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Corals experience intimate associations with distinct populations of marine microorganisms, but
the microbial behaviours underpinning these relationships are poorly understood. There is evidence
that chemotaxis is pivotal to the infection process of corals by pathogenic bacteria, but this
evidence is limited to experiments using cultured isolates under laboratory conditions. We
measured the chemotactic capabilities of natural populations of coral-associated bacteria towards
chemicals released by corals and their symbionts, including amino acids, carbohydrates,
ammonium and dimethylsulfoniopropionate (DMSP). Laboratory experiments, using a modified
capillary assay, and in situ measurements, using a novel microfabricated in situ chemotaxis assay,
were employed to quantify the chemotactic responses of natural microbial assemblages on the
Great Barrier Reef. Both approaches showed that bacteria associated with the surface of the coral
species Pocillopora damicornis and Acropora aspera exhibited significant levels of chemotaxis,
particularly towards DMSP and amino acids, and that these levels of chemotaxis were significantly
higher than that of bacteria inhabiting nearby, non-coral-associated waters. This pattern was
supported by a significantly higher abundance of chemotaxis and motility genes in metagenomes
within coral-associated water types. The phylogenetic composition of the coral-associated
chemotactic microorganisms, determined using 16S rRNA amplicon pyrosequencing, differed from
the community in the seawater surrounding the coral and comprised known coral associates,
including potentially pathogenic Vibrio species. These findings indicate that motility and
chemotaxis are prevalent phenotypes among coral-associated bacteria, and we propose that
chemotaxis has an important role in the establishment and maintenance of specific coral-microbe
associations, which may ultimately influence the health and stability of the coral holobiont.
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Introduction

Corals host bacterial communities that are phylo-
genetically distinct, more active and more abundant
than the bacterial communities in the surrounding
seawater (Ducklow and Mitchell, 1979a; Paul et al.,
1986; Rohwer et al., 2001, 2002; Frias-Lopez et al.,
2002; Kellogg, 2004; Rosenberg et al., 2007; Sweet
et al., 2011). Although the recent application of
molecular techniques has begun to unravel the
complex nature of coral-bacteria interactions
(Rohwer et al, 2002; Rosenberg et al., 2007,
Ceh et al., 2011, 2012), we only have a rudimentary
understanding of the ecological mechanisms and
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bacterial behaviours underpinning these ecological
associations. Recent work focussed on coral patho-
gens has revealed that chemotaxis may be a
potentially important phenotype among coral-asso-
ciated bacteria (Banin et al., 2001; Rosenberg et al.,
2007; Meron et al., 2009; Vega Thurber et al., 2009;
Garren et al., 2014).

Chemotaxis may be a particularly beneficial
phenotype within reefs because the coral surface
microenvironment is characterised by strong gra-
dients of chemical cues and organic material (Kuhl
et al., 1995; Mass et al., 2010). Coral mucus and the
exudates of the symbiotic dinoflagellate Symbiodi-
nium sp. are highly enriched in microbial growth
substrates including amino acids, carbohydrates and
the organic sulphur compound dimethylsulfonio-
propionate (DMSP) (Von Holt and Von Holt, 1968;
Ducklow and Mitchell, 1979b; Meikle et al., 1988;
Wild et al., 2005, 2010; Raina et al., 2009, 2010,
2013; Garren et al., 2014), and gradients of these
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materials extend from the coral surface into the
immediately surrounding seawater (Garren et al.,
2014). The capacity to employ chemotaxis to exploit
the resource-rich or infochemical-rich coral surface
microenvironment may thus provide considerable
advantages for reef microorganisms by enabling
access to limiting substrates or potential animal
hosts.

Marine bacteria  exhibit high-performance
motility (Mitchell et al., 1995, 1996; Grossart et al.,
2001) and chemotaxis (Stocker et al., 2008; Seymour
et al., 2009; Stocker and Seymour, 2012), and there
is evidence that bacterial chemotaxis may be an
ecologically important phenotype within coral
reefs (Banin et al., 2001; Rosenberg et al., 2007;
Meron et al., 2009; Vega Thurber et al., 2009; Garren
et al., 2014). Some of the earliest work on marine
bacterial chemotaxis demonstrated that coral and
Symbiodinium exudates are potent chemoattractants
(Chet and Mitchell, 1976; Bartlett and Matsumura,
1986), and chemotaxis and motility are important
phenotypes for the coral pathogens Vibrio shiloi
and V. coralliilyticus to locate, invade and colonise
their coral hosts (Banin et al., 2001; Koren
and Rosenberg, 2006; Rosenberg et al., 2007;
Meron et al., 2009; Kimes et al., 2011). Recently, it
has been demonstrated that V. coralliilyticus
exhibits extremely strong chemotactic responses
towards DMSP to locate heat-stressed colonies
of its coral host, Pocillopora damicornis (Garren
et al., 2014).

Although increasing evidence suggests that che-
motaxis is an important phenotype among marine
bacterial populations (Blackburn et al., 1998;
Stocker et al., 2008; Stocker and Seymour, 2012),
most research in this area has relied on the use of
cultured isolates and experiments performed under
laboratory conditions. Yet, the majority of marine
bacteria are not amenable to cultivation, excluding
potentially important representatives of natural
bacterial communities from laboratory experiments
(Jannasch and Jones, 1959; Hoppe, 1976; Bianchi
and Giuliano, 1996). In addition, it is important to
establish the extent to which swimming and
chemosensory capabilities of laboratory isolates
reflect their natural state, and how isolates respond
to chemoattractants in the presence of natural
populations. Here, we aim to expand our under-
standing of coral-microbe interactions by examining
chemotaxis among natural populations of coral-
associated bacteria using a combination of labora-
tory-based and in situ experiments.

