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ABSTRACT Pervasive environmental stressors on coral reefs are attributed with shift-
ing the competitive balance in favor of alternative dominants, such as macroalgae.
Previous studies have demonstrated that macroalgae compete with corals via a
number of mechanisms, including the production of potent primary and second-
ary metabolites that can influence coral-associated microbial communities. The
present study investigates the effect of the Pacific brown macroalga, Lobophora
sp. (due to the shifting nature of the Lobophora species complex, it will be re-
ferred to here as Lobophora sp.), on coral bacterial isolates, coral larvae, and the
microbiome associated with the coral Porites cylindrica. Crude aqueous and or-
ganic macroalgal extracts were found to inhibit the growth of coral-associated
bacteria, including known coral pathogens. Extracts and fractions were also
shown to inhibit coral larval settlement and cause mortality at concentrations
lower (�0.3 mg · ml�1) than calculated natural concentrations (4.4 mg · ml�1).
Microbial communities associated with coral tissues exposed to aqueous (e.g.,
hydrophilic) crude extracts demonstrated a significant shift to Vibrio dominance
and a loss of sequences related to the putative coral bacterial symbiont, Endozo-
icomonas sp., based on 16S rRNA amplicon sequencing. This study contributes to
growing evidence that macroalgal allelochemicals, dissolved organic material,
and native macroalgal microbial assemblages all play a role in shifting the micro-
bial equilibrium of the coral holobiont away from a beneficial state, contributing
to a decline in coral fitness and a shift in ecosystem structure.

IMPORTANCE Diverse microbial communities associate with coral tissues and mucus
and provide important protective and nutritional services, but once disturbed, the
microbial equilibrium may shift from a beneficial state to one that is detrimental or
pathogenic. Macroalgae (e.g., seaweeds) can physically and chemically interact with
corals, causing abrasion, bleaching, and overall stress. This study contributes to a
growing body of evidence that suggests macroalgae play a critical role in shifting
the coral holobiont equilibrium, which may promote the invasion of opportunistic
pathogens and cause coral mortality, facilitating additional macroalgal growth and
invasion in the reef. Thus, macroalgae not only contribute to a decline in coral fit-
ness but also influence coral reef ecosystem structure.
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Coral reefs are complex ecosystems, providing diverse habitats for many marine
organisms as well as contributing to the livelihoods of millions of people through

food production, tourism, coastal protection from natural disasters, and emerging
biotechnology development (1). However, coral reefs are in serious decline due to a
combination of interacting natural and anthropogenic stressors, such as increased sea
surface temperatures and ocean acidification (2), eutrophication (3), disease (1, 4), and
changes in trophic structure due to overfishing, disease, and poor management (5).
Imbalances in the natural ecosystem often cause a phase shift, resulting in dominance
of the reef by alternative species, such as fleshy macroalgae (6). Generally, the inter-
actions between corals and algae are regarded as adverse to coral health, with no
observed detriment to macroalgae (7), while the severity of impact may depend on
both the species involved and other synergistic stressors. For example, Vega Thurber et
al. (8) conducted a field experiment that examined the competition between the coral
Porites astreoides and five species of macroalgae; a significant coral-associated microbial
shift was observed in response to Sargassum polyceratium and Galaxaura obtusata,
highlighting the potential for species-specific competitive interactions. Although mi-
crobial dynamics were not examined, a comparative study by Bonaldo and Hay (9)
found that direct contact between six corals and the two algal species, Chlorodesmis
fastigiata (Chlorophyceae) and Galaxaura filamentosa (Rhodophyceae), caused visible
damage to the majority of corals, whereas neither Sargassum polycystum (Phaeophy-
ceae) or Turbinaria conoides (Phaeophyceae) had any effect. They also found that Porites
cylindrica was the most resistant to macroalgal damage based on visual assessments
(9). Direct contact between macroalgae and corals has been implicated in reduced coral
growth and fecundity, bleaching, tissue necrosis, mortality, and disease (7–15). Mac-
roalgae have also been shown to indirectly induce and inhibit coral larval settlement
(16, 17), both of which are likely to result in larval mortality via poor substratum choice
(e.g., shading, overgrowth, and ephemeral growth), mechanical damage (e.g., algal
abrasion), or allelochemical defenses. The species-specific impacts of macroalgae on
corals continue to be investigated; however, the primary mechanisms of damage and
microbial mediation are likely a combination of direct and indirect mechanisms related
to physical abrasion (18), nutrient enrichment through the release of dissolved organic
material (19, 20), and chemical toxicity (7, 21). These mechanisms will vary on a
species-by-species basis, likely mediated by algal morphology and growth character-
istics as well as water flow and reef heterogeneity (22, 23).

Coral holobionts are composed of the coral animal, the plant symbiont Symbio-
dinium, and a diverse suite of bacteria, archaea, fungi, protists, and viruses that work
with the coral to assimilate nutrients, prevent disease, and maintain a healthy equilib-
rium (24, and reviewed in reference 25). Each coral species maintains a specific
assemblage of microorganisms that may be influenced by interactions with macroalgae
(13, 20, 21). Numerous studies have shown that shifts in microbial community compo-
sition can be detrimental to coral health and may predispose corals to bleaching,
infection, and mortality (26, 27). Barott and Rohwer (23) outlined the dissolved organic
material (DOM), disease, algae, and microbes (DDAM) model, a feedback loop in which
DOM released from macroalgae disrupts coral holobiont function and promotes the
invasion of opportunistic pathogens and coral mortality, facilitating additional
macroalgal growth and invasion in the reef. Chemical cues and warfare are often
enlisted by benthic marine invertebrates, including corals, interacting for space on the
reef, having distinct impacts on community structure and function (28, 29). Macroalgae
are also known to produce potent secondary metabolites (i.e., allelochemicals), which
are energetically costly to produce but thought to inhibit herbivory (reviewed in
references 30 and 31), and induce the growth of pathogenic and fouling microorgan-
isms (reviewed in references 32 and 33). Algal allelochemicals have been attributed to
a physiological deterioration of coral tissues (7, 34) and to a significant increase in
activity of glutathione S-transferase (GST), an antioxidant and detoxification enzyme
(21). Current evidence suggests that macroalgal allelochemicals and the native mac-
roalgal microbial assemblages, in addition to release of macroalga-derived DOM, all
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play a critical role in shifting the coral holobiont equilibrium. This shift not only
contributes to a decline in coral fitness but also ultimately influences coral reef
ecosystem structure.

Brown algae of the genus Lobophora (J. V. Lamouroux) Womersley ex E. C. (35)
(Dictyotales, Dictyotaceae) are distributed globally in both temperate and tropical
regions and are an important algal component on coral reefs in the Caribbean and
Pacific. Lipophilic compounds from Lobophora variegata have been shown to be
chemically damaging to most corals (14), and they produce allelopathic activity against
pathogenic and saprophytic marine fungi (36). Hydrophilic (i.e., water-soluble) com-
pounds produced by L. variegata demonstrated antibacterial activity against 93% of
coral reef bacterial isolates, while lipophilic compounds caused significant growth in
94% of the isolates tested (13). Both aqueous and organic crude extracts from L.
variegata were also shown to cause significant shifts in the microbial communities
associated with two common Caribbean corals, Orbicella faveolata and Porites as-
treoides (21). Both the live L. variegata and extracts derived therefrom caused shifts in
coral mucus communities when directly in contact with coral tissues as well as those
�5 cm away from contact zones, demonstrating the significant potential for natural
concentrations of macroalgal exudates to alter holobiont stability in competing corals
(21). The current study further investigates whether a Lobophora sp. from the Great
Barrier Reef (GBR) has allelopathic activity against cultured coral-associated bacteria,
and it examines the specific microbial community changes that occur when Lobophora
sp.-derived extracts are applied to the branching coral Porites cylindrica. Furthermore,
the effects of these Lobophora sp.-derived extracts on coral larval metamorphosis are
investigated to assess the potential consequences algal competition may have on this
critical life stage.

RESULTS
Effect of Lobophora sp.-derived extracts on bacterial growth. The growth rates

of seven coral reef-associated bacterial isolates were measured after exposure to
aqueous (AC) and organic (OC) Lobophora sp. crude extracts (OC, 7.9 g [dry weight],
8.6% yield, 86 mg · g�1 natural concentration; AC, 15.6 g [dry weight], 17.1% yield, 171
mg · g�1 natural concentration; based on total dry weight of the alga prior to
extraction, 91.7 g). AC fractions (ACf) eluted from a vacuum flash C18 chromatography
column (1.7 g AC loaded) and pooled according to 1H nuclear magnetic resonance
(NMR) and high-pressure liquid chromatography (HPLC) spectral similarity (ACf1 to
ACf6; Fig. S1 S2) were also tested to determine whether water-soluble (polar) com-
pounds had any affect. All extracts and fractions were tested at two concentrations (0.5
and 2 mg · ml�1, both below natural concentrations found within the algae), which
yielded varied but proportionally similar activity across all bacterial isolates (Table 1).
Generally, the Lobophora sp. AC and OC extracts and ACf inhibited rather than stimu-
lated growth of the bacterial isolates; ACf4 exhibited approximately twice the inhibitory

TABLE 1 Growth activity of coral bacteria in the presence of Lobophora sp. crude extracts and aqueous fractions 1 to 6

Organism

Growth activity by concn (mg · ml�1)a

Aqueous
crude
extract

Organic
crude
extract

Aqueous fraction extracts

1 2 3 4 5 6

0.5 2.0 0.5 2.0 0.5 2.0 0.5 2.0 0.5 2.0 0.5 2.0 0.5 2.0 0.5 2.0

Vibrio harveyi I* I** I* I*** I*** I** I*** I*** I*** I*** I** I***
Vibrio coralliilyticus I* I*
Shewanella I* I*
Paracoccus I*** I*** I*** I*** I*** I*** I*** I*** I*** I*** I*** I*** I*** I*** I*** I***
Pseudovibrio I** I*** I* I* I*** I*** I*** I*** I*** I*** I*** I* I***
Marinobacter S* S* S* S* I* S* I***
Bacterioplanes I*** I*** I* I*** I*** I*** I*** I*** I***
aI, inhibition of growth; S, stimulation of growth. Significance based on 1-way ANOVA results and indicated as *, P � 0.05, **, P � 0.001; ***, P � 0.0001.
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activity of either crude extract, with an average � standard deviation (SD) inhibition of
74% � 3.4% at 2 mg · ml�1 and 42.5% � 7.4% at 0.5 mg · ml�1 (Table 1). These extracts
and fractions represent not only the extractable chemical composition of the algae but
also that chemistry which is continually released into the surrounding seawater via
sloughing (i.e., polysaccharides [37, 38]), as a result of predation (31) or direct contact
with other competing organisms (39). At 2 mg · ml�1, the growth of Paracoccus bacteria
showed the greatest overall sensitivity to Lobophora extracts, as exposure to both crude
extracts and the active ACf4 resulted in �80% growth inhibition compared to the
control (Fig. 1). Pseudovibrio and Bacterioplanes spp. were both strongly inhibited by AC
and ACf4 but experienced a reduced effect in response to OC (Fig. 1). The coral resident,
Marinobacter sp., was the only bacterium to show significant growth in response to AC
and OC extracts but was still strongly inhibited by ACf4 (Fig. 1). The Shewanella sp.
isolate was the only bacterium that showed no response, neither growth inhibition nor
stimulation, in the presence of the extracts or fractions (Fig. 1). Overall, there were
significant differences in growth responses between bacterial isolates (analysis of
variance [ANOVA], F � 53.28, P � 0.001), between extracts (F � 22.1, P � 0.001), and
the interaction between bacteria and extracts (F � 14.88, P � 0.001; Fig. 1). However,
there was no significant trend in the response of two putative pathogens (Vibrio harveyi
and Vibrio coralliilyticus) versus the five coral resident bacteria (Fig. 1).

