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ABSTRACT Improving the availability of representative isolates from the coral microbiome
is essential for investigating symbiotic mechanisms and applying beneficial microorganisms
to improve coral health. However, few studies have explored the diversity of bacteria which
can be isolated from a single species. Here, we isolated a total of 395 bacterial strains affili-
ated with 49 families across nine classes from the coral Pocillopora damicornis. Identification
results showed that most of the strains represent potential novel bacterial species or gen-
era. We also sequenced and assembled the genomes of 118 of these isolates, and then the
putative functions of these isolates were identified based on genetic signatures derived
from the genomes and this information was combined with isolate-specific phenotypic
data. Genomic information derived from the isolates identified putative functions including
nitrification and denitrification, dimethylsulfoniopropionate transformation, and supply of
fixed carbon, amino acids, and B vitamins which may support their eukaryotic partners.
Furthermore, the isolates contained genes associated with chemotaxis, biofilm formation,
quorum sensing, membrane transport, signal transduction, and eukaryote-like repeat-con-
taining and cell-cell attachment proteins, all of which potentially help the bacterium estab-
lish association with the coral host. Our work expands on the existing culture collection of
coral-associated bacteria and provides important information on the metabolic potential of
these isolates which can be used to refine understanding of the role of bacteria in coral
health and are now available to be applied to novel strategies aimed at improving coral re-
silience through microbiome manipulation.

IMPORTANCE Microbes underpin the health of corals which are the building blocks of
diverse and productive reef ecosystems. Studying the culturable fraction of coral-associ-
ated bacteria has received less attention in recent times than using culture-independent
molecular methods. However, the genomic and phenotypic characterization of isolated
strains allows assessment of their functional role in underpinning coral health and identi-
fication of beneficial microbes for microbiome manipulation. Here, we isolated 395 bac-
terial strains from tissues of Pocillopora damicornis with many representing potentially
novel taxa and therefore providing a significant contribution to coral microbiology
through greatly enlarging the existing cultured coral-associated bacterial bank. Through
analysis of the genomes obtained in this study for the coral-associated bacteria and coral
host, we elucidate putative metabolic linkages and symbiotic establishment. The results
of this study will help to elucidate the role of specific isolates in coral health and provide
beneficial microbes for efforts aimed at improving coral health.
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Genetic and genomic approaches have provided an in-depth understanding of the
coral-associated microbiome. However, despite the diversity of the coral micro-

biome being well described (1), the functions these communities play regarding host
fitness and health, or indeed the role of single members, remain less well understood
(2–4). To this end, high-quality assembled reference genomes derived from metage-
nomic analyses are now desirable, thus enabling a better understanding of the inte-
grated metabolic links of the coral holobiont (5). However, the often-close symbiotic
relationships bacteria have with their coral hosts make it difficult to eliminate contami-
nating coral DNA for subsequent analyses (6). Studies now, however, are starting to
overcome these issues, with recent work outlining 102 metagenome-assembled or sin-
gle cell-sequenced bacterial genomes, along with 103 genomes derived from the cul-
tured fraction of coral-associated bacteria (summarized in Data Set S2 at http://data
.scsio.ac.cn/metaData-detail/1514896851117494272 and http://isolates.reefgenomics
.org/download2/).

Although culture-independent molecular methods are useful in describing the di-
versity of any given host, the isolation and characterization of cultured fractions are still
vital to elucidate strain characteristics. A previous report (7) highlighted the wealth of
information which can be mined from such collections, identifying over 3,000 coral-
associated bacteria held in laboratories around the world, 1,045 of which had full-
length 16S rRNA gene sequences available. The study also increased the number of
genomes available for these coral associates to 74 at the time of publication (7).
However, there remains little understanding of culturable bacteria from a given coral
species at a single time point (7). In this study, we investigate in detail the cultural frac-
tion of Pocillopora damicornis, describing novel bacterial taxa associated with this coral
species. Furthermore, through sequencing and analysis of genomes of these isolates
and the coral host, we provide insight into the putative function these isolates offer to
their host.