Materials and methods

This study was conducted on Heron Island in the
Capricorn Bunker Group on the southern Great
Barrier Reef, Australia (23°26’S, 151°54'E) during
two consecutive winter sampling seasons in July
2010 and July 2011.
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Laboratory chemotaxis experiments

To quantify the level of chemotaxis demonstrated by
natural communities of coral reef bacteria, we
performed a set of laboratory-based studies using
seawater samples collected from coral-associated
and nearby non-coral-associated environments. Sea-
water (11) was collected from two environments:
(i) by placing the mouth of a sterile 1-1 Schott bottle
immediately adjacent (<1cm distance) to the sur-
face of colonies of the coral species Pocillopora
damicornis, in 1.5m depth within the reef of
Heron Island (23°26/28"”S, 151°55’11”E) (‘coral
associated’) (Supplementary Figure S1) and (ii) at
the surface of deeper (10m depth) open water,
outside of the Heron Island reef overlaying
a large patch of sandy substrate, where no corals
were present within a radius of 10m (23°26'04”S,
151°55'20"E) (‘non-coral associated’) (Supplementary
Figure S1). Water samples were returned to the
Heron Island Research Station laboratory and
used immediately (within 10min) for chemotaxis
experiments.

In these laboratory experiments, we examined
chemotactic responses using a modified version of
the capillary assay (Pfeffer, 1884; Adler, 1973),
whereby sterile 1-ml syringes were filled with
150 ul of putative chemoattractant. Syringes were
inserted into 100-ml vials containing seawater
collected from the environment (Dennis et al.,
2013). Each of three replicates involved a single
syringe being inserted into one vial of seawater.
Once placed into the vial of seawater chemo-
tattractants diffused out of the syringe into the
seawater suspension, and chemotactic bacteria
within the seawater migrated into the syringe.
Putative chemoattractants were selected according
to their relevance as components of coral mucus
(Von Holt and Von Holt, 1968; Muscatine and
Cernichiari, 1969; Ducklow and Mitchell, 1979b;
Meikle et al., 1988; Hill et al., 1995; Fitzgerald and
Szmant, 1997; Broadbent et al., 2002; Broadbent
and Jones, 2004; Wild et al., 2005, 2010; Raina
et al., 2009, 2010) and included a suite of amino
acids, carbohydrates, dimethylsulfonipropionate
and filtered seawater (FSW) (Supplementary
Information).

In situ chemotaxis assay (ISCA) experiments

Although the laboratory experiments were designed
to provide a first glimpse into the chemotactic
capacity of natural communities of coral-associated
bacteria, laboratory-based measurements may be
influenced by bottle effects, changes in community
composition or the change in physical conditions
from ocean to the laboratory. To examine coral—
microbe chemotaxis within the natural coral reef
environment, we complemented the laboratory
experiments with in situ chemotaxis measurements,
using a newly developed microfluidic-based plat-
form, the ISCA. The ISCA was engineered using soft
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lithography techniques (Whitesides et al., 2001;
Seymour et al., 2008) to create a high-throughput
method for chemotaxis quantification in situ,
allowing for the simultaneous and replicated
testing of multiple chemoattractants under
identical conditions, as well as on-chip controls.
Each ISCA consists of a matrix of 24 cylindrical
wells embedded within a ~30-cm?® slab of the
soft, inert polymer polydimethylsiloxane. Each
well has a diameter of 10mm and a height of
1mm, resulting in a volume of ~80pl. Each well
has two 1-mm diameter, 5-mm-high ports, which
are openings connecting the interior of the chamber
to the external environment. Individual wells
are filled with 80pl of putative chemoattractant
using a pipette. Over the course of a 30-min
deployment, the chemoattractant gradually leaks
into the external environment through the
two inlet ports via molecular diffusion, creating
a gradient in the surrounding seawater that
triggers the migration of chemotactic bacteria into
the wells.

ISCA deployments were conducted 1 year sub-
sequent to the laboratory experiments. The short
branches of P. damicornis (used in the laboratory
experiments) prevented the placement of ISCAs in
between the coral branches, meaning that non-
intrusive ISCA experiments close to the surface of
this coral species were not possible. Consequently,
we focussed this component of the study on the
abundant coral species Acropora aspera and
A. palifera, which have a more deeply branching
structure that allowed for ISCAs to be placed in
between coral branches (Supplementary Figure S2).
ISCAs were deployed on the surface of A. aspera,
located on Heron Island reef crest, and on
the surface of A. palifera within lagoon
(Supplementary Figure S1). These coral species
represent the dominant species within these two
regions of Heron Island reef (Wild et al., 2004). For
each coral deployment, ISCAs were carefully
inserted into the coral branches (Supplementary
Figure S2), so that the wells were facing away from
the centre of the coral. ISCAs were also deployed on the
sandy substrate within Heron Island lagoon and within
open water away from any coral (Supplementary
Information; Supplementary Figure S1). We now
describe the bacterial communities inhabiting
each of these environments as ‘coral-associated’
and ‘non-coral-associated’ bacteria, respectively.
For each water-type tested, two ISCAs were
deployed in this fashion, so that samples could be
collected for both 16S rRNA amplicon sequencing
and flow cytometric analysis, respectively. For each
ISCA deployment, four chemoattractants were
tested simultaneously and each was replicated four
times across the ISCA. These included: (1) an
equimolar mix (100 um each) of the amino acids
arginine, histidine, isoleucine, leucine, lysine,
methionine, phenylalanine, threonine, tryptophan
and valine (Sigma-Aldrich, Sydney, NSW, Australia);
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(2) an equimolar mix (100 pum each) of the carbohy-
drates arabinose, fucose, galactose, glucose and
mannose (Sigma-Aldrich); (3) 100 um of ammonium
chloride (Sigma-Aldrich); (4) 100 um DMSP (Tokyo
Chemical Industry, Tokyo, Japan). To avoid the
generation of secondary chemical gradients, all
chemoattractants for both syringe assays and ISCA
deployments were diluted in 0.2pum FSW, using
seawater collected from the relevant sampling envir-
onment. This FSW was also used as a control in each
experiment.