Effect of Lobophora sp. on the microbial community associated with Porites
cylindrica. The AC extract derived from Lobophora sp. was applied to branches of
raceway-acclimated Porites cylindrica colonies (treatment colonies [TC]; Fig. 2) to assess
the effect of water-soluble algal compounds on the coral resident microbial commu-
nities. Using amplicon sequencing, a total of 3,214,339 high-quality 16S rRNA gene
Illumina-tagged pyrosequencing reads were recovered from all P. cylindrica samples,
with an average � standard error (SE) of 65,599 � 3,846 reads per sample. A number

FIG 1 Experimental setup with treatments indicated for each Porites cylindrica colony. (A) Treated experimental
colony (TC). (B) Manipulated control colony (MCC). (C) Nonmanipulated control colony (NMCC). Coral branches
sampled included (EC) environmental community branch, collected in situ prior to any experimental manipulation;
(CC) experimental control, collected after acclimation in aquaria but before the start of the experiment; (NT)
no-treatment control, collected after a 240h experiment; (A) Lobophora algal gel-extract encased in plastic tubing
and mesh; (P) shade/abrasion control with plastic tubing and mesh; and (S) solvent-gel control encased in plastic
tubing and mesh. Experimental aquaria setup indicates position of control (MCC and NMCC) and experimental (TC)
corals in relation to water inflow and outflow.
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of unique operational taxonomic units (OTUs) were identified (n � 232), including 12
phyla (Fig. 3). The most abundant and diverse phylum recovered was the Proteobac-
teria, making up 78% of the total reads. The majority of sequences were identified to
the family level as the highest resolution, including 21 unique families within the
Proteobacteria alone, largely represented by members related to Hahellaceae, Vibrion-
aceae, and Colwelliaceae (Fig. 3).

A principal-coordinate analysis (PCoA) based on square root-transformed data
and Euclidian distances coupled with a cluster analysis and similarity profile analysis
(SIMPROF) suggests that the coral-associated microbiome groups into four distinct
clusters across all 49 samples, all of which were highly distinct from the aquaria

FIG 2 Percent change in bacterial growth (24 h) from control wells in response to the following Lobophora sp. extracts run at a
concentration of 2 mg · ml�1 (n � 3). Fraction 4 was isolated from the aqueous crude extract (ACf4), aqueous crude (AC), and organic
crude (OC) extracts. Significance (*, P � 0 0.05; ***, P � 0.0001) based on whether growth inhibition/stimulation for each extract was
significantly different from controls.
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seawater (Fig. 4). Cluster 1 is composed of 80% of the samples collected from in situ P.
cylindrica colonies (environmental colonies [EC]); cluster 2 is composed of control
samples, of which 20% are from the in situ colonies (EC), 60% are from control colonies
never exposed to algal extract (nonmanipulated control colonies [NMCC] and manip-

FIG 3 Top 10 most abundant OTU identified for each treatment. Heatmap indicates prevalence of top 5 OTU.

FIG 4 Principal-coordinate analysis (PCoA) based on square root-transformed Bray-Curtis distances for 16S rRNA
sequences collected from Porites cylindrica corals exposed to aqueous crude Lobophora algal extracts (AE). Pearson
correlation vectors represent the most resolved taxonomy for bacterial OTUs potentially driving differences
between the samples/clusters. Samples grouped into 4 clusters based on cluster analyses: cluster 1 is composed
of 80% of the environmental community samples collected in situ, cluster 2 is composed of control (Ctrl) samples
(20% from the environmental community, 60% from colonies never exposed to AE, and 20% from colonies exposed
to AE), cluster 3 is composed of control samples (32% from colonies never exposed to AE and 68% from colonies
exposed to AE), and cluster 4 is composed of 100% of colony branches exposed directly to AE. PERMANOVA
pseudo-F and P values are reported, and all clusters are significantly different from one another (**P � 0.01). *,
SIMPER analyses confirm that aquaria seawater samples were 70% dissimilar from all corals samples and are not
included within the PCoA plot. Amoebo., Amoebophilaceae; Colwell., Colwelliaceae; Flavo., Flavobacteriaceae;
Oceano., Oceanospirillaceae.
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ulated control colonies [MCC]), and 20% are from colonies exposed to algal extracts
(treatment colonies [TC]); cluster 3 is again composed of control samples, of which 32%
are from colonies never exposed to algal extracts (NMCC and MCC) and 68% are from
colonies exposed to algal extracts (TC); and cluster 4 is composed of 100% of samples
directly exposed to Lobophora sp. extracts. All clusters were significantly different from
one another based on permutational multivariate analysis of variance (PERMANOVA)
and pairwise comparisons (Table S1). Thus, to simplify the experimental complexity for
a more visually intuitive explanation, the results are largely based on the comparative
analyses between and among clusters derived from the PCoA and cluster analysis. For
a more detailed examination of microbial community changes within each treatment,
a breakdown of the most abundant OTUs is presented in Fig. 3. The seawater samples
were removed from the PCoA because they were �70% dissimilar from all coral
samples (similarity percentage [SIMPER] analysis; Fig. 4), making it difficult to visualize
the interactions between treatments.

Sequences derived directly from P. cylindrica corals in the natural environment,
largely represented by cluster 1 (Fig. 4), were primarily composed of OTUs affiliated
with members of the order Oceanospirillales, in the family Hahellaceae (49% of the total
microbiome; Fig. 5). Other notable members of the treated colonies were sequences
affiliated with members of the phylum Bacteroidetes in the families Amoebophi-
laceae (9% of the total microbiome), Flavobacteriaceae (5%), and Balneolaceae (4%),
and of the domain Archaea in the family Cenarchaeaceae (4%), as well as several
taxa that were only found in cluster 1 and not in any of the other sample
assemblages (Fig. 5). Similarity percentage (SIMPER) analysis suggests that cluster 1
is �50% different from all other clusters, indicative of the sensitive nature of
coral-associated microbial communities to manipulative experiments. Based on a
one-way ANOVA and Tukey honestly significant difference (HSD) pairwise compar-
isons, alpha diversity associated with in situ coral microbial communities (cluster 1,
Shannon H= � 4.5), was significantly lower than the alpha diversity associated with
cluster 2 (H= � 8.0, P � 0.02) and cluster 3 (H= � 8.5, P � 0.003). Alpha diversity was
lower in microbial communities in direct contact with algal extracts (cluster 4, H= �

6.9) but not significantly different from microbial communities found in clusters 1,
2, and 3.

Cluster 2 was largely composed of samples collected from control colonies never
exposed to algal extracts (NMCC and MCC) and was more similar to environmental
samples (EC) in cluster 1 than in either cluster 3 or 4 (40% similarity; Table S1). Samples
within cluster 2 were identified by a diverse number of families in comparison to other
clusters (Fig. 5). A notable 60% reduction in the relative abundance of sequences
affiliated with the family Hahellaceae was detected from cluster 1 (49%) to cluster 2
(20%). Other significant shifts in the community between clusters 1 and 2 are a 90%
increase in the relative abundance of sequences affiliated with the family Colwelliaceae
(8.5% of total), 71% increase in Rhodobacteraceae (7.5%), 72% increase in Alteromon-
adaceae (6.8%), and 75% increase in Oceanospirillaceae (5.7%).

Cluster 3 was largely composed of samples collected from colonies exposed to algal
extracts (TC) and demonstrated a further increase in the relative abundance of se-
quences affiliated with Colwelliaceae, Rhodobacteraceae, and Oceanospirillaceae (Fig. 5).
Of particular note was the decline in relative abundance of Hahellaceae from 20% in
cluster 2 to 4% in cluster 3, in addition to an increase in the appearance of OTUs related
to Vibrionaceae (10% of total) compared to �3% in clusters 1 and 2 (Fig. 3 and 5).
Pairwise comparisons suggested that cluster 3 was also more similar to cluster 4 (59%)
than either cluster 1 or 2 (PERMANOVA; Table S1).

After exposure to Lobophora sp. AC extract (cluster 4; TC; Fig. 5), microbial commu-
nities were dominated by members affiliated with the family Vibrionaceae (55%), of
which 49% were affiliated with members of the genus Vibrio, and 9% were identified as
97% similar to the putative coral pathogen Vibrio shilonii (40). The remaining 40% were
unidentified past the genus level. Other contributing members were identified as
sequences related to members of the families Oceanospirillaceae (9%), Colwelliaceae
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(7%), Pseudoalteromonadaceae (6%), and Rhodobacteraceae (6%; Fig. 3 and 4). SIMPER
analyses detected the greatest dissimilarity in community composition (79% dissimi-
larity) between cluster 4 (TC) and cluster 1 (the in situ environment samples [EC]), driven
primarily by a reduction in the relative abundance of OTUs related to the family
Hahellaceae.

FIG 5 Average percent contribution to total abundances of the most dominant families across all species
replicates within clusters 1 to 4, which were identified in the PCoA plot (see Fig. 4). The number of
samples contained within each cluster is designated (n �), and the dominant bacterial families are
designated by cluster. Average Shannon diversity (H=) indices are reported for each cluster.
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Coral larval assays. Lobophora sp. AC was detrimental to Acropora millepora coral
larval metamorphosis (i.e., larva attaching to the bottom and reaching the coral polyp
stage at concentrations as low as 0.1 mg · ml�1), with significant mortality (i.e.,
nonmotile larvae with signs of degradation) observed at concentrations of �0.3 mg ·
ml�1 (Fig. 6A). The natural concentrations of each fraction were calculated relative to
the amount of material initially extracted. Metamorphosis occurred after exposure to
�0.3 mg · ml�1 AC; this concentration is �93% less than the natural concentration of
the active component ACf4 (4.4 mg · ml�1) found within the algal tissues. Lobophora sp.
OC was less cytotoxic against A. millepora larvae at higher concentrations but still
inhibited metamorphosis at concentrations of �0.1 mg · ml�1 (Fig. 6B). Across all
treatment concentrations, larvae exposed to OC had significantly less mortality (aver-
age � SD, 8.2% � 6.1%) than those treated with the AC (average � SD, 34.2% �

34.2%), potentially due to the solubility of AC versus OC extracts (Fig. 6A and B). Dried
(lyophilized) Lobophora sp. blades, washed in seawater for 5 h to remove the majority
of surface-associated DOM, exhibited larval metamorphosis activity similar to that
observed in crustose coralline algae (CCA) controls and plastic mimic controls, with
virtually no mortality (Fig. 6C). Nonwashed blades of Lobophora sp. caused �50% larval
mortality and a 60% reduction in metamorphosis, declining from 92% in CCA controls
to 37% with nonwashed (NW) Lobophora sp. blades (Fig. 6C).