RESULTS
Cultured coral-associated bacteria reveal novel diversity. Using the dilution plat-

ing procedure on marine agar (MA), we obtained a total of 395 isolates from tissue of
the coral P. damicornis. These isolates were classified into 49 families based on nearly
full-length 16S rRNA gene sequences, across nine classes. These included Actinobacteria
(14 isolates), Cytophagia (10 isolates), Flavobacteriia (87 isolates), Bacilli (1 isolate),
Alphaproteobacteria (193 isolates), Epsilonproteobacteria (5 isolates), Gammaproteobacteria
(80 isolates), Balneolia (1 isolate), and Verrucomicrobiae (4 isolates). The most abundant
taxa cultured belonged to Flavobacteriaceae (84 isolates), Rhodobacteraceae (145 isolates),
and Gammaproteobacteria (80 isolates) (Fig. 1A; see also Table S6 at http://data.scsio.ac.cn/
metaData-detail/1514896851117494272 and http://isolates.reefgenomics.org/download2/).
Local BLAST analysis of the detected operational taxonomic units (OTUs) from P. damicornis
tissue collected on the same reef (8) against these bacterial cultures revealed 39 hits at the
species level (.98.7% identity), which account for ;8% of the coral bacterial community
(i.e., 39 out of 490 OTUs).

Using the stringent 98.7% 16S rRNA gene sequence similarity, we identified 154 dis-
tinct bacterial species (Fig. 1A; see also Table S6 at http://data.scsio.ac.cn/metaData
-detail/1514896851117494272 and http://isolates.reefgenomics.org/download2/). Only
56 of these matched previously described species, suggesting the remaining isolates
might represent novel taxa (Fig. 1A; see also Table S6). Among these, 80 are potential
novel species (when matched against the EzBioCloud database [9]), and 18 represent
17 novel genera (there were 2 species affiliated with the same genus)—i.e., their 16S
rRNA gene sequence similarity was ,94.5% (see Table S6).
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Genome characteristics and functional gene distribution in coral-associated
bacteria. A total of 118 genomes were assembled from the cultured bacteria, and
these accounted for 111 out of the 154 distinct taxa identified by 16S rRNA gene analy-
sis alone (Fig. 1A and B; see also Table S6 at http://data.scsio.ac.cn/metaData-detail/

FIG 1 (A) Phylogenetic tree of representatives of 395 isolated coral-associated bacteria based on 16S rRNA gene sequences. The 395 strains are classified
into 154 species (16S rRNA gene similarity, $98.7%) from 49 families and 9 classes. The strain number is color coded according to classes. The external ring
is color coded according to families. The strains with sequenced genomes are marked with purple star symbols, and the 98 new species are indicated with
red dots. (B) Phylogenomic tree of all coral-associated bacterial genomes within the collection and the distribution of eukaryote-like repeat proteins
including ankyrin, leucine-rich, tetratricopeptide, HEAT, and WD40 as well as cadherins, fibronectins, and fibronectin-binding proteins. Values represent the
percentage of coding genes in each class per genome. The inner ring is color coded according to families. The strain number is color coded according to
classes. The genus name is included in parentheses, and “novel genus” shows the strain represents a candidate novel genus.
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1514896851117494272 and http://isolates.reefgenomics.org/download2/). While nine
of these 118 genomes are complete, the remaining draft genomes have a com-
pleteness of $97.1% (see Data Set S3 at http://data.scsio.ac.cn/metaData-detail/
1514896851117494272 and http://isolates.reefgenomics.org/download2/). Moreover,
13 isolates possess 2 to 5 copies of the 16S rRNA gene, and the divergences were below
0.002. The results of digital DNA-DNA hybridization (dDDH) and average nucleotide iden-
tity (ANI) analyses based on the genomes of 66 candidate novel species further support
separating them from any previously described species (see Table S6).