Chemotaxis sample preparation and analysis

For both the laboratory and in situ experiments,
the intensity of chemotaxis was determined
using flow cytometry to quantify the number
of cells that migrated into syringes (laboratory
experiments) and ISCA wells (in situ experiments).
Upon completion of the assays, samples were
immediately (within 10min) fixed with glutaralde-
hyde (1% final concentration) for 20 min and frozen
in liquid nitrogen before being stored at —80°C.
Samples were stained with SYBR Green I (1:10000)
(Invitrogen, Molecular Probes, Eugene, OR, USA) and
analysed using a Becton Dickinson LSR II flow
cytometer (BD Biosciences, San Jose, CA, USA).
Bacterial populations were discriminated according
to SYBR Green fluorescence and side-scatter (Marie
et al.,, 1997; Seymour et al., 2007).

DNA extraction, 16S rRNA gene sequencing and
analysis

DNA samples were quick-frozen in liquid nitrogen
and stored at —80°C. Prior to extraction, DNA
samples were quick-thawed in a bath of hot water
and a 5-pl aliquot from each sample was transferred
into individual microfuge tubes. Genomic DNA was
extracted from the samples using MicroLYSIS reagent
(Microzone, Haywards Heath, UK) in a 1:5 dilution.
The lysis protocol involved one cycle of the following
7-step thermocycling conditions: 65°C for 15min,
96 °C for 2 min, 65 °C for 4 min, 96 °C for 1 min, 65 °C
for 1 min, 96 °C for 30s and hold at 20°C.

The four replicate samples of each chemo-
attractant across the ISCA designated for DNA
collection were pooled to account for biological
variability. The composition of the microbial
communities responding to each chemoattractant
was determined using 16S rRNA amplicon pyrose-
quencing. Extracted DNA was amplified using
universal 16S primers 803F (5-ATTAGATACCCTG
GTAGTC-3') and 1392R (5'-ACGGGCGGTGTGTRC-3')
(Supplementary Information). Amplicons were
sequenced using the 454 GS-FLX pyrosequencing
platform (Roche, Brandford, CT, USA). Homopolymer
errors were removed using Acacia (Bragg et al., 2012),
and 16S rRNA gene sequences were analysed using
the QIIME pipeline (Caporaso et al., 2010; Kuczynski
et al., 2011) (Supplementary Information).



Metagenomic analysis of bacterial communities

For each of the four water types where ISCAs were
deployed, metagenomes from bulk seawater were
also sequenced. For each water type, 101 of seawater
was collected in sterile 10-1 Schott bottles
(Supplementary Information). Shotgun meta-
genomic libraries were generated for each of the
four samples using the 454 pyrosequencing platform
(454 GS-FLX, Roche). Further details of meta-
genomic sequencing, data quality control and analysis
are provided in Tout et al. (2014). For this study,
post quality control sequence analysis focussed on
genes associated with bacterial chemotaxis and
motility, which were identified by comparing
sequences to the KEGG database at the hierarchal
functional level one (Supplementary Information).

Chemotactic index and statistical analysis of data

For both laboratory and in situ experiments, the
accumulation of bacteria in response to the
chemoattractants was expressed in terms of a
chemotactic index, I, (mean ts.d.). The I, value
was calculated by normalising the concentration of
cells responding to a given chemoattractant to the
number of cells responding to the corresponding
FSW control. Positive chemotaxis was identified
when I, was significantly (P<0.05) greater than 1.
I. data were tested for normality using the
Kolmogorov—Smirnov test, and Levene’s test was
used to test for homogeneity of variance. In cases
where these assumptions were not met, logi,
transformations were performed. To compare
chemotaxis levels in the laboratory experiments,
three-way analysis of variance was used (water
type x chemoattractant x concentration). For the ISCA
experiments, chemotactic responses within water
types were compared using a paired T-test (chemoat-
tractant), whereas a two-way analysis of variance was
used to determine differences between the water types
(water type x chemoattractant).

A network analysis approach was employed to
examine chemotactic preferences at the level
of the OTUs (Operational Taxonomic Units). This
provided information on whether chemotactic OTUs
demonstrated a specialist response, whereby they
were only chemotactic to a specific chemoattractant,
or a generalist response, whereby they exhibited
chemotaxis towards multiple attractants. OTUs
responding to the tested chemoattractants were
plotted using Cytoscape 2.8.3 (www.cytoscape.org)
(Shannon et al., 2003; Smoot et al., 2011; Fuhrman
and Steele, 2008; Fan et al., 2012; Needham et al.,
2013) according to the QIIME pipeline using the
force-directed Cytoscape layout: edge-weighted
spring embedded according to e-weights (Kamada
and Kawai, 1989; Caporaso et al., 2010; Kuczynski
et al, 2011) (Supplementary Information). Known
coral-associated OTUs where identified according to
Raina et al. (2010) and were colour coded to highlight
their distribution among the chemoattractants.
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Differences in the relative abundance of motility
and chemotaxis genes between the four metage-
nomes were identified using Fisher’s exact test with a
Benjamini false discovery rate multiple test correc-
tion, within the statistical analysis of metagenomic
profiles package (Parks and Beiko, 2010). All quoted
g-values represent corrected values, with only
values of <0.05 reported (Parks and Beiko, 2010).
Confidence intervals (95%) were determined using
the Newcombe—Wilson method. Multivariate statis-
tical software (PRIMER v6) was used to measure the
degree of similarity between metagenomes (Clarke
and Gorley, 2006). Data were square-root trans-
formed and the Bray-Curtis similarity was calcu-
lated between samples. SIMPER analysis (Clarke,
1993) was used to identify the metabolic categories
contributing most to the dissimilarity between the
metagenomes.