DISCUSSION

Marine macroalgae are a rich source of antifouling and antibacterial compounds
(reviewed in reference 41), producing secondary metabolites that can prevent bacterial
communication, swarming, and attachment to surfaces (42–46), and hence play an
important and dynamic role in ecological interactions. Few studies have examined how
alga-derived compounds, including secondary metabolites and other DOM, influence
coral-associated microbial assemblages. Many coral reefs are experiencing phase shifts
to macroalgal dominance, and Lobophora sp. in particular has taken advantage of
environmental stressors at some localized sites. For example, at some locations in the
Caribbean, the lionfish invasion has resulted in Lobophora sp. cover increasing from
15% in 2001 to 92% in 2009 (15). Direct contact with Lobophora macroalgae has already
been shown to cause a negative physiological effect on corals in the form of tissue
necrosis and bleaching (7, 9, 14, 15, 47, 48). Previous studies have also shown that crude
extracts from Caribbean L. variegata, particularly hydrophilic compounds, have broad-
spectrum bacterial activity that causes significant shifts in coral-associated microbial
communities (13, 21). Thus, while most other studies have focused on lipophilic organic
compounds from macroalgae, the current study builds on previous microbial commu-
nity profiling data (21) and further indicates that aqueous compounds produced by
Lobophora sp. have a potentially negative impact on the fitness of corals at different life
stages, possibly through affecting coral-associated microbial assemblages.

In the present study, Lobophora-derived extracts inhibited the growth of most
bacterial strains isolated from corals, with the exception of Marinobacter sp., which
displayed enhanced growth in the presence of both aqueous and organic extracts.
Nearly all bacterial isolates, excluding Shewanella sp., were strongly inhibited by a partly
purified fraction of the aqueous crude extract (ACf4), suggesting that Lobophora
macroalgae possess a suite of antibacterial compounds that differentially target marine
bacteria. The 1H NMR and HPLC analyses indicated that ACf4 is a complex mixture of
polar compounds (i.e., sugars and polyphenolics; Fig. S1). These findings provide
additional evidence that Lobophora spp. found on both the GBR and in the Caribbean
(13) have the potential to disrupt coral reef microbial communities through the
production of broad-spectrum antibacterial compounds.

The current study also demonstrates that Lobophora spp. produce hydrophilic
compounds that have the potential to cause shifts in the native microbial community
structure associated with Porites cylindrica corals after in situ exposure for 24 h in
aquaria. A shift was demonstrated largely within the Gammaproteobacteria, from an
environmental community dominated by members affiliated with the Hahellaceae
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(order Oceanospirillales), to a community dominated by members affiliated with the
Vibrionaceae (order Vibrionales). This shift has important implications for coral fitness, as
members of the family Hahellaceae are known to form close associations with healthy
corals (see below references). Members of the genus Endozoicomonas (family Hahel-

FIG 6 Settlement assays with 8-day-old Acropora millepora larvae. Settlement success in the presence of
Lobophora sp. (A) Aqueous crude (AC) extracts at five concentrations. (B) Organic crude (OC) extracts at
five concentrations. (C) Settlement success in the presence of a plastic mimic, Lobophora blades washed
in seawater for 5 h (W), and blades not washed (NW). All treatments received a chip of autoclaved
crustose coralline algae (CCA) as a positive settlement cue. Solvent control treatments monitored
settlement in the presence of CCA and the evaporated carrier solvent. Control treatments monitored
settlement success only in the presence of the CCA chip. One-way ANOVA statistical results based on
arctangent-transformed percentages and Tukey multiple pairwise comparisons (95% confidence) are
reported as significant differences among larval behavior for each concentration/fraction, where *, P �
0.05; **, P � 0.001; ***, P � 0.0001. Avg., average.
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laceae) are commonly found in association with corals and other marine invertebrates,
often making up a significant proportion of the host microbiome. In particular, Endo-
zoicomonas spp. are found to comprise 70 to 95% of the microbiome in several Red Sea
(Stylophora pistillata, Pocillopora damicornis, and Acropora humilis) and Caribbean corals
(Porites astreoides [49–52]). These bacteria have also been shown to live endosymbi-
otically, forming large aggregations deep within coral tissues (51), potentially playing a
role in bacterial communication and structuring via the production of quorum-sensing
signaling metabolites and antimicrobial compounds (53). Recently, Endozoicomonas
species specificity was shown to map onto the different reproductive strategies of the
coral host, suggesting that symbiont selection may be linked to life history (54). When
corals are under stress, the relative abundance of Endozoicomonas spp. has been shown
to decline significantly. For example, when exposed to high-partial (pCO2) pCO2/
low-pH conditions found in naturally occurring CO2 seeps in Papua New Guinea, the
coral Acropora millepora demonstrated a 50% reduction in Endozoicomonas-related
bacteria in comparison to ambient control sites (55). Furthermore, microbial commu-
nities associated with apical lesions on colonies of Belizean P. astreoides were found to
be more diverse and harbored a significantly lower relative abundance of OTUs related
to Endozoicomonas spp. than corals that did not appear to be lesioned (56). Lesioned
colonies also demonstrated a higher relative abundance of Vibrionaceae than nonle-
sioned colonies, similar to the present study. Finally, during a bleaching event, the
relative abundance of Endozoicomonas spp. declined in the tissues of Acropora muricata
and increased in the mucus, with a concurrent increase in Vibrio spp. in both the tissues
and mucus (57). These studies provide additional evidence that stress may cause a shift
in and/or loss of key members of the coral microbiome that can coincide with a shift
to a community dominated by opportunistic and fast-growing bacteria.

A recent long-term study demonstrated over 3 years that overfishing and nutrient
pollution can cause an increase in turf and macroalgal cover, which in turn destabilizes
coral microbiomes, elevates putative pathogen loads, and significantly increases coral
disease and mortality (58). Coupled with temperature stress, increasing algal cover
facilitated blooms of putative opportunists or pathogens related to the order Altero-
monadales, members of the phylum Proteobacteria (e.g., Vibrionales and Oscillatoriales),
and other rare microbial orders, and it suppressed native microbial associates, such as
Synechococcus (58). With only two time points, it was beyond our scope to determine
whether Lobophora sp. extracts induced a single compositional shift to an alternate
stable state in the P. cylindrica microbiome or whether prolonged exposure would
continue to destabilize the community, as demonstrated in reference 58. However, the
increase in alpha diversity and abundance of pathogen-associated taxa (e.g., Altero-
monadales and Rhodobacterales [59]) detected in coral tissues indirectly exposed to
algal extracts suggest that algal compounds can cause a colony-wide disturbance, as
theorized based on microbial denaturing gradient gel electrophoresis (DGGE) profiles in
reference 49. Prolonged exposure to these algal compounds would likely induce coral
tissue loss and morbidity as a result of microbial destabilization and overgrowth by
opportunists such as Vibrio spp., as has been discussed previously (20, 58). It has been
suggested that environmental stress, such as algal overgrowth, can facilitate a shift
from a healthy coral microbiome, dominated by antibiotic-producing beneficial mi-
crobes, to an alternate pathogen-dominated state (60). Here, coral tissues directly
exposed to Lobophora sp. extracts demonstrated a microbiome shift to Vibrio sp.
dominance (55%), rising from a background level of 3%. In a similar manner, Zaneveld
et al. (58) demonstrated that members related to the order Vibrionales represented 62%
of the microbiome in corals under stress, rising from a previous level of 5%, both
indicative of a shift to an alternate stable state. Furthermore, extracts from Lobophora
sp. were shown here, and previously (13), to have strong antibacterial properties
against coral bacteria that can allow for the proliferation of opportunistic bacteria,
particularly at the site of interaction. The microbiome within the surrounding tissues
became more diverse and variable, which may be driven by a decline in the regulatory
abilities of the host or its native microbial population (61). In fact, thermal stress
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resulted in the coral pathogen Vibrio coralliilyticus suppressing both coral innate
immune pathways (62) and the antibiotic properties of coral mucus (63). Thus, allelo-
chemical stress caused by encroaching macroalgae may elicit a community-wide
destabilization of the microbiome, shift to pathogen dominance, and ultimately coral
disease and/or mortality.

Manipulation of the P. cylindrica corals through removal from the reef flat and
translocation into raceways for controlled experiments also caused significant and
detectable shifts in community structure. Although the shift was more pronounced on
coral colonies exposed to Lobophora extracts, microbial diversity increased within 24 h
in comparison to in situ controls (EC). Prior to any exposure to algal extracts, corals
demonstrated a reduction in sequences related to Hahellaceae as well as the appear-
ance of new taxa and a significant increase in several other members of the community.
These results highlight the importance of using nontransplanted corals whenever
possible to study microbial community changes and to be cognizant of these changes
when conducting aquaria studies. Although every precaution was taken to ensure that
corals were exposed to natural reef water in flowthrough aquaria established within 1
km of the collection site, the removal of coral colonies from the environment and
aquaria conditions still fostered a change in the coral-associated microbial community
structure. Others have suggested that aquaria conditions might disrupt microbial
interactions (64), and computer models have shown that a small reduction in antibiotic
production by holobiont members can allow opportunistic pathogens to dominate if
conditions thereafter are favorable to these organisms (60). Thus, the importance of
rigorous environmental controls when conducting experimental studies with corals is
highlighted in this study, since the coral microbiome is highly sensitive to manipulation
and can quickly shift (e.g., by transplanting into aquaria), potentially causing a misin-
terpretation of results.

Finally, metabolites produced by macroalgae, microalgae, and cyanobacteria have
been shown to either kill or damage coral larvae prior to settlement and also deter coral
larvae from exploring a habitat and settling (reviewed in reference 65). Several studies
have demonstrated that Lobophora macroalgae have the potential to negatively impact
coral larval settlement success and survivorship (66, 67). The corticated foliose brown
algae can form dense mats, rendering the substratum inaccessible to coral recruits (65)
and in some instances serving as an impractical surface for settlement (68). Waterborne
chemicals from macroalgae have been shown to influence coral settlement (16, 69), and
in the present study, Acropora millepora larvae were negatively impacted by aqueous
(AC) and organic (OC) extracts from Lobophora macroalgae collected on the GBR. The
OC extract generally resulted in reduced mortality, in comparison to the more soluble
AC extract, which was cytotoxic to �60% of the larvae at equivalent concentrations.
Experiments with lyophilized and briefly rinsed algal blades caused �50% mortality,
but more rigorous washing of the blades in seawater reduced mortality to 0%,
suggesting that the cytotoxicity is likely due to water-soluble compounds. An addi-
tional macroalgal mechanism hypothesized to impact coral larval settlement success is
via microbial manipulation. Macroalgae reduced survivorship and settlement success of
the common Hawaiian coral Montipora capitata, although these negative effects were
reversed and coral settlement increased with the addition of broad-spectrum antibi-
otics (70). Corals also respond to positive settlement cues associated with CCA (71),
which may partly originate from microbial biofilms (70, 72–74). Thus, macroalgal
compounds may indirectly affect larval settlement success and survivorship by influ-
encing microbial activity, thereby influencing oxygen concentrations (22) and biofilm
composition on settlement surfaces (74), which potentially make them less appealing
for settlement (69) and/or reduce survivorship by weakening larval resistance to
microbial infections, ultimately causing death (70). Although this study highlights the
potential for macroalgae to produce metabolites that impact larval settlement dynam-
ics, further investigation into the concentration of allelochemicals released to macroal-
gal surfaces and their specific impact on larval survivorship and microbial dynamics
need to be defined in order to establish a direct relationship. The long-term survival of
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coral reefs depends on the recruitment of juvenile corals; therefore, the impact of
macroalgae on settlement success and survivorship is of critical importance.

