (UA1–UA6) and eight seawater
samples (SW3–SW10) (seeMaterials and Methods and Table S1).
Environmental parameters were similar for each sample (see
Materials and Methods and Table S2) and we found no evidence
for increased viral or eukaryotic DNA between algal samples,
indicating that these groups were a minor part of the microbial
community at the time of sampling. Chao 1 estimates showed very
similar levels of bacterial species diversity (ranging from 225 to
451) for the six algal communities (13). U. australis specimens
were in the same developmental stage (i.e., fully matured) and the
simple, two-cell layer alga is depauperate in bioactives found in
many other algae, making it an ideal choice to minimize effects of
host variability. Overall, these observations led us to the conclu-
sion that bacterial communities on the U. australis samples col-
lected existed under similar broad ecological conditions.
Sequencing data were used to create functional community

profiles for each sample based on Clusters of Orthologous Groups
(COG) (16) and SEED (17) annotations (details in Table S1).
This process revealed that the algal-associated communities were
functionally distinct from those in the surrounding seawater.
Multidimensional scaling (MDS) plots show that the U. australis
samples clustered together, and separately from seawater samples
(Fig. 1A), and permutational multivariate analysis of variance
(PERMANOVA) indicates that this difference is significant (P=
0.001). This distinctiveness was quantitative and multivariate,

rather than qualitative, and there were few functions that were
consistently present in one environment and consistently absent in
the other. As such, the differences between the two environments
lie predominantly in the relative abundance of particular func-
tions as defined by COG and SEED annotations. Variation was
also observed among seawater orU. australis samples, but this was
primarily seen for those samples with the least (order-of-magni-
tude less) sequence data. When these samples were removed, the
remaining algal samples still clustered together quite tightly (Fig.
1B). Bray-Curtis similarity shows that on average there was 15%
similarity in species composition across samples (13), compared
with 70% similarity in functional composition (COGs), indicating
that despite large differences in species composition between
hosts [as detected in our previous study (13)], many encoded
functions are shared.

Functional Core in U. australis-Associated Bacterial Communities. We
observed a set of COG and SEED functions that contributed
strongly to the difference between the two community types (Fig.
S1 and SI Materials and Methods), and that were consistently
abundant across U. australis samples. These were defined as the
core functions of theU. australis associated bacterial communities
(Fig. 2). These functions fit well with the current understanding of
the ecology of an algal- or surface-associated bacterial community
and could mostly be grouped into broader categories (Table S3)
and are summarized here.
Detection and movement toward the host surface. Proteins associated
with chemotaxis and flagellum-mediated motility were consis-
tently abundant in the U. australis community, and are likely to
be important for the detection and movement toward the algal
host surface during colonization. Chemotaxis is essential for the
development and maintenance of symbiotic, surface associations,
as for example in symbiotic Rhizobium sp., which are chemo-
tactically attracted to the flavenoids that induce the nodulation
genes necessary for nitrogen fixation in the host plant (18).
Flagella-mediated motility is also important for biofilm forma-
tion in a range of bacteria (19–22).
Attachment and biofilm formation. An array of proteins functionally
assigned to attachment and biofilm formation were overrepre-
sented across U. australis samples. Functions include homologs of
the OmpA protein (COG2197), which is required for adhesion to
both mammalian and fish epithelial cells in a range of Proteobac-
teria (23, 24), Listeria internalin-like proteins, which enhance at-
tachment and biofilm formation (25, 26), and the widespread
colonization island, which is essential for biofilm formation, col-
onization, and pathogenesis in a range of bacteria (27). Proteins
related to the production and excretion of galactoglycan, or exo-
polysaccharide II, were more abundant in the U. australis com-
munity, and apart from forming part of the biofilm matrix, is also
essential for the establishment and maintenance of symbiosis in
several Rhizobium strains (28–32). GGDEF and EAL domain
proteins, which are involved in the production and degradation,
respectively, of bis-(3′-5′)-cyclic dimeric GMP (cyclic-di-GMP),
were also detected at a higher abundance (33, 34). Cyclic-di-GMP
is an important secondary messenger, regulating the transition
from amotile planktonic to a surface-associated biofilm lifestyle in
a range of bacteria (34, 35), for example by up-regulating the
production of adhesins and biofilmmatrix components (36–39) or
downregulating motility genes (34).
Genes encoding for Cbb3-type cytochrome c oxidases, which

have a high affinity for oxygen and are associated with micro-
aerobic metabolism in oxygen-limited environments (40), were
overrepresented, as well as the function of nitrite and nitrate
ammonification, considered the highest energy-yielding respira-
tion systems after oxygen has been depleted (41). The higher
abundance of proteins assigned these functions may be related to
survival in biofilms, which are known to be spatially heteroge-
neous, containing pockets of low or no oxygen in some areas (42).
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Fig. 1. MDS plots based on Bray-Curtis similarity of functional gene profiles
based on COG and SEED annotations of U. australis and planktonic seawater
metagenomes. (A) MDS plots for all samples, including UA4, UA6, SW4, SW6,
SW8, and SW10, which contained an order-of-magnitude less sequencing
than the remaining samples. (B) MDS plots with low coverage samples re-
moved. Samples from each of the respective environments cluster together
based on their functional profile.