Putative metabolic functions of these bacteria, assessed using Kyoto Encyclopedia of
Genes and Genomes (KEGG) level 2 assignments, indicated that carbohydrate and amino
acid metabolic pathways were the most abundant in all isolates (see Fig. S1 in the supple-
mental material). Further, energy metabolism and metabolism of cofactors and vitamins
were also abundant (Fig. 2; Fig. S1; see also Data Set S4 at http://data.scsio.ac.cn/metaData
-detail/1514896851117494272 and http://isolates.reefgenomics.org/download2/). A focus on
the pathways showing class- or genus-specific distribution (Fig. 2; see also Data Set S4) dem-
onstrated that biosynthesis of amino acids, antibiotics, and secondary metabolites and car-
bon metabolism were ubiquitous and abundant in all isolates. Cell motility (chemotaxis,
ko02030; flagellar assembly, ko02040) was conserved mainly in the phylum Proteobacteria.
Genes involved in biofilm formation were mainly found in the Gammaproteobacteria.
Alphaproteobacteria showed a relatively high abundance of genes involved in quorum sens-
ing, especially in the family Rhodobacteraceae and the genera Labrenzia and Salaquimonas
(Fig. 2). Genes involved in membrane transport (mainly ABC transporters) were abundant in
most genomes of the class Alphaproteobacteria, the genus Vibrio, and strain SCSIO 12664,
which represents a novel genus in the family Endozoicomonadaceae (Fig. 2). The signal
transduction system (two-component system, ko02020) was abundant in Proteobacteria and
is potentially involved in sensing and responding to altered environmental conditions.

Antibiotic resistance was abundant in the Actinobacteria phylum and in most isolates of
the Proteobacteria phylum, especially in Erythrobacter, Sphingobium (Alphaproteobacteria),
Moraxella_g2, Pseudomonas, and Vibrio (Gammaproteobacteria) (Fig. 2; see also Data Set S4
at http://data.scsio.ac.cn/metaData-detail/1514896851117494272 and http://isolates

FIG 2 Functional landscape of coral-associated bacteria. Heat map representing the gene abundance of the listed functions in the 118 genomes of coral-
associated bacteria.
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.reefgenomics.org/download2/). A type III secretion system, which is known to be
essential for the interaction of Gram-negative bacteria with eukaryotic hosts (10),
was identified in several of our isolates affiliated with Pseudoalteromonas, Vibrio,
and Endozoicomonadaceae. Putative virulence factors were abundant in the class
Gammaproteobacteria, especially in the genera Pseudomonas and Vibrio (Fig. 2; see
also Data Set S4). Additionally, the protein family profiles of our isolated vibrios
were distinct from previously identified nonpathogenic Vibrio (permutational multi-
variate analysis of variance [PERMANOVA], R2 = 0.221, F = 2.551, P , 0.01), while
they had no significant difference from pathogenic Vibrio (PERMANOVA, R2 = 0.07,
F = 0.608, P . 0.1) (Fig. S2).

ELR-containing and cell-cell attachment proteins. Eukaryote-like repeat (ELR)-
containing proteins from the ankyrin (ARP), WD40, leucine-rich, tetratricopeptide, and
HEAT repeat families are thought to modulate the host’s intracellular processes and
have a role in stable symbiosis (5, 11–14). In this study, we found them to be more
prevalent in members of the Flavobacteriaceae, while ELR abundances were generally
lower in Actinobacteria and Alphaproteobacteria. In comparison to the other four types
of ELR, the tetratricopeptide was more abundant in our isolates (Fig. 1B). Two isolates
in particular, Aquimarina sp. (SCSIO 12749) and Francisellaceae (SCSIO 12844), devoted
0.3% and 0.5%, respectively, of their coding genes to ARPs (Fig. 1B). The WD40-repeat-
containing proteins were most abundant in a Fabibacter (SCSIO 12824) with 51 copies
while other isolates showed between 2 and 38 copies in comparison. Leucine-rich
repeats represented less than 0.55% in our isolates. Interestingly, both leucine-rich and
HEAT repeats were absent in approximately half of our isolates, specifically those
belonging to Alphaproteobacteria, Gammaproteobacteria, and Actinobacteria (Fig. 1B).