Overall, this study provides additional evidence of the potential for macroalgae to
cause detrimental effects on coral-associated microbial communities and early life
stages. Due to shifting baselines in coral habitats, increasing macroalgal growth driven
by anthropogenic disturbances may impact coral life history traits through the disrup-
tion of coral-associated microbial communities that play a critical role in holobiont
health. Extracts and fractions derived from Lobophora macroalgae were shown to
significantly deter the growth of bacterial cultures derived from coral reefs as well as
cause an equilibrium shift in the natural coral microbiome, leading to an increase in
potential pathogens. It should be noted that the extent of this shift may have been
exacerbated by transplantation of the experimental colonies into aquaria. Macroalgae
have species-specific impacts on coral hosts and their associated bacteria, sometimes
having the potential to alter pathways related to bacterial stress responses, pathogen-
esis, and symbiosis, as well as carbohydrate metabolism (23). These shifts are likely to
further destabilize coral health and contribute to phase shifts from coral-dominated to
alga-dominated reefs, which is correlated with a higher microbial load, referred to as
microbialization (75). To better understand the ecological relevance of the observed
interactions in the present study, future research should focus on: (i) isolating the active
compound(s) responsible for Lobophora’s potent chemical activity, (ii) determining
whether the active compound(s) is intracellular or surface bound, (iii) determining
whether the active compound(s) is produced by the alga or bacterial associates of the
alga and, (iv) elucidating the mechanisms by which the active compound(s) is released
into the surrounding environment, i.e., through direct contact or dissolution into the
water column. Future work would also benefit from examining both the aqueous- and
organic-derived compounds, which will likely lead to new discoveries in natural product
research and advance our understanding of macroalgal competition on coral reefs,
particularly as coral reefs are subjected to increasing human-derived environmental
stressors. Additional metagenomic and metatranscriptomic research would also pro-
vide insight into the mechanistic role of certain dominant microbial members, helping
to infer the consequences of shifting community structure.

MATERIALS AND METHODS
Macroalgal collection and extraction. Globally, there are currently 20 recognized species of

Lobophora (76, 77) and 80 more that have been estimated (78). Four species of Lobophora were
previously recorded in Australia (79), with L. variegata dominating the GBR; however, recent studies using
mitochondrial cox1 and chloroplast psbA and rbcL genetic markers identified 22 potential Lobophora
species in the Australia region (80) and 10 new species in the Southwest Pacific New Caledonia region,
with 6 distinct growth forms (81). Morphologically similar samples of Lobophora were collected from a
single site on Humpy Reef, GBR, Australia (23°12=98� 150°57=805�) in June 2013. Collections were carried
out by self-contained underwater breathing apparatus (SCUBA) and placed in zip-lock bags at depth.
Samples were frozen (�20°C) immediately after collection and transported to the Australian Institute of
Marine Science (AIMS) in Townville, Queensland. Samples were extracted as described by Morrow et al.
(13). Briefly, the macroalgae were lyophilized for several days prior to chemical extraction. Nonpolar
compounds were exhaustively extracted in triplicate from 91.7 g (dry weight) of Lobophora sp. with ethyl
acetate-methanol (1:1) under sonication and the filtered extracts pooled (organic crude extract [OC]). The
macroalga was further exhaustively extracted in ethanol-deionized water (1:1) three times, again with
sonication, to separate the polar chemistry, and the filtered extracts were pooled (aqueous crude extract
[AC]). The two crude extracts were dried by rotary evaporation (Büchi rotavapor R-200) and lyophilized,
and the percent extract per gram (dry weight) of algal tissue was determined on a microbalance.

Previous studies have focused on alga-derived lipophilic organic compounds; however, the current
study builds on microbial community profiling data (21) that indicated the potential for aqueous
compounds to cause profound changes in coral-associated microbial communities. Thus, the AC was
further separated on a vacuum flash reversed-phase C18 column with a step gradient (LC, 0%, 20%, 50%,
70%, 90%, and 100% methanol in water, and 1:1 dichloromethane-methanol). Twelve fractions from the
AC were collected, dried, and pooled for subsequent biological assays based on 1H and 13C nuclear
magnetic resonance (Bruker Avance 600 MHz NMR spectrometer complete with cryoprobe operating at
600 MHz for 1H�H 3.31 and 125 MHz for 13C �C 49.0 in methanol-d4) and high-pressure liquid chroma-
tography (HPLC; Phenomenex Hilic, 1 ml · min�1, 0 to 100% methanol in water over 20 min) analyses. The
two crude extracts and AC fractions were resuspended in ethanol and prepared at two concentrations
(0.5 and 2 mg · ml�1), with a final concentration of 2.5% ethanol plus 1⁄2-strength marine broth (Difco
2216; Becton and Dickinson, NJ, USA). Although the samples were sonicated to maximize dissolution,
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some highly lipophilic particulates remained in suspension. Therefore, each vial was centrifuged for 15
min at ambient temperature (�1,000 rpm; Savant SpeedVac SC110), and the supernatant was used for
bacterial growth assays.

Bacterial growth assays. Five bacterial cultivars were isolated using minimal medium and se-
quenced from healthy corals (J. B. Raina, personal communication) designated coral residents for the
purposes of this study. These bacterial isolates were putatively identified based on their partial 16S rRNA
gene sequences, with the closest match in GenBank using BLASTn to members of the class Gammapro-
teobacteria: Bacterioplanes sanyensis strain JB47 (family Oceanospirillaceae), Marinobacter sp. strain JB49
(family Alteromonadaceae), Shewanella sp. strain CO41 (family Shewanellaceae); and in the class Alpha-
proteobacteria: Paracoccus denitrificans strain JB11 (family Rhodobacteraceae) and Pseudovibrio denitrifi-
cans strain JB12 (100% identity, family Rhodobacteraceae). Also, in the class Gammaproteobacteria,
isolates of Vibrio coralliilyticus (P1 wild-type strain LMG 23696) and V. harveyi (strain DSM 19623), which
have previously been linked to coral disease or are thought to be opportunistic (V. coralliilyticus [82–84]
and V. harveyi [85, 86]), were used as examples of potential pathogens.

Isolates were picked from glycerol stocks and plated onto 1⁄2-strength marine agar (Difco 2216;
Becton and Dickinson, NJ, USA). After 24 h of growth at 28°C, a single colony of each culture was
inoculated into marine broth (3 ml, Difco 2216). Broth cultures were incubated at 28°C in a shaking
incubator (Innova 42 incubator shaker series) at 180 rpm for 18 h. After incubation, bacterial cultures
were diluted by 50% with additional marine broth and 10-�l aliquots added to 96-well plates (catalog
no. 167008; Nunclon Delta) along with crude extract (AC and OC) or AC fractions (n � 6; Fig. S1) at two
concentrations (0.5 and 2 mg · ml�1). Isolates were also inoculated into wells containing the carrier
solvent (2.5% ethanol in 1⁄2-strength marine broth) to serve as a control for growth effects. Outer wells
were filled with sterile Milli-Q water to maintain a constant humidity and to minimize evaporation during
overnight incubations. Plate lids were coated with a mixture of 2.5% Triton-X (a nonionic detergent) and
20% ethanol to prevent condensation and to allow accurate spectrometer readings to be made without
removing the lid. Measurements of the optical density at 595 nm (OD595) were taken at time 0 h (T0) and
after 24 h of growth (Wallac Victor2 1420 multilabel counter; PerkinElmer Life Sciences). Growth values
were arctangent transformed to meet normality and homogeneity, and a one-way ANOVA with Tukey
HSD pairwise comparison was conducted using the vegan package (87) in R (R Core Team 2015) to
examine whether the growth/inhibition of each bacterium differed significantly between the control and
treatment extracts.

Microbial community analysis. Ten colonies of visually healthy Porites cylindrica were collected by
SCUBA at 5 to 10 m from Cattle Bay (�18°34=49.8000�, 146°28=52.9320�) near Orpheus Island Research
Station (OIRS) in March 2014. One branch from each colony was collected in situ (environmental colony
[EC]) into sterile Whirl-Paks (Nasco Co., Fort Atkinson, WI), representing the naturally occurring microbial
community. The coral colonies were transported back to OIRS in containers of seawater and placed into
experimental raceways with unidirectional running seawater (pumped from offshore of OIRS) within 1 h
of collection. Five colonies were selected at random for treatment (TC) with macroalgae, three colonies
were selected to serve as manipulated control colonies (MCC), and the remaining two colonies served as
nonmanipulated control colonies (NMCC). The five control colonies (MCC and NMCC) were positioned at
the inflow end of both raceways, reducing potential contamination from experimental colonies down-
stream, as shown in Fig. 1. Although this resulted in a nonmixed experimental design, it was imperative
to reduce the potential for allelochemicals to come in contact with control corals and confound the
study. One branch from each colony was collected after an initial 4-h acclimation period in the raceways
representing the T0 control (T0C). These branches were compared directly with the in situ EC to monitor
shifts associated with transport and acclimation in the raceways.

Four treatments were mounted on each TC: two algal extracts (AE), a shading/abrasion control (P),
and a solvent control (S) (Fig. 1). The treatments were prepared as follows: the algal extract was dissolved
in 5% ethanol and incorporated into a molten nontoxic Phytagel (Sigma-Aldrich), at which point the
ethanol evaporated. The molten gel-extract was then poured into a mold fitted with plastic mesh to
facilitate gel handling and left to set (7). The molded gel-extract was cut into 5-cm strips, encased inside
translucent plastic tubing to reduce immediate dissolution of the aqueous compounds, and loosely
secured with zip-ties around coral branches (AE) (Fig. 1). Solvent controls were prepared with 5% ethanol
and Phytagel without extract (S); abrasion/shading controls consisted of mesh and translucent plastic
tubing without gel, solvent, or extract (P). The controls were applied to both the TC and the MCC. The
treatments were monitored over 24 h, at which time (i) five branches were collected from TC exposed to
algal extracts: the branches exposed to two algal extract treatments (AE), one solvent control (S), one
abrasion/shading control (P), and one no-treatment control (NT); (ii) three branches were collected from
MCC not exposed to algal extracts: one solvent (S), one abrasion/shading (P), and one no-treatment
branch (NT); and finally, (iii)two no-treatment branches (NT) were collected from NMCC not exposed to
algal extracts or controls (Fig. 1).

All coral branches collected before and after the experiment were treated in the same manner. Each
branch was first soaked in calcium- and magnesium-free seawater (CMFSW; NaCl [450 nM], KCl [10 mM],
Na2SO4 [7 nM], NaHCO3 [0.5 mM]) for approximately 1 h to aid in the removal of tissue from the skeleton
(88). The branch was then sprayed with pressurized air from a blow-gun attached to a SCUBA cylinder
and fitted with a custom sterile tip (89). The freed tissues were collected in CMFSW solution, pelleted at
20,000 	 g for 10 min, and snap-frozen in liquid nitrogen. DNA extraction was carried out using a Mo
Bio PowerSoil DNA isolation kit, according to the manufacturer’s instructions, with an initial 120-s bead
beating. DNA quantity and quality were checked with PCR using universal bacterial primers (27F/1492R)
and NanoDrop 2000 (Wilmington, DE, USA).