Results

Laboratory chemotaxis experiments

DMSP invoked a strong chemotactic response by
bacteria from coral-associated water, as evidenced
by cell concentrations in DMSP-containing syringes
reaching 2—15 times higher values than the control
(that is, I, =2-15; Figure 1a). However, no signifi-
cant difference was measured in the total number of
cells responding to different concentrations of
DMSP (Figure 1a; Supplementary Table S1). Coral-
associated bacteria exhibited significantly (P<0.05)
higher levels of chemotaxis towards all concentra-
tions of DMSP (I,=2-15) than the non-coral-asso-
ciated bacteria, which did not display chemotaxis
towards any of the tested DMSP concentrations
(I.=0.11-0.18) (Figures la and b; Supplementary
Table S1).

Among the coral-associated bacteria collected
from seawater adjacent to P. damicornis, significant
(P<0.001) positive chemotaxis was also observed
towards several of the tested amino acids. The
strongest chemotactic response in the coral-
associated bacteria was to 1mwm tryptophan
(I.=28.1+£4.9 s.d.) (Figure 1c), where I, increased
with higher concentrations of the attractant and
chemotaxis to all concentrations of tryptophan was
significantly greater than to the FSW control.
Significant (P<0.001) chemotaxis towards all con-
centrations of aspartic acid (I,=5.2+3.4 s.d.) and
casamino acid (I,_15.0+13.6 s.d.) was also mea-
sured (Figure 1c; Supplementary Table S2), where
the 10-um concentration invoked the highest
response in both cases. Responses varied signifi-
cantly according to concentration, but across
all of the tested amino acids there was no general
trend of increasing or decreasing I. with increasing
amino-acid concentration. Bacteria from the coral-
associated  seawater  exhibited  significantly
(P<0.001) higher levels of chemotaxis towards
aspartic acid, tryptophan and casamino acids than
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Figure 1 Chemotactic index, I, of natural bacterial assemblages responding to 10 pm, 100 um and 1 mm concentrations of DMSP (a and b),
amino acids (¢ and d) and carbohydrates (e and f) and the FSW control (line at 1 on the y axis). Bacterial concentrations in syringes
containing chemoattractants were normalised to concentrations in the FSW control. Responses above the horizontal line represent
positive chemotaxis. (a, ¢ and e) Coral-reef-associated bacteria. (b, d and f) non-coral-associated bacteria. Vertical bars represent
meants.d. (n=3). An asterisk on the x axis represents chemotaxis that is significantly higher than the FSW control; o=0.05.
C represents the concentration where a significantly highest chemotactic response occurred; o= 0.05.

the non-coral-associated bacteria (Figures 1c and d;
Supplementary Table S2). The non-coral-associated
bacteria also showed chemotaxis towards some
amino acids, but the levels of chemotaxis were
significantly lower (P<0.001). The most potent
chemoattractants for these non-coral-associated
bacteria also differed (P<0.001) from the coral-
associated bacteria and included valine, lysine and
threonine (Figure 1d).
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None of the tested carbohydrates induced a
significant chemotactic response by coral-
associated bacteria (Figure 1e; Supplementary
Table S3), whereas non-coral-associated bacteria
showed positive chemotaxis towards all con-
centrations of arabinose (P=0.001), with a
maximum response ([,=5.8%+0.7 s.d.) at a con-
centration of 100pum (Figure 1f; Supplementary
Table S3).



ISCA experiments

For each of the tested chemoattractants, the
chemotactic responses were significantly greater
in the ISCAs deployed on the surface of A. aspera
in the reef crest (P<0.001) (Figure 2; Supplementary
Table S4) than at any other water type. For all
other tested water types, there was no positive
chemotaxis to any chemoattractant (Figure 2).
However, for the ISCAs deployed on the surface of
A. aspera in the reef crest, there was significant
chemotaxis towards DMSP (I.=3.2%+0.6 s.d.,
P<0.05, T=6.18, Supplementary Table S5), the
amino-acid mixture (I.=25.1%+7.9 s.d., P<0.05,
T=7.50, Supplementary Table S6) and ammonium
chloride (I,=3.5%+0.5 s.d., P<0.05, T=7.97,
Supplementary Table S7) (Figure 2). There was a
response to the carbohydrate mixture (I.=8.7+4.3
s.d.), but due to high inter-replicate variability this
was not significantly different from the FSW control
(Supplementary Table S8).

Community composition of chemotactic bacteria from
the ISCAs

The composition of the chemotactic bacteria
in the A. aspera ISCA deployments conducted
on the reef crest (Figure 3) differed from the
community composition in the surrounding sea-
water (Supplementary Figure S3). The background
seawater sample was dominated by microorganisms

35 *
= Open water
30 = A. aspera Reef Crest
o5 = A. palifera Lagoon
Sand
20
o

15
10

5 * *

o = - * = L T me—

Amino acid  Carbohydrate DMSP
mix mix

Ammonium FSW
chloride Control

Chemoattractant

Figure 2 Bacterial chemotaxis to the amino-acid mix, carbohy-
drate mix, DMSP and ammonium chloride (all at 100 um) observed
at four coral reef microenvironments on Heron Island using the
in situ chemotaxis assay (ISCA). ISCAs were deployed in the open
water outside the reef (blue bars); on the coral A. aspera on the reef
crest (red bars); on the coral A. palifera in the lagoon (green bars);
and at the sandy substrate under water in the lagoon (orange bars)
(see Supplementary Figure S1). Values on the y axis represent the
chemotactic index, I, computed after bacterial concentrations in
ISCA wells containing chemoattractants were normalised to
bacterial concentrations in the FSW control. Responses above the
horizontal line represent positive chemotaxis. Vertical bars repre-
sent mean +s.d. (n=4). An asterisk above a microenvironment
represents chemotaxis that is significantly higher than the FSW
control; = 0.05. A full colour version of this figure is available at
the International Society for Microbial Ecology journal online.
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that are typically the most abundant members of
bacterial communities within oligotrophic tropical
waters, including Candidatus pelagibacter (SAR11)
and Synechococcus (Supplementary Figure S3).