Cadherins, a superfamily of transmembrane glycoproteins, mediate Ca21-depend-
ent cell-cell adhesion throughout the animal kingdom and have been found to medi-
ate bacterial cell-cell contact in the ocean (15). Here, we identified genes containing
cadherin domains in more than half of our isolates across all lineages (Fig. 1B). In the
coral host genome, we also identified fibronectin type II- and III-encoding genes
(Table S1). Fibronectin-binding proteins (FnBPs) are considered essential for attach-
ment of host-associated bacteria to their ecological niches by binding to host fibronec-
tin (16). Surprisingly, only three of our isolates (Thalassotalea sp. strain SCSIO 12439,
Halarcobacter sp. strain SCSIO 12583, and Ruegeria sp. strain SCSIO 12644) were found
to possess genes encoding FnBPs specifically. That said, genes encoding fibronectin
type III were found distributed in more than half of our isolates, including all
Bacteroidetes and several Proteobacteria and Actinobacteriamembers (Fig. 1B).

Carbon, nitrogen, and sulfur cycling. A total of 13 Alphaproteobacteria isolates from
the genera Cognatiyoonia, Erythrobacter, Leisingera, Pseudooceanicola, Roseovarius,
Sulfitobacter, and Tateyamaria possess both the L (pufL) and M (pufM) subunits of the
photosynthetic reaction center, constituting the anoxygenic photosystem II (Fig. 3;
see also Table S7 at http://data.scsio.ac.cn/metaData-detail/1514896851117494272
and http://isolates.reefgenomics.org/download2/).

A range of carbon fixation pathways were identified in the present study, including
the Calvin-Benson cycle, Arnon-Buchanan cycle, 3-hydroxypropionate bi-cycle, hydrox-
ypropionate-hydroxybutylate cycle, dicarboxylate-hydroxybutyrate cycle, and Wood-
Ljungdahl pathway (Fig. 3; see also Table S7 at http://data.scsio.ac.cn/metaData-detail/
1514896851117494272 and http://isolates.reefgenomics.org/download2/). The com-
plete sets of genes encoding the Calvin-Benson cycle were found in strains SCSIO
12425 (Indioceanicola), SCSIO 12644 (Ruegeria), and SCSIO 12654 and SCSIO 12727
(Roseovarius) (Fig. 3; see also Table S7).

Diazotrophs have been suggested to supply nitrogen to the host and the algal
symbionts (17); however, genes encoding nitrogenases were not found in this study
(Fig. 3). Additionally, there was no evidence of ammonia oxidation-related genes in
our isolates, though nitrogen can be acquired from the surrounding seawater (5, 18)
or derived from the coral host directly (19). That said, nitrite can be oxidized to ni-
trate, and this appears possible from 16 of our isolates from the genera Gordonia,
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Janibacter, Kocuria, Mycolicibacterium, Fabibacter, Mesorhizobium, Roseovarius, Sulfitobacter,
Bacterioplanoides, Halioglobus, Marinobacter, Moraxella_g2, Pseudoalteromonas, and
Pseudomonas, all of which possess the alpha (nxrA) and beta (nxrB) subunit of the
nitrite oxidoreductase NXR. Further, we found the complete sets of genes encoding
the dissimilatory nitrate reduction pathway in 35 isolates (Fig. 3; see also Table S7
at http://data.scsio.ac.cn/metaData-detail/1514896851117494272 and http://isolates
.reefgenomics.org/download2/). and the complete denitrification pathway was iden-
tified in 19 (Fig. 3; see also Table S7).