Morrow et al. Applied and Environmental Microbiology

January 2017 Volume 83 Issue 1 e02391-16 aem.asm.org 14

zam-aem/zam00117/zam7584d17z xppws S�3 10/25/16 7:57 4/Color Fig: 2,4,5 ArtID: 02391-16 DOI:10.1128/AEM.02391-16

http://aem.asm.org


A total of 48 samples of genomic DNA were sent to the Australian Centre for Ecogenomics (ACE,
Brisbane, Australia) for Illumina-tagged pyrosequencing using the prokaryote-specific primers 803F/
1392R, which amplify the V5-to-V8 hypervariable region and broadly target both Bacteria and Archaea
(90). The forward and reverse reads were trimmed using Trimmomatic (91) to a minimum length of either
250 bp or where quality fell below 20 in a 4-bp sliding window. Reads of less than 190 bp were discarded.
These paired reads were then stitched together into a single merged read using PANDAseq (92), which
also removed the primer sequences. The FASTX-Toolkit fastx_clipper script trimmed off any rogue
adaptor sequences and converted the output to Fasta format (http://hannonlab.cshl.edu/fastx_toolkit/).
Fasta files for each sample were then merged into a single combined sequence file using the Quantitative
Insights into Microbial Ecology (QIIME) script add_qiime_labels.py (93). A table of operational taxonomic
units (OTUs) was generated using QIIME version 1.8.0 script pick_open_reference_otus.py against the
May 2013 Greengenes database at 97% identity, using default settings. The resulting table was sorted,
and low-abundance clusters (less than 0.01%) were removed using QIIME’s sort_otu_table.py and
filter_otus_from_otu_table.py scripts. A taxon summary was created using QIIME’s summarize_taxa_th-
rough_plots.py (93). A second OTU table was generated using the CopyRighter tool to improve the
accuracy of microbial community profiles (94).

The resulting OTU tables were analyzed in Excel and PRIMER version 7.0 
PERMANOVA extension
(Primer-E Ltd., Devon, UK). Bray-Curtis distance matrices were built from square root-transformed
abundance ratios to examine patterns of microbial community structure and visualized using principal-
coordinate analysis (PCoA). Pearson correlation vectors were overlaid to demonstrate which taxa have
strong positive or negative correlations (strength, �0.8) with either PCoA axis. Seawater samples, initially
included but found to be vastly different, were removed from subsequent analysis to allow better
visualization of coral sample variability. A cluster analysis, based on group averages and a similarity
profile analysis (SIMPROF) with 9,999 permutations, was used to designate samples more or less similar
to one another within the PCoA. SIMPROF-designated clusters were outlined in PRIMER and used for
subsequent statistical analyses. Shannon diversity indices were calculated for each cluster in QIIME. A
permutational multivariate analysis of variance (PERMANOVA, using 10,000 permutations) determined
whether spatial separation between clusters was statistically significant. Finally, a similarity percentage
analysis (SIMPER) was also employed to investigate which OTUs contributed most to the dissimilarity
between clusters.

Larval settlement and survivorship assays. A series of coral larval settlement assays were con-
ducted with Acropora millepora larvae to assess whether Lobophora sp. extracts and fractions resulted in
a higher occurrence of mortality or induced/inhibited larval metamorphosis. Extracts and fractions were
resuspended in methanol to five final concentrations (0.025, 0.05, 0.1, 0.3, and 0.5 mg · ml�1) and poured
into 6-well plates. The methanol was evaporated via vacuum centrifugation (Savant SpeedVac SC210A),
and each well was filled with 10 ml of 0.2 �m-pore-filtered seawater, to which a 5 by 3-mm piece of
autoclaved crustose coralline algae (CCA) was added as a positive settlement cue (see reference 71 for
more details). Finally, 6-day-old swimming A. millepora coral planulae (n � 10), reared at the AIMS
National Sea Simulator in November 2013 (see reference 71 for details) were introduced to each well.
Eight replicates of each treatment and three controls (with and without evaporated solvent), as well as
an inert plastic settlement control, were prepared. The treatments included AC and OC extracts and AC
fractions of Lobophora sp.

The A. millepora planulae (n � 10 per well) were also exposed to 5 by 5-mm pieces of lyophilized
Lobophora blades that were either (i) washed (W) in filtered seawater for 5 h or (ii) not washed (NW) but
briefly rinsed to reconstitute and then placed into experimental wells. Planulae were exposed to each
treatment for 24 h in 6-well plates at 27°C. After 24 h of treatment, planulae were scored as dead,
swimming, or metamorphosed. Dead was defined as planulae that were not moving or showed signs of
degradation. Swimming was defined as planulae actively searching the water column and sides of the
chamber. Metamorphosis was defined as planulae firmly attached to the bottom and transforming into
the coral primary polyp stage (71). Values were arctangent transformed to meet normality and homo-
geneity, and a one-way ANOVA with Tukey HSD pairwise comparisons was conducted using the vegan
package (87) in R (R Core Team 2015) to examine settlement behavior between extract, fraction, and algal
blade treatments.

Accession number(s). The raw pyrosequencing reads were submitted to the NCBI Sequence Read
Archive (SRA) under accession no. SRP072509.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
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TEXT S1, PDF file, 1.2 MB.

ACKNOWLEDGMENTS
We thank Marnie Freckelton and Peter Thomas-Hall for help with the chemical

extraction and subsequent chromatography. Yui Sato and Emmanuelle Bótte are
acknowledged for their help in field-based activities. We also thank the AIMS SEASIM
staff, in particular David Abrego, Craig Humphrey, Andrew Negri, and Jan Tebben, who
carefully reared the coral larvae for this study. Additional thanks goes to Ana Rodriles

Macroalgae Impact Coral Holobiont and Larvae Applied and Environmental Microbiology

January 2017 Volume 83 Issue 1 e02391-16 aem.asm.org 15

AQ: K

zam-aem/zam00117/zam7584d17z xppws S�3 10/25/16 7:57 4/Color Fig: 2,4,5 ArtID: 02391-16 DOI:10.1128/AEM.02391-16

http://hannonlab.cshl.edu/fastx_toolkit/
https://doi.org/10.1128/AEM.02391-16
https://doi.org/10.1128/AEM.02391-16
http://aem.asm.org


at the University of Plymouth and to the Australian Centre for Ecogenomics for their
support with bioinformatics. The views expressed herein are those of the authors and
do not necessarily reflect the views of these agencies.

REFERENCES
1. Bourne DG, Garren M, Work TM, Rosenberg E, Smith G, Harvell CD. 2009.

Microbial disease and the coral holobiont. Trends Microbiol 17:554 –562.
https://doi.org/10.1016/j.tim.2009.09.004.

2. Hoegh-Guldberg O, Bruno JF. 2010. The impact of climate change on the
world’s marine ecosystems. Science 328:1523–1528. https://doi.org/
10.1126/science.1189930.

3. Bell PR, Elmetri I, Lapointe BE. 2014. Evidence of large-scale chronic
eutrophication in the Great Barrier Reef: quantification of chlorophyll a
thresholds for sustaining coral reef communities. Ambio 43:361–376.
https://doi.org/10.1007/s13280-013-0443-1.

4. Ward JR, Lafferty KD. 2004. The elusive baseline of marine disease: are
diseases in ocean ecosystems increasing? PLoS Biol 2:e120. https://
doi.org/10.1371/journal.pbio.0020120.

5. Hughes TP, Graham NAJ, Jackson JBC, Mumby PJ, Steneck RS. 2010.
Rising to the challenge of sustaining coral reef resilience. Trends Ecol
Evol 25:633– 642. https://doi.org/10.1016/j.tree.2010.07.011.

6. Hughes TP, Rodrigues MJ, Bellwood DR, Ceccarelli D, Hoegh-Guldberg O,
McCook L, Moltschaniwskyj N, Pratchett MS, Steneck RS, Willis B. 2007.
Phase shifts, herbivory, and the resilience of coral reefs to climate
change. Curr Biol 17:360 –365. https://doi.org/10.1016/j.cub.2006.12.049.

7. Rasher DB, Stout EP, Engel S, Kubanek J, Hay ME. 2011. Macroalgal
terpenes function as allelopathic agents against reef corals. Proc Natl
Acad Sci U S A 108:17726 –17731. https://doi.org/10.1073/
pnas.1108628108.

8. Vega Thurber, Burkepile DE, Correa AM, Thurber AR, Shantz AA, Welsh R,
Pritchard C, Rosales S. 2012. Macroalgae decrease growth and alter
microbial community structure of the reef-building coral, Porites as-
t r e o i d e s . P L o S O n e 7 : e 4 4 2 4 6 . h t t p s : / / d o i . o r g / 1 0 . 1 3 7 1 /
journal.pone.0044246.

9. Bonaldo RM, Hay ME. 2014. Seaweed-coral interactions: variance in
seaweed allelopathy, coral susceptibility, and potential effects on coral
r e s i l i e n c e . P L o S O n e 9 : e 8 5 7 8 6 . h t t p s : / / d o i . o r g / 1 0 . 1 3 7 1 /
journal.pone.0085786.

10. Jompa J, McCook LJ. 2002. Effects of competition and herbivory on
interactions between a hard coral and a brown alga. J Exp Mar Biol Ecol
271:25–39. https://doi.org/10.1016/S0022-0981(02)00040-0.

11. Nugues MM, Smith GW, van Hooidonk RJ, Seabra MI, Bak RP. 2004. Algal
contact as a trigger for coral disease. Ecol Lett 7:919 –923. https://
doi.org/10.1111/j.1461-0248.2004.00651.x.

12. Foster NL, Box SJ, Mumby PJ. 2008. Competitive effects of macroalgae
on the fecundity of the reef-building coral Montastraea annularis. Mar
Ecol Prog Ser 367:143–152. https://doi.org/10.3354/meps07594.

13. Morrow K, Paul V, Liles M, Chadwick N. 2011. Allelochemicals produced
by Caribbean macroalgae and cyanobacteria have species-specific ef-
fects on reef coral microorganisms. Coral Reefs 30:309 –320. https://
doi.org/10.1007/s00338-011-0747-1.

14. Rasher DB, Hay ME. 2010. Seaweed allelopathy degrades the resilience
and function of coral reefs. Commun Integr Biol 3:564 –566.

15. Slattery M, Lesser MP. 2014. Allelopathy in the tropical alga Lobophora
variegata (Phaeophyceae): mechanistic basis for a phase shift on meso-
photic coral reefs? J Phycol 50:493–505. https://doi.org/10.1111/
jpy.12160.

16. Birrell CL, McCook LJ, Willis BL, Harrington L. 2008. Chemical effects of
macroalgae on larval settlement of the broadcast spawning coral Acro-
pora millepora. Mar Ecol Prog Ser 362:129 –137. https://doi.org/10.3354/
meps07524.

17. Nugues MM, Szmant AM. 2006. Coral settlement onto Halimeda opuntia:
a fatal attraction to an ephemeral substrate? Coral Reefs 25:585–591.
https://doi.org/10.1007/s00338-006-0147-0.