2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1101591108 Burke et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1101591108/-/DCSupplemental/pnas.201101591SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1101591108/-/DCSupplemental/pnas.201101591SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1101591108/-/DCSupplemental/pnas.201101591SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1101591108/-/DCSupplemental/pnas.201101591SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1101591108/-/DCSupplemental/pnas.201101591SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1101591108/-/DCSupplemental/pnas.201101591SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1101591108/-/DCSupplemental/pnas.201101591SI.pdf?targetid=nameddest=ST3
www.pnas.org/cgi/doi/10.1073/pnas.1101591108


Response to the algal host environment. Some of the overrepresented
functions can be related directly to U. australis’ surface envi-
ronment. For example, proteins associated with the metabolism
of water-soluble polysaccharides produced by Ulva sp., such as
rhamnose, xylose, glucose, mannose, and galactose (43), would
enable bacteria to use these sugars as a source of carbon and
energy and, hence, gain a competitive advantage in colonizing
the host surface. Proteins associated with heat and osmotic stress
(e.g., COG0668: small conductance mechanosensitive channel)
(44–46) may be related to the desiccation of U. australis fronds,
which occur in their intertidal habitats at low tide. Macroalgae
also defend themselves against bacteria and herbivores by the
release of reactive oxygen species, an oxidative burst (47), and
the overrepresentation of proteins controlling oxidative stress
might represent a protective mechanism for the surface com-
munity. Finally, Ulva sp. is known to take up and store heavy
metals (48), and the overrepresentation of proteins associated
with the export of heavy metals could thus be related to the
presence of heavy metals in the algal host.
Regulation in response to environmental stimuli. Some of the most
overrepresented functions found in the microbial community of
U. australis involve regulatory mechanisms in response to envi-
ronmental stimuli. The high proportion of environmental signal
transducers and transcriptional regulators could be indicative of
the need to respond to changes in the host environment (e.g.,
osmotic; see above), to control the complex steps of colonization
or biofilm formation and to mediate the interactions with other
community members. For example, there are many homologs of
COG0642 (histidine kinase), members of which are known to be
involved in osmoregulation (49), multidrug export (50), sporu-
lation (51), nitrate reduction (52), cell differentiation (53), and
plant virulence (54). Also overrepresented is COG0583 (tran-
scriptional regulator), which contains proteins that regulate
transcription in response to plant exudates (55), virulence, mo-
tility, and quorum sensing (56). There are many examples of
plants and their metabolites affecting gene regulation of associ-
ated bacteria (57–61), and it is likely that such regulators play an

important part in mediating interactions between U. australis and
the surface community.
Lateral gene transfer. Type IV secretion system (T4SS), trans-
posases, and intron-associated genes were overrepresented in
U. australis samples. These functions are associated with lateral
gene transfer, a source of dynamic genomic change that allows
for rapid ecological adaptation (62), and which would provide
a broad mechanism for facilitating the functional similarity of
phylogenetically distinct bacteria on the surface of U. australis
(see below). Biofilms are ideal environments for lateral gene
transfer (63), and an abundance of transposases has been noted
in other biofilm communities (64). A recent survey of the trans-
posase families in different taxa suggested that transposases are
most often transferred to other organisms within the same
habitat and can be shared by distantly related taxa (65), and
COG2801 (putative transposase) is a potential source of shared
functional traits among different taxa in the U. australis bacterial
community. Although T4SSs are also often associated with vir-
ulent host/bacterium interactions (66), this system can also me-
diate symbiotic interactions (67). For example, Mesorhizobium
loti R7A encodes a “symbiosis island,” containing a T4SS ho-
mologous to the Vir pilus from Agrobacterium tumefaciens. It is
believed that this T4SS transfers effector proteins into host plant
cells (68). Although speculative, it is plausible that T4SS could
be used by the bacterial community of U. australis to mediate
symbiotic interactions, such as the transfer of compounds in-
ducing correct morphology of the alga (69).
Defense. Genes related to defense include multidrug transport, re-
striction modification systems, nonribosomal peptide synthase
modules, and ABC transporters, which have reported links with
virulence (70, 71), and are also abundant in the algal surface com-
munity. Algal-associated bacteriamay protect the host by inhibiting
the attachment of other bacteria and biofouling organisms through
the production of secondary metabolites (71). Toxic and antibiotic
compoundsmay be transported out of the cell via homologs ofABC
transporters known to export multiple drugs (72). The presence of
restriction modification systems indicates a need to minimize
transduction or transformation, or to only allow for genetic ex-

Fig. 2. COG (A) and SEED subsystems (B), which comprise the characteristic functions of the U. australis community, by comparison with planktonic seawater,
with SD across the six algal and eight seawater samples analyzed. COGs and SEED subsystems are presented in the order of their contribution to difference
(highest to lowest, Top to Bottom) as assessed by SIMPER analysis.
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change between bacteria that have similar restriction modification
systems. All these functions can clearly contribute to the mainte-
nance of the structural and genetic integrity and stability of the
surface community, which is of particular importance in a system
that is constantly exposed to a large number of potentially invading
bacteria (e.g., planktonic secondary colonizers).
These functions are all consistent with the ecological role of

the U. australis community and together provide support for the
notion of a specific and stable core metagenome, which is
functionally adapted to life on the alga’s surface.