FIG 3 Color-coded table indicating major functional genes and their abundance in coral-associated bacterial genomes. The x axis indicates the genes likely
involved in energy or vitamin metabolism, and the y axis indicates the strain designations. Blue indicates the complete pathway identified in carbon, sulfur,
and nitrogen nutrient cycles and vitamin biosynthesis and the genes present in DMSP cleavage (dddD, dddL, dddP, dddQ, dddW, dddK, dddY, and dmdA)
and DMSO reduction; gray indicates the partial pathway identified in the carbon, sulfur, and nitrogen nutrient cycles and vitamin biosynthesis; white
indicates an absence of relevant genes or pathways.
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Specifically, strains SCSIO 12603, SCSIO 12610, and SCSIO 12664 showed nitrate
reduction activity (see Data Set S1, the description of the novel taxon), although the
corresponding KEGG modules were incomplete (Fig. 3; see also Table S7 at http://data
.scsio.ac.cn/metaData-detail/1514896851117494272 and http://isolates.reefgenomics
.org/download2/). In contrast, the complete sets of genes encoding the dissimilatory
nitrate reduction and/or denitrification pathways were observed in three other strains,
SCSIO 12643, SCSIO 12741, and SCSIO 12839 (Fig. 3; see also Table S7), while they did
not show nitrate reduction activity in the biochemical assays (see Data Set S1, the
description of the novel taxon).

Dimethylsulfoniopropionate (DMSP) lyases (dddD, dddL, dddP, dddQ, and dddW) and
demethylases (dmdA) were found present in some of our isolates, mainly in the class
Alphaproteobacteria and especially the family Rhodobacteraceae. Interestingly, dddK
and dddY were not detected in any of our isolates (Fig. 3). Dimethyl sulfoxide (DMSO)
reductase, in contrast, was more widely distributed across our isolates, present in 90
out of the 118 sequenced (Fig. 3).

Inorganic sulfur is also important for the coral holobiont, with the sulfur-based amino
acid production central to sulfate metabolism (20). Complete sets of genes responsible for
assimilatory sulfate reduction were identified in 20 of our isolates, half of which belonged
to Gammaproteobacteria (Fig. 3; see also Table S7 at http://data.scsio.ac.cn/metaData
-detail/1514896851117494272 and http://isolates.reefgenomics.org/download2/). No com-
plete dissimilatory sulfate reduction pathway was observed in our isolates; however, the
gene sat, which encodes sulfate adenylyltransferase involved in the dissimilatory sulfate
reduction pathway, was present in all Rhodobacteraceae and several Actinobacteria and
Gammaproteobacteria strains (Fig. 3; see also Table S7). Thiosulfate oxidation by the com-
plete SOX complex was present in nearly half of the Alphaproteobacteria strains and in one
(SCSIO 12583) belonging to the genus Halarcobacter (Fig. 3; see also Table S7).

CAZy family and carbon metabolism. To evaluate the utilization potential for
carbohydrates derived from coral-associated bacteria, we identified 3,756 potential
glycoside-degrading enzymes (GDEs), including 434 auxiliary activities (AAs), 468
carbohydrate esterases (CEs), 2,696 glycoside hydrolases (GHs), and 107 polysaccha-
ride lyases (PLs), across the 118 sequenced bacterial genomes. We found that the
GDE content was variable across phyla with the average frequency of GDE sequen-
ces ranging from six (Epsilonproteobacteria) to 31.8 (Actinobacteria) per sequenced
genome equivalent (SGE) (21) (i.e., 3 Mbp) (Fig. S3). The Bacteroidetes exhibited a
similar overall frequency of GDEs (27.95) as the Actinobacteria; however, they held
much higher content of extracellular carbohydrate-degrading enzymes (Fig. 4A).
The lowest GDE frequency (with a total of six GDEs—five GHs and one CE) was
detected in the genome of Halarcobacter sp. strain SCSIO 12583. Interestingly,
Endozoicomonadaceae SCSIO 12664, a likely endosymbiont of coral (22, 23), also
exhibited fewer GDEs than most of the obtained isolates, with two CEs and eight
GHs detected.