18. McCook L, Jompa J, Diaz-Pulido G. 2001. Competition between corals
and algae on coral reefs: a review of evidence and mechanisms. Coral
Reefs 19:400 – 417. https://doi.org/10.1007/s003380000129.

19. Smith JE, Shaw M, Edwards RA, Obura D, Pantos O, Sala E, Sandin SA,
Smriga S, Hatay M, Rohwer FL. 2006. Indirect effects of algae on coral:
algae-mediated, microbe-induced coral mortality. Ecol Lett 9:835– 845.
https://doi.org/10.1111/j.1461-0248.2006.00937.x.

20. Barott KL, Rodriguez-Brito B, Janouskovec J, Marhaver KL, Smith JE,
Keeling P, Rohwer FL. 2011. Microbial diversity associated with four
functional groups of benthic reef algae and the reef-building coral
Montastraea annularis. Environ Microbiol 13:1192–1204. https://doi.org/
10.1111/j.1462-2920.2010.02419.x.

21. Morrow KM, Ritson-Williams R, Ross C, Liles MR, Paul VJ. 2012. Macroalgal
extracts induce bacterial assemblage shifts and sublethal tissue stress in
Caribbean corals. PLoS One 7:e44859. https://doi.org/10.1371/
journal.pone.0044859.

22. Barott KL, Rodriguez-Mueller B, Youle M, Marhaver KL, Vermeij MJA,
Smith JE, Rohwer FL. 2012. Microbial to reef scale interactions between
the reef-building coral Montastraea annularis and benthic algae. Proc
Biol Sci 279:1655–1664. https://doi.org/10.1098/rspb.2011.2155.

23. Barott KL, Rohwer FL. 2012. Unseen players shape benthic competition
on coral reefs. Trends Microbiol 20:621– 628. https://doi.org/10.1016/
j.tim.2012.08.004.

24. Rohwer F, Seguritan V, Azam F, Knowlton N. 2002. Diversity and distri-
bution of coral-associated bacteria. Mar Ecol Prog Ser 243:1–10. https://
doi.org/10.3354/meps243001.

25. Krediet CJ, Ritchie KB, Paul VJ, Teplitski M. 2013. Coral-associated micro-
organisms and their roles in promoting coral health and thwarting
diseases. Proc Biol Sci 280:20122328. https://doi.org/10.1098/
rspb.2012.2328.

26. Pantos O, Cooney RP, Le Tissier MD, Barer MR, O’Donnell AG, Bythell JC.
2003. The bacterial ecology of a plague-like disease affecting the Carib-
bean coral Montastrea annularis. Environ Microbiol 5:370 –382. https://
doi.org/10.1046/j.1462-2920.2003.00427.x.

27. Bourne D, Iida Y, Uthicke S, Smith-Keune C. 2008. Changes in coral-
associated microbial communities during a bleaching event. ISME J
2:350 –363. https://doi.org/10.1038/ismej.2007.112.

28. Pawlik JR, Steindler L, Henkel TP, Beer S, Ilan M. 2007. Chemical warfare
on coral reefs: sponge metabolites differentially affect coral symbiosis in
situ . Limnol Oceanogr 52:907–911. https://doi.org/10.4319/
lo.2007.52.2.0907.

29. Hay ME. 2009. Marine chemical ecology: chemical signals and cues
structure marine populations, communities, and ecosystems. Annu Rev
Mar Sci 1:193. https://doi.org/10.1146/annurev.marine.010908.163708.

30. Amsler CD. 2001. Induced defenses in macroalgae: the herbivore makes
a difference. J Phycol 37:353–356. https://doi.org/10.1046/j.1529
-8817.2001.037003353.x.

31. Baumgartner FA, Motti C, de Nys R, Paul NA. 2009. Feeding preferences
and host associations of specialist marine herbivores align with quanti-
tative variation in seaweed secondary metabolites. Mar Ecol Prog Ser
396:1–12. https://doi.org/10.3354/meps08359.

32. Steinberg PD, De Nys R. 2002. Chemical mediation of colonization of
seaweed surfaces. J Phycol 38:621– 629. https://doi.org/10.1046/j.1529
-8817.2002.02042.x.

33. Puglisi MP, Engel S, Jensen PR, Fenical W. 2007. Antimicrobial activities
of extracts from Indo-Pacific marine plants against marine pathogens
and saprophytes. Mar Biol 150:531–540.

34. Rasher DB, Hay ME. 2010. Chemically rich seaweeds poison corals when
not controlled by herbivores. Proc Natl Acad Sci U S A 107:9683–9688.
https://doi.org/10.1073/pnas.0912095107.

35. de Oliveira Filho EC. 1977. Algas marinhas bentônicas do Brasil. Univer-
sidade de São Paulo, São Paulo, Brazil.

36. Kubanek J, Jensen PR, Keifer PA, Sullards MC, Collins DO, Fenical W. 2003.
Seaweed resistance to microbial attack: a targeted chemical defense
against marine fungi. Proc Natl Acad Sci U S A 100:6916 – 6921. https://
doi.org/10.1073/pnas.1131855100.

37. Harrington LM. 2004. Ecology of crustose coralline algae; interactions
with scleractinian corals and responses to environmental conditions.
Ph.D. thesis. James Cook University, Townsville Australia.

38. Zhang F, Blasiak LC, Karolin JO, Powell RJ, Geddes CD, Hill RT. 2015.
Phosphorus sequestration in the form of polyphosphate by microbial
symbionts in marine sponges. Proc Natl Acad Sci U S A 112:4381– 4386.
https://doi.org/10.1073/pnas.1423768112.

Morrow et al. Applied and Environmental Microbiology

January 2017 Volume 83 Issue 1 e02391-16 aem.asm.org 16

zam-aem/zam00117/zam7584d17z xppws S�3 10/25/16 7:57 4/Color Fig: 2,4,5 ArtID: 02391-16 DOI:10.1128/AEM.02391-16

https://doi.org/10.1016/j.tim.2009.09.004
https://doi.org/10.1126/science.1189930
https://doi.org/10.1126/science.1189930
https://doi.org/10.1007/s13280-013-0443-1
https://doi.org/10.1371/journal.pbio.0020120
https://doi.org/10.1371/journal.pbio.0020120
https://doi.org/10.1016/j.tree.2010.07.011
https://doi.org/10.1016/j.cub.2006.12.049
https://doi.org/10.1073/pnas.1108628108
https://doi.org/10.1073/pnas.1108628108
https://doi.org/10.1371/journal.pone.0044246
https://doi.org/10.1371/journal.pone.0044246
https://doi.org/10.1371/journal.pone.0085786
https://doi.org/10.1371/journal.pone.0085786
https://doi.org/10.1016/S0022-0981(02)00040-0
https://doi.org/10.1111/j.1461-0248.2004.00651.x
https://doi.org/10.1111/j.1461-0248.2004.00651.x
https://doi.org/10.3354/meps07594
https://doi.org/10.1007/s00338-011-0747-1
https://doi.org/10.1007/s00338-011-0747-1
https://doi.org/10.1111/jpy.12160
https://doi.org/10.1111/jpy.12160
https://doi.org/10.3354/meps07524
https://doi.org/10.3354/meps07524
https://doi.org/10.1007/s00338-006-0147-0
https://doi.org/10.1007/s003380000129
https://doi.org/10.1111/j.1461-0248.2006.00937.x
https://doi.org/10.1111/j.1462-2920.2010.02419.x
https://doi.org/10.1111/j.1462-2920.2010.02419.x
https://doi.org/10.1371/journal.pone.0044859
https://doi.org/10.1371/journal.pone.0044859
https://doi.org/10.1098/rspb.2011.2155
https://doi.org/10.1016/j.tim.2012.08.004
https://doi.org/10.1016/j.tim.2012.08.004
https://doi.org/10.3354/meps243001
https://doi.org/10.3354/meps243001
https://doi.org/10.1098/rspb.2012.2328
https://doi.org/10.1098/rspb.2012.2328
https://doi.org/10.1046/j.1462-2920.2003.00427.x
https://doi.org/10.1046/j.1462-2920.2003.00427.x
https://doi.org/10.1038/ismej.2007.112
https://doi.org/10.4319/lo.2007.52.2.0907
https://doi.org/10.4319/lo.2007.52.2.0907
https://doi.org/10.1146/annurev.marine.010908.163708
https://doi.org/10.1046/j.1529-8817.2001.037003353.x
https://doi.org/10.1046/j.1529-8817.2001.037003353.x
https://doi.org/10.3354/meps08359
https://doi.org/10.1046/j.1529-8817.2002.02042.x
https://doi.org/10.1046/j.1529-8817.2002.02042.x
https://doi.org/10.1073/pnas.0912095107
https://doi.org/10.1073/pnas.1131855100
https://doi.org/10.1073/pnas.1131855100
https://doi.org/10.1073/pnas.1423768112
http://aem.asm.org


39. Vieira C, Gaubert J, De Clerck O, Payri C, Culioli G, Thomas OP. 2015.
Biological activities associated to the chemodiversity of the brown algae
belonging to genus Lobophora (Dictyotales, Phaeophyceae). Phytochem
Rev:1–17.

40. Kushmaro A, Banin E, Loya Y, Stackebrandt E, Rosenberg E. 2001. Vibrio
shiloi sp. nov., the causative agent of bleaching of the coral Oculina
patagonica. Int J Syst Evol Microbiol 51:1383–1388. https://doi.org/
10.1099/00207713-51-4-1383.

41. Goecke FR, Labes A, Wiese J, Imhoff JF. 2010. Chemical interactions
between marine macroalgae and bacteria. Mar Ecol Prog Ser 409:
267–299. https://doi.org/10.3354/meps08607.

42. Hay ME. 1996. Marine chemical ecology: what’s known and what’s next?
J Exp Mar Biol Ecol 200:103–134. https://doi.org/10.1016/S0022
-0981(96)02659-7.

43. Maximilien R, de Nys R, Holmström C, Gram L, Givskov MC, Crass K,
Kjelleberg S, Steinberg P. 1998. Chemical mediation of bacterial surface
colonisation by secondary metabolites from the red alga Delisea pulchra.
Aquat Microb Ecol 15:233–246.

44. Manefield M, de Nys R, Naresh K, Roger R, Givskov M, Peter S, Kjelleberg
S. 1999. Evidence that halogenated furanones from Delisea pulchra
inhibit acylated homoserine lactone (AHL)-mediated gene expression by
displacing the AHL signal from its receptor protein. Microbiology 145:
283–291. https://doi.org/10.1099/13500872-145-2-283.

45. Engel S, Puglisi MP, Jensen PR, Fenical W. 2006. Antimicrobial activities
of extracts from tropical Atlantic marine plants against marine patho-
gens and saprophytes. Mar Biol 149:991–1002. https://doi.org/10.1007/
s00227-006-0264-x.

46. Lane AL, Kubanek J. 2008. Secondary metabolite defenses against patho-
gens and biofoulers, p 229 –243. In Amsler CD (ed), Algal chemical
ecology. Springer, Heidelberg, Germany.

47. Vieira C, Thomas OP, Culioli G, Genta-Jouve G, Houlbreque F, Gaubert J,
De Clerck O, Payri CE. 2016. Allelopathic interactions between the brown
algal genus Lobophora (Dictyotales, Phaeophyceae) and scleractinian
corals. Sci Rep 6:18637. https://doi.org/10.1038/srep18637.