Colonization of U. australis: Does Taxonomy Reflect Function? In
eukaryotic models of colonization via a competitive lottery,
functional groupings (or “guilds”) often reflect taxonomic
groupings (15, 73–76). Alternatively, there may be taxonomic
redundancy, in which any given function is distributed broadly
across a variety of taxa as opposed to being associated with any
particular taxonomic group. To address this question of taxo-
nomic redundancy, amino acid sequences of proteins assigned to
six functions, which contributed most to the difference between
algal and seawater samples, were analyzed using phylogenetic
tree comparisons in Unifrac (77) and a taxonomic last common
ancestor algorithm (MEGAN) (78) (see Materials and Methods).
A large degree of phylogenetic dissimilarity of the core functions
was exemplified by pairwise comparisons of samples, displaying
between 65% and 97% dissimilarity (Table S4), indicating that
the protein phylogenies for each core function were distinct in
each sample. Unifrac P values indicated that for five core func-
tions, the phylogenetic distribution of proteins between samples
was not significantly different to that expected by chance (P
values were > 0.05). The only exception was the pairwise dis-
similarities of as little as 52% at a P value of 0.03 for COG2801
(putative transposase). Transposases are part of mobile genetic
elements and therefore are likely transferred between members
of the different communities. This finding would make those
communities more similar and the differences appear less ran-
dom with respect to the function of COG2801.
Taxonomic assignment with MEGAN further showed that the

core functions were generally widely distributed across major
bacterial groups present on U. australis, namely the α- and
γ-proteobacteria, Bacteroidetes, and Planctomycetes, suggesting
that a broad range of bacteria possess the ability to carry out
these functions (Figs. S2–S7). At the level of species or genus,
proteins were distributed across a variety of taxa, which differed
from sample to sample, and often a function was assigned to
a species that was present in one sample only (although it should
be noted that proteins are not necessarily from the specific
species assigned, but have high similarity to the homologous
protein from that species). This finding means that protein
functions are derived from distinct lineages that can only be
crudely assigned to very high-level taxa (e.g., phyla) or, when
a low-level assignment (e.g., species/genus) is possible, there is
little overlap between samples. Together the result of the phy-
logenetic and taxonomic analysis of proteins support the asser-
tion that the core functions are not restricted to a particular
taxonomic group. This result also means that different taxa
provide the core functions to the community and that members
from different taxa could form a functional guild.

Structure of Bacterial Communities: Assembly of Functional Genes or
Assembly of Species? Although our samples are taken over a lim-
ited time scale, and thus do not fully accommodate potential
successional or historic changes in these communities, the evi-
dence presented here and in our previous study (13) is most
consistent with a competitive lottery model for community as-
sembly on the surface ofU. australis. Originally proposed for coral
reef fish (15, 73), and subsequently applied to plant (74, 75) and
parasite communities (76), the lottery model combines functional

(niche- or guild-based) and random components as drivers of
community structure. Specifically, species with similar trophic or
other ecological properties are able to occupy the same niche
within an ecosystem, and the particular species that occupies
a particular space is then determined by stochastic recruitment.
This means that within a group of species with similar ecologies,
the “lottery” for space is won by whoever gets there first (15, 79).
In our system, as long as a bacterium has the necessary func-

tional characters (defined here as particular gene functions) to
colonize or grow on U. australis, the specific assemblage of spe-
cies present on any given algal surface is stochastic, determined
by which members of the guild happen to be available to colonize
from the water column when space becomes available. Although
the lottery model was originally proposed for relatively phylo-
genetically narrow groups of organisms (e.g., families of coral
reef fish), we argue here that it also explains community as-
sembly when the species pool spans multiple bacterial phyla.
More broadly and independently of any specific theory of

community assembly, our results imply that genes or gene clus-
ters are as or more important than species for understanding
community assembly in bacterial systems. Dawkins (80) has fa-
mously argued in the context of evolutionary theory that indi-
viduals, and by inference collections of individuals such as
species, are essentially containers for collections of genes. This
approach contrasts with ecological models for community as-
sembly, in which species (or higher taxonomic levels) are the
fundamental metric. Such models are largely drawn from studies
of eukaryotes, and so this species-focused approach is not sur-
prising, given the general assumption of substantial genetic co-
herence within eukaryotic species.
However, the utility of the species concept for bacteria has

been challenged in a number of ways (81–83), ranging from the
level of genetic similarity necessary to define a species, to the
extent (or lack thereof) of the genomic coherence of “species,”
because of the occurrence of substantial genetic exchange among
taxonomically distinct bacteria. Indeed, in our system this fre-
quent genetic exchange was supported by the abundance of
functions for horizontal gene transfer (e.g., type IV secretion and
transposase). We also found that analysis of functional gene
systems revealed a considerable biological pattern that was not
evident by focusing only on patterns of species diversity (13).
Similar observations have been made for the human microbiome
project (84, 85). This finding has at least two implications for
studies of microbial community ecology. First, tests of commu-
nity assembly theory [e.g., neutral theory (8)] using species as the
key parameter may be misleading, because, if function does not
map onto taxonomy, then accumulation or assembly of species
will always appear random. Second, almost all of the theory
currently used to understand patterns of microbial diversity is
derived from eukaryotic ecology. However, our results raise the
general possibility that genes and their functions may be more
useful in testing models of community ecology for bacterial
communities. This may be one important way in which the
ecology of bacteria differs from that of eukaryotes.