The most prevalent GDEs belonged to families acting on plant cell wall carbohy-
drates (GH3 and GH16), animal carbohydrates (PL6), and peptidoglycan (GH23, GH73,
and GH103 and CE4) (Fig. 4B; Table S2). Besides those enriched functions, other GH
families, known to degrade major components of dissolved organic matter in coral
reefs, were frequently detected, including GH33 and GH42, GH29 and GH95, and GH51
and GH127 targeting sialic acids, fucoidan, and arabinosaccharides, respectively.

CAZyme fingerprinting of the nine potentially novel species evaluated via the API
ZYM kit showed that five (SCSIO 12603, SCSIO 12610, SCSIO 12741, SCSIO 12839, and
SCSIO 12844) did not exhibit hydrolytic activity against the tested glycoside substrates,
and one (SCSIO 12827 of Hyphomicrobiaceae) displayed a broad spectrum of CAZyme
activities (Table S3). Strain SCSIO 12664 showed activities of a-galactosidase, b-galac-
tosidase, and N-acetyl-b-glucosaminidase (Table S3). Additionally, no b-glucuronidase
or b-fucosidase activity was detected for all the examined isolates (Table S3). This sug-
gests that nutrients like uronic acids or fucose-containing carbohydrates are
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unavailable to these bacteria. Genomic analysis of the nine novel species showed an
average 12 detected GDEs, implying that they might share common metabolic features
with relatively poor carbohydrate utilization potential. These isolates could, however,
utilize most of the tested oligosaccharides, especially SCSIO 12696, which may well use
all the oligosaccharides with distinct residues as carbon sources (Table S3). It is also
possible that some of the GDEs are multifunctional, i.e., they may catalyze the transfor-
mation of a broad range of substrates.

Biosynthesis of amino acids and vitamins. According to the genome analysis of the
coral host, P. damicornis lacks the capability to biosynthesize eight amino acids including
isoleucine, leucine, lysine, methionine, phenylalanine, tryptophan, tyrosine, and valine
(Table S4). However, this should be interpreted with caution as the host genome assembly
was incomplete (completeness score, 94.2%). Interestingly, we did find that many of our
isolates potentially synthesize all 20 amino acids (Table S4; see also Table S7 at http://data
.scsio.ac.cn/metaData-detail/1514896851117494272 and http://isolates.reefgenomics.org/
download2/). Additionally, 22 of the Alphaproteobacteria strains may synthesize putrescine
from arginine, and 10 isolates belonging to Winogradskyella, Alphaproteobacteria, and
Gammaproteobacteria may be able to synthesize spermidine from arginine (see Table S7).
Further, 12 isolates belonging to Actinobacteria, Flavobacteriaceae, Alphaproteobacteria,
and Gammaproteobacteria could potentially synthesize g-aminobutyric acid (GABA) from
putrescine, and a Labrenzia sp. (SCSIO 12622) possesses the complete set of genes involved
in the biosynthesis of GABA from arginine (see Table S7).

The coral host genome also lacks vitamins associated with biosynthesis capability
(including biotin, cobalamin, folate, pantothenate, riboflavin, thiamine, and pyridoxine)
(Table S4). The complete sets of genes responsible for biosynthesis, however, can be found
in many of our isolates. For example, thiamine, riboflavin, and pyridoxal were mainly dis-
tributed in Gammaproteobacteria strains (Fig. 3; see also Table S7 at http://data.scsio.ac.cn/
metaData-detail/1514896851117494272 and http://isolates.reefgenomics.org/download2/).
Seven Rhodobacteraceae and three Gammaproteobacteria strains may be able to synthesize
biotin via the BioC-BioH pathway (Fig. 3; see also Table S7). Pantothenate and tetrahydrofo-
late biosynthesis pathways were distributed across isolates from various phyla, while the
complete set of genes for cobalamin biosynthesis was possessed just by Proteobacteria
(Fig. 3; see also Table S7). Finally, we assessed the yields of vitamins of strains SCSIO 12696
and SCSIO 12664 and confirmed that they were able to produce vitamins including folic
acid, biotin, and riboflavin; SCSIO 12696 could also produce cyanocobalamin, thiamine,