At the family level, the community retrieved from
the ISCA wells were relatively conserved across the
chemoattractants tested and was dominated by
members of the Rhodobacteraceae, Comamonada-
ceae, Flavobacteriaceae, Pseudomonadaceae and
Sphingomonadaceae (Figure 3; Supplementary
Figure S4a). However, some less-abundant families
displayed a more specialized response, with repre-
sentatives responding to only one or a subset of the
tested chemoattractants (Supplementary Figure S4b).
For example, Vibrionaceae responded only to amino
acids, carbohydrates and DMSP, whereas the
Shewanellaceae responded only to DMSP and
carbohydrates (Figure 3).

The extent of ‘generalism’ versus ‘specialism’ in
the chemotactic responses to individual chemoat-
tractants was probed more extensively at the OTU
level using network analysis (Figure 4). Of the
394 OTUs responding to the tested chemoattractants,
only 4.3% responded to all four compounds (the
nodes in the centre of the network in Figure 4) and
can be considered ‘generalist chemotaxers’. Of this
‘generalist’ community, 65% were identified as
belonging to known coral-associated families. On
the other hand, 19.3% of OTUs responded to two or
three chemoattractants, of which 44% were from
known coral-associated families. The bulk of OTUs
(76.4%) exhibited a ‘specialist’ response, being
attracted to only one compound, 39.5% of which
belonged to known coral-associated families. Of
these, 42.5% responded to the carbohydrate mixture
only, 24.9% to the amino-acid mixture only, 16.6%
to DMSP only and 15.9% to ammonium chloride
only. These specialist OTUs included a diverse
range of organisms often belonging to families that
contain known coral associates, including Endozoi-
comonaceae, Alteromonadaceae and Vibrionaceae
(Figure 4).

Chemotaxis gene patterns in metagenomes

Patterns in chemotaxis and motility genes obtained
from metagenomic data closely reflect the pheno-
typic patterns observed in each of the chemotaxis
experiments. Genes encoding cell motility and
chemotaxis, including the chemotaxis genes cheA,
B,D,R, V, W, Y, Z, the methyl-accepting chemotaxis
gene MCP, the motility genes motA, B, C and the
flagellar proteins flgA, B, D, E, G, H, I, L, M,
flhA, B, C, D and fIiC, F, G, I, M, N, Y, O, Z, P, R,
were responsible for driving significant differences
between the coral-associated and the non-coral-
associated metagenomes (Supplementary Tables
S9-S11). These motility genes were over-repre-
sented in the coral-associated water types, com-
prising 0.83% of the total number of sequences
(Table 1), compared with only 0.23% in the
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Figure 3 Taxonomic identities (family) of chemotactic bacteria responding to the ISCA deployments on the reef-crest coral A. aspera
using 16S TRNA gene sequencing, where hits were generated by comparing the sequences with BLASTn to the Greengenes database in
QIIME. The relative proportions of families responding to each chemoattractant were normalised by multiplying by the cell abundance
retrieved from FCM (Figure 1) (Dennis et al., 2013). The microbial community identified in the FSW control is representative of
organisms that swam into this treatment as a consequence of random motility, rather than chemotaxis, due to the lack of any chemical
gradient. As such, this sample provides an overview of the motile, but not necessarily chemotactic proportion of the community. For
more detail on unique taxa responding to individual chemoattractants, see Supplementary Figure S3.
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® OTU other

Figure 4 OTU network resulting from the ISCA deployment on A. aspera. Chemotactic bacterial OTUs (small circles) are linked to each
chemoattractant that they responded to (coloured diamonds) by lines (edges) with colours corresponding to each chemoattractant. Where
an OTU responded only to a single chemoattractant, its corresponding node is connected only to that chemoattractant (the outer clusters
of nodes). Where an OTU responded to multiple chemoattractants, the corresponding node is connected to the relevant groups of
chemoattractants (nodes in the centre). OTUs belonging to known groups of coral-associated bacteria, according to Raina et al. (2010), are
denoted by the different colours listed in the legend. These known coral associates account for 41.37% of all OTUs. Of the remaining
black nodes, ~27.9% of OTUs could not be identified beyond the order level. A full colour version of this figure is available at the
International Society for Microbial Ecology journal online.

open-water type (Figure 5a). Consistent with the  genes were also generally significantly (g<0.05,
significantly higher levels of chemotaxis observed in ~ Fisher’s exact test) over-represented on the surface
A. aspera in the reef crest, the above mentioned  of A. aspera (Figures 5a and b). In A. aspera, MCP,
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Table 1 Environmental data and metagenome statistics for the four Heron Island water types

Meta data Sandy substrate A. palifera in the A. aspera on the reef Open water
lagoon crest

DNA sequences 233026 201910 182182 103900

Sequences failing QC 23899 20691 18818 10573

Mean sequence length of DNA base 457 450 449 454

pairs (post QC)

Known annotated proteins 58%:; 45%; 50%; 64%:;

% Matches to bacteria 88.4% (58.3% to 84% (56.3% to 84.6% (60.9% to 89.5% (55% to
proteobacteria) proteobacteria) proteobacteria) proteobacteria)

Bulk counts of bacteria per ml, 9.4 x10*+1.2 x 10*

mean * s.d.