48. Vieira CW, Engelen AH, Guentas L, Aires T, Houlbreque F, Gaubert J,
Serrão E, De Clerck O, Payri CE. 2016. Species specificity of bacteria
associated to the brown seaweeds Lobophora (Dictyotales, Phaeophy-
ceae) and their potential for induction of rapid coral bleaching in
Acropora muricata. Front Microbiol 7:316.

49. Morrow KM, Moss AG, Chadwick NE, Liles MR. 2012. Bacterial associates
of two Caribbean coral species reveal species-specific distribution and
geographic variability. Appl Environ Microbiol 78:6438 – 6449. https://
doi.org/10.1128/AEM.01162-12.

50. Bayer T, Arif C, Ferrier-Pages C, Zoccola D, Aranda M, Voolstra CR. 2013.
Bacteria of the genus Endozoicomonas dominate the microbiome of the
Mediterranean gorgonian coral Eunicella cavolini. Mar Ecol Prog Ser
479:75– 84. https://doi.org/10.3354/meps10197.

51. Bayer T, Neave MJ, Alsheikh-Hussain A, Aranda M, Yum LK, Mincer T,
Hughen K, Apprill A, Voolstra CR. 2013. The microbiome of the Red Sea
coral Stylophora pistillata is dominated by tissue-associated Endozo-
icomonas bacteria. Appl Environ Microbiol 79:4759 – 4762. https://
doi.org/10.1128/AEM.00695-13.

52. Rodriguez-Lanetty M, Granados-Cifuentes C, Barberan A, Bellantuono AJ,
Bastidas C. 2013. Ecological inferences from a deep screening of the
complex bacterial consortia associated with the coral, Porites astreoides.
Mol Ecol 22:4349 – 4362. https://doi.org/10.1111/mec.12392.

53. Rua CP, Trindade-Silva AE, Appolinario LR, Venas TM, Garcia GD, Car-
valho LS, Lima A, Kruger R, Pereira RC, Berlinck RG. 2014. Diversity and
antimicrobial potential of culturable heterotrophic bacteria associated
with the endemic marine sponge Arenosclera brasiliensis. PeerJ 2:e419.
https://doi.org/10.7717/peerj.419.

54. Neave MJ, Rachmawati R, Xun L, Michell CT, David Bourne G, Apprill A,
Voolstra CR. 2016. Differential specificity between closely related corals
and abundant Endozoicomonas endosymbionts across global scales.
ISME J, in press. https://doi.org/10.1038/ismej.2016.95.

55. Morrow KM, Bourne DG, Humphrey C, Botte ES, Laffy P, Zaneveld J,
Uthicke S, Fabricius KE, Webster NS. 2014. Natural volcanic CO2 seeps
reveal future trajectories for host-microbial associations in corals and
sponges. ISME J 9:894 –908.

56. Meyer JL, Paul VJ, Teplitski M. 2014. Community shifts in the surface
microbiomes of the coral Porites astreoides with unusual lesions. PLoS
One 9:e100316. https://doi.org/10.1371/journal.pone.0100316.

57. Lee STM, Davy SK, Tang S-L, Fan T-Y, Kench PS. 2016. Successive shifts in
the microbial community of the surface mucus layer and tissues of the

coral Acropora muricata under thermal stress. FEMS Microbiol Ecol 91:
pii�fiv142. https://doi.org/10.1093/femsec/fiv142.

58. Zaneveld JR, Burkepile DE, Shantz AA, Pritchard CE, McMinds R, Payet JP,
Welsh R, Correa AM, Lemoine NP, Rosales S, Fuchs C, Maynard JA,
Thurber RV. 2016. Overfishing and nutrient pollution interact with tem-
perature to disrupt coral reefs down to microbial scales. Nat Commun
7:11833. https://doi.org/10.1038/ncomms11833.

59. Sunagawa S, DeSantis TZ, Piceno YM, Brodie EL, DeSalvo MK, Voolstra
CR, Weil E, Andersen GL, Medina M. 2009. Bacterial diversity and white
plague disease-associated community changes in the Caribbean coral
Montastraea faveolata. ISME J 3:512–521. https://doi.org/10.1038/
ismej.2008.131.

60. Mao-Jones J, Ritchie KB, Jones LE, Ellner SP. 2010. How microbial com-
munity composition regulates coral disease development. PLoS Biol
8:e1000345. https://doi.org/10.1371/journal.pbio.1000345.

61. Moeller AH, Shilts M, Li Y, Rudicell RS, Lonsdorf EV, Pusey AE, Wilson ML,
Hahn BH, Ochman H. 2013. SIV-induced instability of the chimpanzee
gut microbiome. Cell Host Microbe 14:340 –345. https://doi.org/10.1016/
j.chom.2013.08.005.

62. Vidal-Dupiol J, Dheilly NM, Rondon R, Grunau C, Cosseau C, Smith KM,
Freitag M, Adjeroud M, Mitta G. 2014. Thermal stress triggers broad
Pocillopora damicornis transcriptomic remodeling, while Vibrio corallii-
lyticus infection induces a more targeted immuno-suppression response.
PLoS One 9:e107672. https://doi.org/10.1371/journal.pone.0107672.

63. Ritchie KB. 2006. Regulation of microbial populations by coral surface
mucus and mucus-associated bacteria. Mar Ecol Prog Ser 322:1–14.
https://doi.org/10.3354/meps322001.

64. Pratte ZA, Richardson LL, Mills DK. 2015. Microbiota shifts in the surface
mucopolysaccharide layer of corals transferred from natural to aquaria
settings. J Invertebr Pathol 125:42– 44. https://doi.org/10.1016/
j.jip.2014.12.009.

65. Birrell CL, McCook LJ, Willis BL, Diaz-Pulido GA. 2008. Effects of benthic
algae on the replenishment of corals and the implications for the
resilience of coral reefs. Oceanogr Mar Biol Annu Rev 46:25– 63.

66. Baird AH, Morse AN. 2004. Induction of metamorphosis in larvae of the
brooding corals Acropora palifera and Stylophora pistillata. Mar Fresh-
water Res 55:469 – 472. https://doi.org/10.1071/MF03121.

67. Kuffner IB, Walters LJ, Becerro MA, Paul VJ, Ritson-Williams R, Beach KS.
2006. Inhibition of coral recruitment by macroalgae and cyanobacteria.
Mar Ecol Prog Ser 323:107–117. https://doi.org/10.3354/meps323107.

68. Roth M, Knowlton N. 2009. Distribution, abundance, and microhabitat
characterization of small juvenile corals at Palmyra Atoll. Mar Ecol Prog
Ser 376:133–142. https://doi.org/10.3354/meps07787.

69. Dixson DL, Abrego D, Hay ME. 2014. Chemically mediated behavior of
recruiting corals and fishes: a tipping point that may limit reef recovery.
Science 345:892– 897. https://doi.org/10.1126/science.1255057.

70. Vermeij M, Smith J, Smith C, Thurber RV, Sandin S. 2009. Survival and
settlement success of coral planulae: independent and synergistic ef-
fects of macroalgae and microbes. Oecologia 159:325–336. https://
doi.org/10.1007/s00442-008-1223-7.

71. Heyward AJ, Negri AP. 1999. Natural inducers for coral larval metamor-
phosis. Coral Reefs 18:273–279. https://doi.org/10.1007/s003380050193.

72. Webster NS, Smith LD, Heyward AJ, Watts JE, Webb RI, Blackall LL, Negri
AP. 2004. Metamorphosis of a scleractinian coral in response to micro-
bial biofilms. Appl Environ Microbiol 70:1213–1221. https://doi.org/
10.1128/AEM.70.2.1213-1221.2004.

73. Tebben J, Tapiolas DM, Motti CA, Abrego D, Negri AP, Blackall LL,
Steinberg PD, Harder T. 2011. Induction of larval metamorphosis of the
coral Acropora millepora by tetrabromopyrrole isolated from a Pseudo-
alteromonas bacterium. PLoS One 6:e19082. https://doi.org/10.1371/
journal.pone.0019082.

74. Sneed JM, Sharp KH, Ritchie KB, Paul VJ. 2014. The chemical cue tetra-
bromopyrrole from a biofilm bacterium induces settlement of multiple
Caribbean corals. Proc Biol Sci 281:20133086. https://doi.org/10.1098/
rspb.2013.3086.

75. Haas AF, Fairoz MF, Kelly LW, Nelson CE, Dinsdale EA, Edwards RA, Giles
S, Hatay M, Hisakawa N, Knowles B, Lim YW, Maughan H, Pantos O,
Roach TNF, Sanchez SE, Silveira CB, Sandin S, Smith JE, Rohwer F. 2016.
Global microbialization of coral reefs. Nat Microbiol 1:16042. https://
doi.org/10.1038/nmicrobiol.2016.42.

76. Sun Z, Hanyuda T, Lim P-E, Tanaka J, Gurgel CFD, Kawai H. 2012.
Taxonomic revision of the genus Lobophora (Dictyotales, Phaeophyceae)
based on morphological evidence and analyses rbcL and cox3 gene
sequences. Phycologia 51:500 –512. https://doi.org/10.2216/11-85.1.

Macroalgae Impact Coral Holobiont and Larvae Applied and Environmental Microbiology

January 2017 Volume 83 Issue 1 e02391-16 aem.asm.org 17

AQ: L

AQ: M

zam-aem/zam00117/zam7584d17z xppws S�3 10/25/16 7:57 4/Color Fig: 2,4,5 ArtID: 02391-16 DOI:10.1128/AEM.02391-16

https://doi.org/10.1099/00207713-51-4-1383
https://doi.org/10.1099/00207713-51-4-1383
https://doi.org/10.3354/meps08607
https://doi.org/10.1016/S0022-0981(96)02659-7
https://doi.org/10.1016/S0022-0981(96)02659-7
https://doi.org/10.1099/13500872-145-2-283
https://doi.org/10.1007/s00227-006-0264-x
https://doi.org/10.1007/s00227-006-0264-x
https://doi.org/10.1038/srep18637
https://doi.org/10.1128/AEM.01162-12
https://doi.org/10.1128/AEM.01162-12
https://doi.org/10.3354/meps10197
https://doi.org/10.1128/AEM.00695-13
https://doi.org/10.1128/AEM.00695-13
https://doi.org/10.1111/mec.12392
https://doi.org/10.7717/peerj.419
https://doi.org/10.1038/ismej.2016.95
https://doi.org/10.1371/journal.pone.0100316
https://doi.org/10.1093/femsec/fiv142
https://doi.org/10.1038/ncomms11833
https://doi.org/10.1038/ismej.2008.131
https://doi.org/10.1038/ismej.2008.131
https://doi.org/10.1371/journal.pbio.1000345
https://doi.org/10.1016/j.chom.2013.08.005
https://doi.org/10.1016/j.chom.2013.08.005
https://doi.org/10.1371/journal.pone.0107672
https://doi.org/10.3354/meps322001
https://doi.org/10.1016/j.jip.2014.12.009
https://doi.org/10.1016/j.jip.2014.12.009
https://doi.org/10.1071/MF03121
https://doi.org/10.3354/meps323107
https://doi.org/10.3354/meps07787
https://doi.org/10.1126/science.1255057
https://doi.org/10.1007/s00442-008-1223-7
https://doi.org/10.1007/s00442-008-1223-7
https://doi.org/10.1007/s003380050193
https://doi.org/10.1128/AEM.70.2.1213-1221.2004
https://doi.org/10.1128/AEM.70.2.1213-1221.2004
https://doi.org/10.1371/journal.pone.0019082
https://doi.org/10.1371/journal.pone.0019082
https://doi.org/10.1098/rspb.2013.3086
https://doi.org/10.1098/rspb.2013.3086
https://doi.org/10.1038/nmicrobiol.2016.42
https://doi.org/10.1038/nmicrobiol.2016.42
https://doi.org/10.2216/11-85.1
http://aem.asm.org


77. Guiry MD, Guiry GM. 2013. AlgaeBase. World-wide electronic publica-
tion. National University of Ireland, Dublin, Ireland.