Conclusion
This study provides insight into the link between community
structure and function for a complex, algal-associated bacterial
community. This community contains a consistent functional pro-
file, with features related to a host-associated lifestyle, and func-
tional similarities exist within phylogenetically distinct members
from different host individuals. Although the community members
on U. australis contain functional similarities, we do not yet know
whether they form guilds that are specific toU. australis, or whether
they are more generally adapted to other living or inanimate sur-
faces. Nevertheless, our evidence is consistent with community as-
sembly via a competitive lottery mechanism. This model encom-
passes both selective and neutral processes, and could apply to
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other complex host-associated microbial communities, such as the
human microbiome, where a consistent core of functional genes is
detected across hosts (85), but species-level community composi-
tion is highly variable (86). The lack of correspondence between
function (as determined by functional gene systems) and phylogeny
in this system suggests that genes, rather than species, may be the
appropriate parameter for understanding patterns of diversity in
many microbial communities.

Materials and Methods
Sampling. Seawater was collected from Botany Bay (SW3 and SW4: 33°59′S,
151°14′E) on the 3rd of January 2005 and on the 19th of January 2005 from
Bare Island (SW5 and SW6: 33°59′S, 151°13′E) and 200 m away in Botany Bay
(SW7 and SW8). Seawater was collected again from Bare Island (SW9 and
SW10) at the 18th of October 2006 to coincide with the sampling of U.
australis at this site. Two-hundred liters of seawater were collected for each
sample (exception is 100 L each for SW9 and SW10) from a depth of 2 m, and
immediately serially filtered through 20-, 3-, 0.8-, and 0.1-μm filters. U.
australis thalli were collected (wet weight: 20 g per sample) from two dif-
ferent rock pools at Bare Island in October 2006 (UA1 and UA2: 33°59′S, 151°
13′E) and again on the 7th of February 2007 (UA3 and UA4). Thalli were also
collected from two different rock pools ∼9 km away at Shark Point, Clovelly,
on the 7th of February 2007 (UA5 and UA6: 33°91′S, 151°26′E). Sampling was
performed between 10:00 AM and 12:00 PM after outgoing tides to ensure
rock pools were well flushed with the surrounding seawater, and only algae
of the same approximate size were collected to ensure that they were in the
same developmental stage of their life cycle. Water parameters were also
measured (Table S2) and showed similar values across the years. The sam-
pling design and environmental measurements suggest that each sample of
U. australis was subjected to similar environmental conditions.

DNA Sequencing, Assembly, and Annotation. DNA was extracted from the six
algal (UA1–UA6) and eight seawater samples (SW3–SW10), which corre-
spond to samples from ref. 13. Bacterial DNA was extracted from the surface
of the algal fronds as described previously (87), which leaves the algal host
intact and extracts total DNA from the entire surface community. For the
filtered seawater samples, DNA was extracted from the 0.1-μm filter, as
previously described (88).

Large-scale shotgun sequencing was performed and sequences were
quality-filtered, assembled, and annotated (details in SI Materials and Meth-
ods). Each ORF was searched against the COG database (16) and a matrix of
raw counts per COG and per sample was generated. Data were also submitted
to the MG-RAST server (89) in the form of unassembled individual reads.
Matches to the SEED database (17) with an e-value of less than 10−20 and a

minimum alignment length of 100 amino acids were used in amatrix of counts
per SEED subsystem per sample.

Statistical Analysis of Metagenomic Datasets and Core Functions. Matrices of
raw counts of COG and SEED functional annotations per U. australis or sea-
water sample were standardized to account for the unequal sequence cov-
erage between samples. Bray-Curtis similarity matrices were calculated and
used to generate MDS plots. PERMANOVA (90) were carried out to compare
samples from each environment. Similarity percentage analyses (SIMPER) (91)
were carried out to determine the contribution of each COG or SEED sub-
system to similarities within, and difference between, environments. The
PRIMER-6 package was used for all multivariate statistical analysis (92).

The top 50 COG and SEED subsystems which contributed most to the
differences between the two environments (as assessed by SIMPER), were
selected for further analysis. After removal of those, which were not con-
sistently more abundant in the algal dataset, the remaining 36 COG and 38
SEED subsystems were defined as comprising the core functions of the U.
australis bacterial community. These functions were grouped into broader
categories with respect to a surface-associated lifestyle with a living algal
host (see SI Materials and Methods for details).

Assessment of Phylogenetic Similarity and Taxonomic Orgin of Core Functions.
Protein sequences from each U. australis sample for the six COGs, which
contributed most to the difference from seawater libraries, were aligned in
ClustalW 1.83 (93) and maximum likelihood trees were built in RAxML 7.0.4
(94) using 100 bootstraps. Tree files were analyzed with the Unifrac Web-
server (http://bmf2.colorado.edu/unifrac/) (77) to calculate the proportion of
branch length, which is unique or shared in each environment. The un-
weighted algorithm was used as each protein sequence was unique.
Sequences were also compared against the National Center for Bio-
technology Information nonredundant protein database using BLASTP (95)
and analyzed with MEGAN 3.7 (78), which uses a last common ancestor al-
gorithm to assign a likely taxonomic origin to each sequence. The predicted
origins of proteins were compared to determine if particular functions were
associated with particular taxa. Only sequences from samples UA1, UA2,
UA3, and UA5 were used in MEGAN analysis; samples UA4 and UA6 con-
tained fewer than 10 sequences for each function because of the lower
depth of sequence coverage obtained.
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SI Materials and Methods
Samples, DNA Sequencing, and Assembly. Samples of Ulva australis
and seawater were collected as described in Burke et al. (1), and
DNA extracted as described in Burke et al. (2) for alga and in
Rusch et al. (3) for seawater. Clone libraries were produced and
sequenced from environmental DNA samples as described in
Rusch et al. (3). Once samples had passed several quality control
steps, including gel electrophoresis of DNA samples to ensure
adequate size distribution, as well as test-sequencing of a small
proportion of the clone library followed by analysis for potential
clone contaminations (e.g., Escherichia coli DNA), large-scale
sequencing was performed on ABI3730XL sequencers on eight
seawater samples (SW3, SW4, SW5, SW6, SW7, SW8, SW9,
SW10), which correspond to the samples used for preparation of
16S rRNA gene libraries (1), and six U. australis samples (UA1,
UA2, UA3, UA4, UA5, UA6), again corresponding to samples
from Burke et al. (1). Shotgun sequences were assembled as
described in Rusch et al. (3), with the following modifications.
The read fragments were assembled with Celera Assembler
software version 5.1 from the public repository (4). A 12% error
was permitted in the unitigger (utgErrorRate) with 14% error
allowed in the overlapper (ovlErrorRate), consensus (cnsError-
Rate), and scaffolder (cgwErrorRate) module. Seed length
(merSizeOvl) was set to 14. Overlap trimming, extended clear
ranges, and surrogates were turned on. Fragment correction and
bubble popping were turned off.