3.7%x10°+6.7 x 10*

1.0 x10°+ 1.6 x 10° 3.5x10%°+4.5 x10°

Seawater temperature 19.7°C 19.7°C 19.6°C 19.7°C
Abbreviation: QC, quality control.
a Discussion
0.9
nFlagellar assembly . . . . i
g of A . Our data provide the first direct in situ measure-
U= o7 oBacterial chemotaxis 5 .
X2 ments of chemotactic behaviour among natural
g O opulations of coral-associated bacteria, wi i
9 & 06 populat f 1 ted bact th high
§5 05 levels of chemotaxis demonstrated towards a range
3= . . . .
gz o of coral holobiont-related chemicals. These in situ
‘5§ 0.3 measurements add a new dimension to existing
$e o2 evidence that some coral pathogens are chemotactic
8 o1 towards coral mucus and other host-derived com-
0 pounds (Banin et al., 2001; Koren and Rosenberg,
Lag"gg;f/f*ecr;"ﬁ"’a Crest’_fcer; pora Sand Open Water 2006; Rosenberg et al., 2007; Meron et al., 2009;
aspera Kimes et al., 2011; Vidal-Dupiol et al., 2011; Garren
Niche et al., 2014), and that chemotaxis and motility genes
can be prominent and dynamic features in the
b metagenomes of coral-microbial communities
045 Sandy substrate (Vega Thurber et al., 2009). Given the strong
. = Lagoon-Acropora . s
alifera chemotactic responses that we observed in the
0.4 P p
0.35 = Reef Crest- laboratory experiments and ISCA deployments, we
Acropora aspera o1 b
03 propose that motility and chemotaxis may be

= Open water

0.25
0.2
0.15
0.1
0.05

Total % of sequences to KEGG

che mcp mot fli flg flh

Cell motility functional genes

Figure 5 Functional categories of motility and chemotaxis
composition of four metagenomic libraries derived from different
reef habitats on Heron Island by comparing the sequences with
BLASTn to the KEGG database. (a) Cell motility category, and (b)
functional genes associated with the cell motility category.
Relative representation in the metagenome was calculated by
dividing the number of hits to each category by the total number
of hits to all categories, thus normalizing by sequencing effort.

cheA, motA, motB, cheB, cheR and cheY were
significantly (g<0.05) over-represented relative to
the open-water type. The differences between
the two coral-associated samples were less
pronounced: MCP was the only gene significantly
over-represented in A. aspera on the reef crest
relative to A. palifera in the lagoon (g<0.05)
(Figure 5b).

important phenotypes within the context of coral—
microbial interactions.

Our laboratory-based and in situ measurements
indicate that coral reef bacteria are well equipped to
sense and respond to the chemicals released from
corals. The diffusion of chemicals away from the
coral surface into the surrounding seawater gener-
ates microscale chemical gradients extending into
the adjacent seawater, whereas the shedding of
carbon-rich mucus by corals may produce chemical
hotspots (Wild et al., 2004). Chemotaxis is thus
likely to be an important mechanism favouring the
colonisation of coral surfaces by bacteria.

The laboratory-based syringe assays revealed a
much stronger chemotactic response by coral-
associated bacteria, obtained from near the surface
of the coral species P. damicornis, than by bacteria
collected from a non-coral site. In addition, the
bacteria from the coral- and non-coral-associated
sites showed different preferences for chemoattractants,
indicating that the chemical requirements, or use of
chemical signals as chemotactic cues, vary between
coral-associated and nearby open-water bacterial
communities. These patterns were supported by
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the results of the in situ experiments, whereby
bacteria associated with the surface of the coral
A. aspera exhibited significantly higher levels of
chemotactic capability than bacteria from any other
water type around the reef or from the open water.
The short-branching morphology of P. damicornis
was not amenable to ISCA deployment, so ISCA
experiments were performed on the more deeply
branching A. aspera in the reef crest and A. palifera
in the lagoon. Although this prevents direct compa-
rison of our laboratory and in situ results, the
general pattern of higher levels of chemotaxis on
coral surfaces was conserved between approaches.
Elevated levels of chemotaxis observed among the
microbial communities associated with the reef crest
coral A. aspera in the ISCA experiments were
supported by metagenomic analysis, where genes
associated with motility and chemotaxis were
significantly more abundant in the seawater asso-
ciated with A. aspera than in any other sample. Of
note, motility and chemotaxis genes in the A. aspera
sample were significantly more abundant than in
the sample obtained from the other coral species
A. palifera located in the lagoon, which is directly in
line with the differences in chemotactic responses
observed between the bacterial communities asso-
ciated with these two coral species in the ISCA
experiments. Taken together, our results demon-
strate that chemotaxis is heterogeneous across a
coral reef and between communities associated with
different corals. The different chemtoaxis patterns
observed between the bacterial communities asso-
ciated with the two Acropora species may be due to
inter-coral variability in microbial community com-
position and function (Rohwer et al., 2001, 2002;
Tout et al., 2014), or slight differences in the
morphology of the two coral species may have
altered the biophysical environment inhabited by
the resident microbes (Wallace, 1999). In addition,
the location of the corals within the Heron Island
reef system may be responsible for some of these
differences. A. aspera was chosen for sampling in
the reef crest environment, whereas A. palifera was
chosen within the lagoon, because these species
dominate the coral communities within these two
habitats, respectively (Wild et al., 2004). The reef
crest, where the A. aspera deployment occurred is
an environment characterised by a wall of Acropora
corals, where 69% of the benthos is covered by hard
corals (Salmond et al., 2013). In contrast, in the
lagoon where the ISCAs were deployed on
A. palifera, hard corals contribute to only 6% of
the total benthic cover (the lowest hard coral cover
on Heron Island) (Salmond et al., 2013) and the bulk
of the substrate is sand. As a consequence, the local
environment surrounding the different coral colo-
nies varied substantially, with differences in the
bulk microbial community within these two habitats
potentially contributing to the differences observed
here. Finally, Vega Thurber et al. (2009) showed
significant shifts in chemotaxis genes among the
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microbial communities associated with stressed
corals relative to healthy individuals, and although
no notable signs of disease or stress were apparent in
either coral tested here, there remains the possibility
that differences in the health status of the coral hosts
may contribute to differences in the level of
chemotaxis observed here.