78. Vieira C. 2015. Lobophora: biotic interactions and diversification. Ghent
University, Ghent, Belgium.

79. Womersley HB. 1987. The marine benthic flora of Southern Australia.
Part II. Government Printer, Adelaide, Australia.

80. Soisup N. 2014. Molecular systematics of selected Australian brown
algae, University of Adelaide, Australia.

81. Vieira C, D’hondt S, De Clerck O, Payri CE. 2014. Toward an inordinate
fondness for stars, beetles and Lobophora? Species diversity of the genus
Lobophora (Dictyotales, Phaeophyceae) in New Caledonia. J Phycol 50:
1101–1119.

82. Ben-Haim Y, Rosenberg E. 2002. A novel Vibrio sp. pathogen of the coral
Pocillopora damicornis. Mar Biol 141:47–55. https://doi.org/10.1007/
s00227-002-0797-6.

83. Ben-Haim Y, Thompson FL, Thompson CC, Cnockaert MC, Hoste B,
Swings J, Rosenberg E. 2003. Vibrio coralliilyticus sp. nov., a temperature-
dependent pathogen of the coral Pocillopora damicornis. Int J Syst Evol
Microbiol 53:309 –315. https://doi.org/10.1099/ijs.0.02402-0.

84. Pollock FJ, Wilson B, Johnson WR, Morris PJ, Willis BL, Bourne DG. 2010.
Phylogeny of the coral pathogen Vibrio coralliilyticus. Environ Microbiol
Rep 2:172–178. https://doi.org/10.1111/j.1758-2229.2009.00131.x.

85. Cervino JM, Thompson FL, Gomez-Gil B, Lorence EA, Goreau TJ, Hayes
RL, Winiarski-Cervino KB, Smith GW, Hughen K, Bartels E. 2008. The Vibrio
core group induces yellow band disease in Caribbean and Indo-Pacific
reef-building corals. J Appl Microbiol 105:1658 –1671. https://doi.org/
10.1111/j.1365-2672.2008.03871.x.

86. Luna GM, Bongiorni L, Gili C, Biavasco F, Danovaro R. 2010. Vibrio harveyi
as a causative agent of the White syndrome in tropical stony corals.
Environ Microbiol Rep 2:120 –127.

87. Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, O’Hara R,

Simpson GL, Solymos P, Stevens M, Wagner H. 2015. vegan: community
ecology package. R package version 2.0-10. https://cran.r-project.org/
web/packages/vegan/index.html.

88. Esteves AI, Amer N, Nguyen M, Thomas T. 2016. Sample processing
impacts the viability and cultivability of the sponge microbiome. Front
Microbiol 7:499. https://doi.org/10.3389/fmicb.2016.00499.

89. Bourne DG, Munn CB. 2005. Diversity of bacteria associated with the
coral Pocillopora damicornis from the Great Barrier Reef. Environ Micro-
biol 7:1162–1174. https://doi.org/10.1111/j.1462-2920.2005.00793.x.

90. Abdul Rahman N, Parks DH, Willner DL, Engelbrektson AL, Goffredi SK,
Warnecke F, Scheffrahn RH, Hugenholtz P. 2015. A molecular survey of
Australian and North American termite genera indicates that vertical
inheritance is the primary force shaping termite gut microbiomes. Mi-
crobiome 3:1. https://doi.org/10.1186/s40168-014-0066-1.

91. Bolger AM, Lohse M, Usadel B. 2014. Trimmomatic: a flexible trimmer for
Illumina sequence data. Bioinformatics 30:2114 –2120. https://doi.org/
10.1093/bioinformatics/btu170.

92. Masella AP, Bartram AK, Truszkowski JM, Brown DG, Neufeld JD. 2012.
PANDAseq: paired-end assembler for illumina sequences. BMC Bioinfor-
matics 13:31. https://doi.org/10.1186/1471-2105-13-31.

93. Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD,
Costello EK, Fierer N, Pena AG, Goodrich JK, Gordon JI, Huttley GA, Kelley
ST, Knights D, Koenig JE, Ley RE, Lozupone CA, McDonald D, Muegge BD,
Pirrung M, Reeder J, Sevinsky JR, Tumbaugh PJ, Walters WA, Widmann J,
Yatsunenko T, Zaneveld J, Knight R. 2010. QIIME allows analysis of
high-throughput community sequencing data. Nat Methods 7:335–336.
https://doi.org/10.1038/nmeth.f.303.

94. Angly FE, Dennis PG, Skarshewski A, Vanwonterghem I, Hugenholtz P,
Tyson GW. 2014. CopyRighter: a rapid tool for improving the accuracy of
microbial community profiles through lineage-specific gene copy num-
ber correction. Microbiome 2:1. https://doi.org/10.1186/2049-2618-2-1.

Morrow et al. Applied and Environmental Microbiology

January 2017 Volume 83 Issue 1 e02391-16 aem.asm.org 18

AQ: N

zam-aem/zam00117/zam7584d17z xppws S�3 10/25/16 7:57 4/Color Fig: 2,4,5 ArtID: 02391-16 DOI:10.1128/AEM.02391-16

https://doi.org/10.1007/s00227-002-0797-6
https://doi.org/10.1007/s00227-002-0797-6
https://doi.org/10.1099/ijs.0.02402-0
https://doi.org/10.1111/j.1758-2229.2009.00131.x
https://doi.org/10.1111/j.1365-2672.2008.03871.x
https://doi.org/10.1111/j.1365-2672.2008.03871.x
https://cran.r-project.org/web/packages/vegan/index.html
https://cran.r-project.org/web/packages/vegan/index.html
https://doi.org/10.3389/fmicb.2016.00499
https://doi.org/10.1111/j.1462-2920.2005.00793.x
https://doi.org/10.1186/s40168-014-0066-1
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1186/1471-2105-13-31
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1186/2049-2618-2-1
http://aem.asm.org


JOBNAME: AUTHOR QUERIES PAGE: 1 SESS: 5 OUTPUT: Tue Oct 25 07:58:14 2016
/rich4/zam-aem/zam-aem/zam00117/zam7584d17z

AQau—Please confirm the given-names and surnames are identified properly by the colors.
� Given-Name, � Surname

AQaff—Please confirm the following full affiliations or correct here as necessary. This is what will ap-
pear in the online HTML version:
aAustralian Institute of Marine Science, Townsville, Australia
bSchool of Marine Science and Engineering, Plymouth University, Plymouth, United Kingdom
cCollege of Science and Engineering, James Cook University, Townsville, Australia

AQaff—This affiliation line will appear in the PDF version of the article and matches that on page
1 of the proof; corrections to this affiliation line may be made here or on page 1 of the proof:

Australian Institute of Marine Science, Townsville, Australiaa; School of Marine Science and
Engineering, Plymouth University, Plymouth, United Kingdomb; College of Science and Engi-
neering, James Cook University, Townsville, Australiac

AQfund—The Funding Information below includes information that you provided on the submis-
sion form when you submitted the manuscript. This funding data will not appear in the man-
uscript, but it will be provided to CrossRef in order to make the data publicly available.
Therefore, please check it carefully for accuracy and mark any necessary corrections. State-
ments acknowledging financial support may also appear within the manuscript itself (in Ac-
knowledgments); any such statements should also be checked for accuracy, but will have no
bearing on funding data deposited with CrossRef.

Funder Grant(s) Author(s) Funder ID

Australian Research
Council (ARC)

Kathleen M. Morrow,
David G. Bourne

https://doi.org/10.13039/501100000923

Australian Institute of
Marine Science
(AIMS)

Kathleen M. Morrow,
Cherie Motti,
David G. Bourne

https://doi.org/10.13039/100008344

AQA—Please check the title and edit further if necessary to retain the intended meaning (are
species of the genus as a whole meant, or is a particular species/strain intended?).

AQB—Please note the change made to the explanation of the meaning of “Lobophora sp.” and edit
further/move if necessary.

AQC—To ensure sequential order, references have been renumbered in text and in References.
Please check and correct the renumbering if necessary. If any reference should be deleted from
the References list, please mark “Reference deleted” in the margin next to that entry; do not
renumber subsequent references.

AUTHOR QUERIES

AUTHOR PLEASE ANSWER ALL QUERIES 1



JOBNAME: AUTHOR QUERIES PAGE: 2 SESS: 5 OUTPUT: Tue Oct 25 07:58:14 2016
/rich4/zam-aem/zam-aem/zam00117/zam7584d17z

AQD—Please check the expansion for AC and other expansions throughout the article, and edit
further if necessary.

AQE—Several figures were renumbered to account for Table 2 becoming Fig. 3 and to maintain
sequential order. Please check all renumbering.

AQF—Is it correct that 34.2% is both the average and SD? Please edit further if necessary.

AQG—Please clarify what is meant by “below references.”

AQH—The reference number for “Zaneveld et al.” was changed per the references list. Please edit
further if necessary.

AQI—Please check all GPS coordinates in the article and add compass directions (N or S, E or W)
as appropriate.

AQJ—Please clarify what is meant by “at depth.”

AQK—ASM policy requires that new nt/protein/microarray data be available to the public upon
online posting of the article, so please verify all links to records (particularly for new
sequences) and that each number retrieves the full record of the data (not just the home page).
If the link takes you to an empty record, instruct the production staff to remove the link. If a
new accession number is not linked in the proof or a link is broken, provide production staff
with the specific URL for the record. If the accession numbers for new data are not publicly
accessible by the proof stage, publication of your article may be delayed; please contact the
ASM production staff immediately with the expected release date. Per ASM style, accession
numbers for newly submitted sequences are given in a separate paragraph at the end of
Materials and Methods for full-length papers or at the end of the text for Short Forms. Please
check the new paragraph and verify the database.

AQL—Please provide volume information for ref 39, if available.

AQM—Please provide updated information for ref 54, if available.

AQN—Please check the information for ref 87, as much of it could not be verified.

AQO—Please note the information added for the three asterisks in Fig. 2 and edit further if
necessary.

AUTHOR QUERIES

AUTHOR PLEASE ANSWER ALL QUERIES 2



JOBNAME: AUTHOR QUERIES PAGE: 3 SESS: 5 OUTPUT: Tue Oct 25 07:58:14 2016
/rich4/zam-aem/zam-aem/zam00117/zam7584d17z

AQP—Please check the legend added for Fig. 3 and edit further if necessary.

AUTHOR QUERIES

AUTHOR PLEASE ANSWER ALL QUERIES 3