Annotation of Metagenomic Sequences. To remove any possible
eukaryotic contaminations, such as DNA derived from mito-
chondria, the assembled data were filtered by searching all DNA
fragments against the National Center for Biotechnology In-
formation nucleotide database, using BLASTN. Based on these
search results, sequences were classified into taxonomic groups
using the last common ancestor algorithm in MEGAN (5), with
parameters “min score” set at 30 and “top score” set at 10%.
Manual evaluation confirmed that this procedure effectively re-
moves scaffolds and singletons derived from mitochondrial
DNA. For all samples, the amount of sequencing classified as
“Eukaryotes” was less than 1% of the total assembled nucleo-
tides. All ORFs associated with those putative eukaryotic DNA
fragments were disregarded from the functional comparison.
Scaffolds and singletons were processed with Metagene (6) to

identify ORFs. The algorithm implemented in Metagene is

specifically designed for prokaryotic (i.e., bacterial and archaeal)
gene detection from metagenomic datasets. For functional an-
notation, each ORF was searched against the Clusters of Or-
thologous Groups (COG) (7) database using HMMER version
2.3.2 (8) applying a confidence cutoff of 10−20. The functional
annotation of each ORF was multiplied by the average coverage
of the DNA fragment to estimate the abundance of each func-
tional assignment; a similar strategy was recently used by Tringe
et al. (9). COG hits with an e-value of less than 10−20 were tallied
and placed in a matrix of raw counts per COG per sample.
Each shotgun sequencing dataset was also submitted to the

MG-RAST server (10) in the form of unassembled individual
reads. Matches to the SEED database with an e-value of less
than 10−20 and a minimum alignment length of 100 amino acids
were extracted for each sample and placed in a matrix of counts
per SEED subsystem per sample.

Core Functions Within the U. australis Metagenome. To determine
whether there was a set of functions that defined the U. australis
community in comparison with the seawater, COG and SEED
annotations were extracted, which were more abundant in U.
australis, and expressed as a proportion of the total annotated
ORFs for each sample. These annotations were ranked by their
percent-contribution to the difference between U. australis and
seawater environments, as determined by the similarity per-
centage analyses (SIMPER). The contribution to difference was
plotted against the ranked functions, and the top 50 COGs and
SEED subsystems were chosen for further analysis. These 50
COGs accounted for 10.7% of the overall difference caused by
abundant COGs of the algal dataset, and the remaining 1,316
abundant algal COGs accounted for 37.9% of the total difference.
The top 50 SEED subsystems contributed 25.5% to the difference
between U. australis and seawater samples, and the remaining 464
SEED subsystems accounted for 25.8% of the total difference.
This finding means that on average, the top 50 COG and SEED
annotations each contributed ∼7.4 and 9.3 times more to differ-
ence, respectively, than the remaining COG and SEED annota-
tions. COG and SEED annotations that were not abundant in all
U. australis samples were removed, leaving 36 COGs and 38 SEED
subsystems, defined here as “core functions” of the U. australis
bacterial community.
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Fig. S1. The contribution to differences between environments for (A) COG and (B) SEED annotations, which were more abundant in U. australis meta-
genomes. COG and SEED categories are ranked in order of their percentage contribution to difference, as assessed by SIMPER.
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Fig. S2. MEGAN analysis of predicted proteins assigned to COG0583 (transcriptional regulator). The size of the circles is relative to the number of proteins
assigned to each node (also indicated in numbers), and taxonomy is displayed with the lowest level predicted.
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Fig. S3. MEGAN analysis of predicted proteins assigned to COG2801 (putative transposase). The size of the circles is relative to the number of proteins as-
signed to each node (also indicated in numbers), and taxonomy is displayed with the lowest level predicted.

Fig. S4. MEGAN analysis of predicted proteins assigned to COG0784 (CheY). The size of the circles is relative to the number of proteins assigned to each node
(also indicated in numbers), and taxonomy is displayed with the lowest level predicted.
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Fig. S5. MEGAN analysis of predicted proteins assigned to COG2199 (GGDEF domain). The size of the circles is relative to the number of proteins assigned to
each node (also indicated in numbers), and taxonomy is displayed with the lowest level predicted.