Natural communities of coral-associated bacteria
showed strong chemotactic responses towards
DMSP in both the laboratory assays and the ISCA
deployments. This is consistent with DMSP being
an important source of carbon and reduced sulphur
for marine bacteria (Howard et al., 2006) and a
chemical cue for some coral pathogens (Garren et al.,
2014). DMSP is abundant on coral reefs (Broadbent
et al., 2002; Broadbent and Jones, 2004; Raina et al.,
2010), with coral mucus concentrations (up to 62 pum)
the highest reported in the marine environment
(Broadbent et al., 2002; Broadbent and Jones, 2004).
There is now evidence that both the coral symbionts
Symbiodinium spp. (Keller et al., 1989; Broadbent
et al., 2002) and the coral animal (Raina et al., 2013)
have the capacity to produce significant quantities
of DMSP. Our results confirm that, similar to other
marine microorganisms (Miller et al., 2004;
Seymour et al., 2010; Sharp et al.,, 2012), coral-
reef-associated bacteria use chemotaxis to enhance
their access to DMSP or to follow DMSP gradients as
a cue to locate the host (Garren et al., 2014). The
dominant bacterial taxa responding to DMSP
included known coral-associated species that have
the capacity to degrade DMSP (Flavobacteriaceae)
and DMS (Comamonadaceae) or both (Rhodobacter-
acea, Pseudomonaceae and Halomonaceae) (Raina
et al., 2010). It is notable that we also observed some
Vibrio sequences in the DMSP sample, because
recent evidence suggests that DMSP can be a potent
chemoattractant for coral pathogens belonging to
this genus (Garren et al., 2014).

Strong chemotactic responses to several amino
acids by coral-associated bacteria were also
observed using both the syringe assays and the
ISCA deployments. The amino acids used in the
chemotaxis assays have previously been found in
the mucus of several coral species (Ducklow and
Mitchell, 1979b; Meikle et al., 1988; Fitzgerald and
Szmant, 1997). Chemotaxis towards amino acids is
well recognised among enteric bacteria (Adler, 1966;
Mesibov and Adler, 1972; Kim et al., 2001; Bainer
et al., 2003; Frank et al., 2011), has been demon-
strated in some marine bacteria (Barbara and
Mitchell, 2003a,b) and our results indicate that it
may also be involved in coral-microbe interactions
in coral reef environments.

Marine bacteria have been shown to exhibit
chemotaxis towards carbohydrates present in the
exudates of phytoplankton (Hellebust, 1965; Bell
and Mitchell, 1972) and in the mucus of the
Hawaiian squid Euprymna scolopes light organ
(DeLoney-Marino et al., 2003). Despite the prominence
of carbohydrates in coral mucus (Ducklow and



Mitchell, 1979b; Meikle et al., 1988; Wild et al., 2005),
the chemotactic response of coral-associated
bacteria towards the tested carbohydrates in both
the syringe assays and the ISCAs were never
significantly different from the FSW control. Taken
together, these findings indicate that carbohydrates
previously shown to occur in coral mucus do not
appear to be an important chemical cue for coral-
associated bacteria.

Our results demonstrate that natural populations
of coral-associated bacteria exhibit chemotaxis
towards ammonium. Aquatic heterotrophic bacteria
have previously been shown to use chemotaxis to
exploit patches of inorganic substrates including
ammonium (Stocker and Seymour, 2012; Dennis
et al., 2013). Within coral reefs, nitrogen is often a
limiting nutrient in the water column (Thomas and
Owen, 1971; Crossland et al., 1984; Moore et al.,
2013), as nitrate and ammonium concentrations are
often <2pm (Crossland et al., 1984; Bythell, 1990).
However, ammonium and other inorganic nutrients
are likely to be generated as metabolic by-products
in the coral holobiont (Kawaguti, 1953; Muscatine
and D’Elia, 1978; Siboni et al., 2008), and ammo-
nium levels can reach up to 50um within coral
mucus (Wild et al., 2005). Therefore the ability to
use chemotaxis to exploit elevated levels of inor-
ganic nutrients near the surface of corals may
provide a competitive advantage for some coral reef
bacteria.

The microbial community identified in the FSW
control is representative of organisms that swam
into this treatment as a consequence of random
motility, rather than chemotaxis, due to the lack of
any chemical gradient. As such, this sample pro-
vides an overview of the motile, but not necessarily
chemotactic proportion of the community. The
choice of chemoattractant concentrations in our
experiments was guided by concentrations pre-
viously shown to occur within coral microenviron-
ments, such as coral mucus (Broadbent and Jones,
2004; Wild et al., 2004, 2005, 2010). In most cases,
no significant difference was observed in the
chemotactic response between different concentra-
tions. However, the coral-associated bacteria’s
response to tryptophan increased with increasing
concentrations. On the other hand, in the case of
aspartic and casamino acids, the strongest chemo-
taxis occurred in response to the lowest tested
concentration of 10 pm, which is perhaps indicative
of an inhibitory response associated with saturation
of chemoreceptors at higher concentrations
(Mesibov et al., 1973). These patterns indicate that
the chemotactic sensitivities and thresholds for
coral-associated bacteria vary between different
types of compounds, which may reflect the relative
availability and concentrations of these substrates in
the environment.