Fig. S6. MEGAN analysis of predicted proteins assigned to COG2200 (EAL domain). The size of the circles is relative to the number of proteins assigned to each
node (also indicated in numbers), and taxonomy is displayed with the lowest level predicted.
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Not assigned 4

Methanosarcina acetivorans 1

Protochlamydia amoebophila 1

Solibacter usitatus 1

Corynebacterium 1Actinomycetales 2
Blastopirellula marina 6

Rhodopirellula baltica 2Planctomycetaceae 8

unidentified eubacterium SCB49 1

Pedobacter sp. BAL39 2

Microscilla marina 1

Cytophaga hutchinsonii 2Flexibacteraceae 0
Sphingobacteriales 6

Flavobacteria bacterium BBFL7 3

Flavobacteriales bacterium ALC-1 2

Flavobacteriales bacterium HTCC2170 5unclassified Flavobacteriales 0

Dokdonia donghaensis 6

Flavobacterium johnsoniae 3

Polaribacter sp. MED152 1
Flavobacteriaceae 0

Flavobacteriales 15
Flavobacteria 7

Bacteroidetes 45

Bacteroidetes/Chlorobi group 1

Aromatoleum aromaticum 1

Burkholderia 1Betaproteobacteria 0

Bdellovibrio bacteriovorus 3

Geobacter 1

Plesiocystis pacifica 1

Sorangium cellulosum 1

Stigmatella aurantiaca 1
Myxococcales 1

Deltaproteobacteria 3

Methylophaga 1

Halothiobacillus neapolitanus 1Chromatiales 2
Vibrio shilonii 1

Vibrio cholerae 1
Vibrio 0

Vibrionaceae 1

Oceanospirillum 6Oceanospirillales 1
Stenotrophomonas 1

Alteromonas macleodii 6

Pseudoalteromonas atlantica 7

Pseudoalteromonas tunicata 2Pseudoalteromonas 0
Alteromonadales 4

Gammaproteobacteria 12

Parvularcula bermudensis 2

Novosphingobium aromaticivorans 1

Sphingomonas sp. SKA58 1Sphingomonas 2
Sphingomonadaceae 6

Erythrobacter sp. NAP1 1

Erythrobacter sp. SD-21 1Erythrobacter 2
Sphingomonadales 9

Alphaproteobacterium BAL199 2

Magnetospirillum 1

Rhodospirillum rubrum 1Rhodospirillaceae 1

Dinoroseobacter shibae 2

Sagittula stellata 2

Labrenzia alexandrii 2

Phaeobacter gallaeciensis 2

Jannaschia sp. CCS1 11

Roseobacter litoralis 2

Roseobacter sp. CCS2 2

Roseobacter sp. GAI101 3

Roseobacter denitrificans 6

Roseobacter sp. MED193 7

Roseobacter 3

Octadecabacter antarcticus 1

Rhodobacteraceae 40

Oceanicaulis alexandrii 2

Maricaulis maris 10

Hyphomonas neptunium 27
Hyphomonadaceae 20

Rhodobacterales 58

Parvibaculum lavamentivorans 3

Hoeflea phototrophica 1Phyllobacteriaceae 2

Methylobacterium 1

Rhizobium/Agrobacterium group 1

Rhizobiales 21

Alphaproteobacteria 115

Proteobacteria 87

Bacteria 191
cellular organisms 86

root 1

UA1
UA2
UA3
UA5

Fig. S7. MEGAN analysis of predicted proteins assigned to COG0642 (histidine kinase). The size of the circles is relative to the number of proteins assigned to
each node (also indicated in numbers), and taxonomic affiliations are shown down to species level (if possible).
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Table S1. Number of sequencing reads, base pairs, ORFs, or reads assigned to COGs and SEED subsystems and the percentage of total
ORFs and reads

Sample
No. sequencing

reads Total bp
Number of ORFs assigned to

COGs
% of total predicted

ORFs
Number of reads assigned to SEED

subsystems
% of total

reads

UA1 94,505 75,822,569 44,439 31.33 39,953 42.28
UA2 91,719 71,921,435 43,732 30.93 38,366 41.83
UA3 90,404 67,092,023 48,762 31.40 37,879 41.90
UA4 9,861 7,547,408 6,113 31.86 4,237 42.97
UA5 93,434 67,121,596 41,213 32.14 40,171 42.99
UA6 9,425 7,259,709 5,852 30.46 3,767 39.97
SW3 89,783 71,742,472 57,580 37.14 48,613 54.14
SW4 9,863 7,943,725 7,934 37.26 5,362 54.36
SW5 162,760 128,450,836 100,002 37.55 86,173 52.95
SW6 10,066 8,257,922 8,585 39.65 5,721 56.83
SW7 95,637 71,150,001 62,485 39.53 53,207 55.63
SW8 10,210 8,702,705 8,886 39.74 5,995 58.72
SW9 88,784 77,019,320 49,913 36.89 48,929 54.77
SW10 13,512 11,105,167 5,886 33.92 5,665 41.93

Table S2. Seawater parameters measured at time of sampling of SW3-10 and UA1-6

Analysis type SW3 SW4 SW5 SW6 SW7 SW8 SW9 SW10

Date Jan. 3, 2005 Jan. 3, 2005 Jan. 19, 2005 Jan. 19, 2005 Jan. 19, 2005 Jan. 19, 2005 Oct. 18, 2006 Oct. 18, 2006
Temperature (°C) 21.4 21.4 21.4 21.4 21.8 21.8 18.3 17.1
pH 8.2 8.2 8.09 8.09 na na 8.06 8.05
Salinity 36.0 36.0 35.0 35.0 36.0 36.0 36.6 36.7
Dissolved oxygen (mg/L) 5.8 5.8 4.65 4.65 5.87 5.87 7.00 5.95
Chlorophyll (mg/L) 1.82 1.82 0.61 0.61 2.68 2.68 1.44 0.82
Total dissolved nitrogen (μmol N/L) 10.208 ±

0.221
10.208 ±
0.221

9.102 ±
0.109

9.102 ±
0.109

16.273 ±
0.796

16.273 ±
0.796

11.805 ±
0.056

9.373 ±
0.61

Nitrate (μmol/L) 1.002 ±
0.002

1.002 ±
0.002

0.979 ±
0.059

0.979 ±
0.059

1.048 ±
0.002

1.048 ±
0.002

2.946 ±
0.003

2.082 ±
0.004

Urea (μmol N/L) 3.699 ±
0.010

3.699 ±
0.010

4.559 ±
0.100

4.559 ±
0.100

5.801 ±
0.959

5.801 ±
0.959

6.470 ±
0.010

5.490 ±
0.049

Phosphate (μmol/L) na na na na na na 0.608 ±
0.000

0.468 ±
0.013

Silicon (μmol/L) 1.633 ±
0.006

1.633 ±
0.006

0.281 ±
0.012

0.281 ±
0.012

0.293 ±
0.008

0.293 ±
0.008

1.338 ±
0.034

1.008 ±
0.002

Note that UA1 and UA2 were sampled at the same time as SW9 and SW10. na, Not applicable.
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Table S3. Core functions (COGs and SEED subsystems), grouped into functional categories, which are informative as to their role in the U.
australis epiphytic community

Functional category COG or SEED subsystem Description

Detection and
movement
toward the host
surface

COG0840: Methyl-accepting chemotaxis protein These proteins mediate chemotaxis, which has been
demonstrated to play a role in the development of symbiosis,
attracting bacteria toward the host.

COG0784: CheY-like receiver domain
SEED subsystem: Bacterial chemotaxis

SEED subsystem: Flagellum Flagella-mediated motility may be induced as a result of
chemotaxis, which facilitates movement to the host surface.
Motility also been demonstrated to be important for biofilm
formation in several species.

Attachment and
biofilm formation

COG2197: OmpA OmpA has a demonstrated role in the adhesion to living surfaces
(including plants) and biofilm formation

SEED subsystem: Listeria internalin-like proteins Required for virulence and internalization into host cells in
Listeria, and truncated forms of internalin A (InlA) have been
shown to enhance biofilm formation.

SEED subsystem: widespread colonization island Consists of the Tad (tight adherence) cluster and is important for
biofilm formation, colonization and pathogenesis in several
bacteria.

SEED subsystem: Biosynthesis of galactoglycans and
related lipopolysacharides

Contains genes related to the production of exopolysaccharide II,
related to biofilm formation, and essential for symbiosis in
several Rhizobium sp.

COG2199: GGDEF domain proteins Function as cyclic-di-GMP synthase (GGDEF domain) and phospho
diesterase (EAL domain), respectively. Have been shown to
regulate the transition from a motile to a surface associated
lifestyle.

COG2200: EAL domain proteins
SEED subsystem: Putative GGDEF domain protein

related to agglutinin secretion
SEED subsystem: Glutathione-regulated

potassium-efflux system and associated functions
Approximately one-third of proteins assigned to this subsystem

contained GGDEF and EAL domains
SEED subsystem: Biogenesis of cbb3-type cytochrome c

oxidases
High-affinity oxygen binding protein, and nitrate

ammonification associated with microaerobic metabolism in
oxygen-limited and anoxic environments, such as cell clusters
within biofilms.

Nitrate and nitrite ammonification

Response to the
algal host
environment

SEED subsystems: Maltose and maltodextrin utilization Utilization of carbohydrates, which are found in U. australis.
Ribitol, Xylitol, Arabitol, Mannitol, and Sorbitol

utilization
Lactose and galactose uptake and utilization
L-rhamnose utilization
Xylose utilization
Alginate metabolism
COG3839: ABC-type sugar transport systems, ATPase

components
COG1595: RpoE σ subunit homolog RpoE is a specialized subunit of RNA polymerase, which regulates

the cell response to heat and environmental stress; the small
conductance mechanosensitive channel is a protein, which
helps control osmoregularity in the cell. Heat and high salt
concentrations are stresses, which would both be
encountered on the surface of an intertidal pool alga.

COG0668: Small conductance mechanosensitive
channel

SEED subsystem: Oxidative stress This subsystem contains proteins related to oxidative stress in
bacteria. The release of reactive oxygen species is a known
defense mechanisms of algae, and may be a stress
encountered by the U. australis community.

COG2217: Cation transport ATPases Proteins assigned to these subsystems are related to the export of
heavy metals. Ulva sp. are known for their ability to uptake
and store heavy-metal pollution from the environment, and
bacteria on the algal surface may be exposed to them.

SEED subsystems: Copper homeostasis
Cobalt-zinc-cadmium resistance

Regulation in
response to
environmental
stimuli

COG0642: Signal transduction histidine kinase Environmental sensor proteins and transcriptional regulator
proteins, homologs of which are known to be involved in
osmoregulation, multidrug export, sporulation, nitrate
reduction, cell differentiation and plant virulence. Some
homologs are known to respond to plant exudates, and
others regulate a range of features, including virulence,
motility and quorum sensing. There may be a role for genetic
regulation in response to the host environment, such as algal
exudates, in the U. australis community.