Recent measurements of the chemotactic
behaviour of a natural bacterial population from a
lake revealed a strong phylogenetic partitioning
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in the response towards inorganic compounds
(Dennis et al., 2013). Our results have expanded
upon this work by identifying members of the
chemotactic bacterial communities associated with
the coral species A. aspera, and demonstrating that
these differed substantially from the community in
the surrounding seawater. This indicates that
chemotaxis may act as a behavioural filter, favouring
certain species over others in associating with corals
and thus determining the composition of microbial
communities within specific coral microniches.

At the family level of taxonomic resolution, we
found that the same bacterial groups were typically
the dominant responders to all chemoattractants,
indicating that microorganisms belonging to a
restricted range of bacterial families perform che-
motaxis in the coral reef environment. These groups
included families with members that have metabolic
requirements for the tested chemoattractants (for
example, Flavobacteriaceae for DMSP; Raina et al.,
2010) or are known coral associates (Rhodobacter-
aceae, Comamonadaceae, Flavobacteriaceae and
Pseudomonadaceae (Raina et al., 2010; Morrow
et al., 2012)). However, at a finer taxonomic
resolution it became clear that specialist chemotac-
tic responses, whereby organisms only exhibited
chemotaxis to certain chemicals, were common.
There were some families where representatives
only responded to one or a subset of the chemoat-
tractants tested. These more-specialised groups of
chemotaxers included members of the Shewanella-
ceae and Vibrionaceae families. The Shewanella-
ceae only exhibited chemotaxis towards DMSP and
carbohydrates. This family includes known coral-
associated bacteria (Shnit-Orland and Kushmaro,
2009; Raina et al., 2010; Ceh et al., 2012) and species
that degrade DMSP (Raina et al., 2010). Chemotaxis
by members of the marine Shewanellaceae towards
amino acids and algae has previously been observed
(Barbara and Mitchell, 2003a,b), and our results
demonstrate that members of this known group of
coral associates may use chemotaxis towards DMSP
within the coral holobiont.

Clear differentiation of the chemotactic commu-
nity into groups of ‘specialist’ and ‘generalist’
chemotaxers became particularly evident when
responses were assessed at the OTU level. Approxi-
mately 4.3% of all OTUs responded to all four
compounds tested, whereas 19.3% responded to
2 and 3 chemoattractants. This suggests that a subset
of the chemotactic community is made of ‘generalist
chemotaxers’ that have the capacity to sense and
direct movement in response to diverse chemicals
compounds. Currently, little is known about the
chemoreceptors used by marine bacteria (Stocker
and Seymour, 2012), but the generalist chemotaxers
identified here may either have multiple sets of
chemoreceptors, which allow them to respond to a
variety of compounds (Wadhams and Armitage,
2004; Parales et al., 2013), or single chemoreceptors
that allow for binding of multiple compounds
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(Adler, 1969; Glekas et al., 2012). However, the
bulk (76.4%) of chemotactic OTUs identified here
can be classified as ‘specialist chemotaxers’, as they
responded to only one compound. Many of these
specialist chemotaxers were also known coral
associates including members of Endozoicomona-
ceae, Rhodobacteraceae, Vibrionaceae and Myco-
bacteriacea. In the environment, the heterogeneity
in chemotactic responses observed here could lead
to strong niche partitioning among the bacterial
community, suggesting that this behaviour could
underpin some of the heterogeneity in microbial
community composition previously observed
between different coral hosts (Rohwer et al., 2002).

The partitioning of coral-microbe communities
observed here may be encouraged by differential
release of chemoattractants from the coral holobiont
under varying environmental conditions. There is
evidence that the production and release of key
chemoattractants, such as DMSP, can vary markedly
under different environmental conditions and coral
health states (Raina et al., 2013; Garren et al., 2014).
From a bacterium’s perspective, chemotaxis serves a
variety of potential ecological functions, including
(i) providing cells with greater access to important
growth substrates and nutrients in otherwise oligo-
trophic habitats (Stocker et al., 2008; Seymour et al.,
2009), (ii) enhancing exposure to terminal electron
acceptors/donors (Schweinitzer and Josenhans, 2010)
or (iii) use of infochemicals that may provide
pathogenic microorganisms with information about
the location, health and potential susceptibility of
coral hosts to infection (Garren et al., 2014).
Heterogeneity in the strength of chemotaxis towards
different chemoattractants observed across the
different water types is perhaps indicative of varying
ecological strategies among microbial communities
on coral reefs.

Conclusions

We have provided the first in situ quantification of
bacterial chemotaxis on a coral reef. Previous
studies have shown that different habitats and
microenviroments on coral reefs host phylogeneti-
cally distinct communities (Rohwer et al., 2002;
Rohwer and Kelly, 2004), but our results show that
different reef features (for example, coral species and
water types) also host distinct microbial phenotypic
capacities, specifically the ability to perform
chemotaxis. In addition, we have provided a direct
mechanism for how chemical gradients associated
with coral surfaces may be involved in the establish-
ment of specific coral-bacterial relationships, and
how microbial chemotaxis might shape the compo-
sition of coral reef bacterial communities. As such,
we suggest that within the chemically and physically
complex coral microenvironment, bacterial beha-
viours, including motility and chemotaxis, may be
fundamental drivers of patterns in microbial
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diversity and metabolism, coral infection dynamics
and chemical cycling processes.
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