COG0583: Transcriptional regulator
COG1609: Transcriptional regulators
COG2204: Response regulator containing

CheY-like receiver, AAA-type ATPase, and DNA-
binding domains

COG1522: Transcriptional regulators
COG0515: Serine/threonine protein kinases
COG0664: cAMP-binding domains
SEED subsystem: cAMP signaling in bacteria
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Table S3. Cont.

Functional category COG or SEED subsystem Description

SEED subsystem: Cyanobacterial circadian clock Almost all proteins assigned to this subsystem were CikA,
a phytochrome histidine kinase, which resets the
cyanobacterial circadian clock in response to light.

Lateral gene
transfer

COG2801: putative transposase Transposases and introns are part of mobile genetic elements,
which can be horizontally transferred. Lateral transfer genes
have been found in high abundance in biofilm communities,
and may result in a higher degree of lateral gene transfer in
the U. australis community.

SEED subsystem: Group II intron-associated genes

COG0630: Type IV secretory pathway, VirB11 Type IV secretion is used for both DNA and protein transfer
between bacteria (F plasmid in E. coli) and between bacteria
and hosts (e.g., Agrobacterium tumifaciens). Type IV
secretion has also been associated with symbiotic interactions
between bacteria and plants, and potentially plays a role in
symbiotic interactions between U. australis and its bacterial
community.

SEED subsystem: Type IV secretion and conjugative
transfer

Defense COG1020: Nonribosomal peptide synthetase (NRPS)
modules and related proteins

Proteins are involved in the production (NRPS) and export of
drugs, toxins, and secondary metabolites, which may be
produced as a competitive in the U. australis microbial
community.

COG1132: ABC-type multidrug/protein/lipid transport
system, ATPase component

SEED subsystem: Multidrug resistance efflux pumps
COG0610: Restriction enzymes type I helicase subunits

and related helicases
Consists of mostly type I and some type III restriction

modifications systems, which have been linked with
protection of the cell from foreign DNA. May prevent phage
transduction with the biofilm.

SEED subsystem: Restriction modification system

Miscellaneous
COGS COG1249: Dihydrolipoamide dehydrogenase/

glutathione oxidoreductase
Significance relating to biofilm mode of life on U. australis is

unclear.
COG1960: Acyl-CoA dehydrogenases
COG0714: MoxR-like ATPases
COG0513: Superfamily II DNA and RNA helicases
COG0612: Predicted Zn-dependent peptidases
COG0156: 7-keto-8-aminopelargonate synthetase
COG0654: FAD-dependent oxidoreductases
COG1670: Acetyltransferases,
COG1529: Aerobic-type carbon monoxide

dehydrogenase, large subunit CoxL/CutL homologs
COG1450: General secretory pathway protein D

SEED subsystems Chlorophyll biosynthesis
Fatty acid metabolic cluster
Putative associate of RNA polymerase sigma-54 factor

RpoN
Branched chain amino acid degradation regulons
DNA repair, bacterial
YgfZ-Fe-S cluster
Isoleucine degradation
Putative Isoquinoline 1-oxidoreductase subunit,
Butanol biosynthesis
General secretion pathway

A description of the role is provided, and supporting references can be found in Results and Discussion.
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Table S4. Environmental matrices showing the degree of difference
between U. australis samples for proteins assigned to the six COGs,
which contributed most to the difference between algae and
seawater samples

UA1 UA2 UA3 UA4 UA5 UA6

COG0642 (histidine kinase)
UA1 0.00 0.84 0.94 0.99 0.93 0.97
UA2 0.00 0.90 0.97 0.91 0.97
UA3 0.00 0.96 0.88 0.96
UA4 0.00 0.96 0.97
UA5 0.00 0.96
UA6 0.00

COG0583 (transcriptional regulator)
UA1 0.00 0.70 0.74 0.84 0.78 0.88
UA2 0.00 0.72 0.86 0.72 0.83
UA3 0.00 0.84 0.71 0.83
UA4 0.00 0.84 0.85
UA5 0.00 0.82
UA6 0.00

COG2801 (putative transposon)
UA1 0.00 0.52 0.60 0.75 0.64 0.75
UA2 0.00 0.59 0.70 0.63 0.72
UA3 0.00 0.67 0.62 0.74
UA4 0.00 0.66 0.65
UA5 0.00 0.75
UA6 0.00

COG0784 (CheY)
UA1 0.00 0.76 0.81 0.87 0.76 0.88
UA2 0.00 0.78 0.85 0.77 0.89
UA3 0.00 0.86 0.77 0.91
UA4 0.00 0.81 0.76
UA5 0.00 0.87
UA6 0.00

COG2199 (GGDEF domain)
UA1 0.00 0.83 0.88 0.96 0.89 0.91
UA2 0.00 0.85 0.94 0.86 0.90
UA3 0.00 0.94 0.87 0.91
UA4 0.00 0.91 0.85
UA5 0.00 0.88
UA6 0.00

COG2200 (EAL domain)
UA1 0.00 0.66 0.75 0.77 0.74 0.87
UA2 0.00 0.68 0.74 0.61 0.89
UA3 0.00 0.77 0.65 0.88
UA4 0.00 0.73 0.78
UA5 0.00 0.88
UA6 0.00

0 = no difference; 1= complete difference.
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