FIG 4 Carbohydrate utilization potential of coral-associated bacteria. (A) Frequency of glycoside-degrading enzyme sequences per
sequenced genome equivalent. (B) Contribution of major potential degrader clades to the pool of sequences targeting specific carbohydrate
substrates.
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and pantothenic acid (Table S5). These results give strong support to the role these isolates
play in the coral host as an important and alternative source of vitamins.

Partial phenotypic and genomic properties of nine novel taxa. Six novel genera
and nine novel species were polyphasically characterized via phylogenetic analysis, morpho-
logical observation, phenotypic characterization using Biolog and API ZYM tests, chemo-
taxonomic analyses, and genome comparison. Most of these novel isolates showed esterase,
lipase, and trypsin activities (Table S3). Partial phenotypic and genomic characteristics of
these nine novel taxa are presented in Table 1, and further descriptions of them are pro-
vided in Data Set S1.

DISCUSSION
Diverse and novel bacteria cultured from P. damicornis. In this study, we isolated

395 bacterial strains from a single coral species, P. damicornis. There were 80 potential
novel species and 17 potential novel genera in this collection, which greatly increases
the currently available cultured bacteria derived from P. damicornis and corals in gen-
eral. For example, in a recent effort to describe the cultured fraction of coral-associated
bacteria 3,055 isolates were identified spread across 52 studies or held in laboratories
in private collections (7). Only 15 of these (0.5%) were from the coral P. damicornis, and
these were affiliated with seven genera (7). Further, that meta-analytical study identi-
fied 12 putatively novel genera (7). In this study, our isolates span 36 formally
described genera and 17 potential novel genera (see Fig. S4 in the supplemental mate-
rial). And our study focused on just one coral species, therefore further demonstrating
the high species diversity of the coral microbiome (not including Symbiodiniaceae)
and highlighting that cultivation approaches are underutilized in exploring the coral
microbiome.

In addition to the increase in available cultured coral-associated bacterial strains and 16S
rRNA gene data, we also added 118 genomes of coral-associated bacteria to data banks,
representing 111 bacterial species. Our efforts effectively more than double the number of
coral-associated bacterial genomes now available to researchers around the world for open-
source use. That said, even with this significant contribution the number of genomes avail-
able for coral-associated bacteria remains limited, and there is an urgent need to increase
this resource, which would facilitate a greater understanding of the putative mechanisms
for establishment, maintenance, and function of bacteria associated with their coral hosts.

ELR-containing and cell-cell attachment proteins involved in symbiosis mainte-
nance. Across the taxa of strains for which genome assembly was conducted, we
observed that ELR-containing proteins were more prevalent in Flavobacteriaceae than
in Actinobacteria and Alphaproteobacteria, implying potentially different degrees of
association within the coral host. The two Aquimarina strains had the overall highest
number of ELRs, which is somewhat similar to Aquimarina megaterium EL33, an octoco-
ral associate (7). Four Alteromonadales strains had high numbers of WD40 and tetratri-
copeptide repeats, which again confirms previous findings for other coral-associated
Alteromonadales (i.e., .250 tetratricopeptide and 29 to 142 WD40 repeats [7]). The
same was found for vibrios in this and previous (7) studies, in that no or only a few
ARPs were detected. In contrast to the findings of Sweet et al. (7) and a metagenomic
binning study by Robbins et al. (5), we did not find high numbers of ankyrin and WD40
repeat sequence signatures in our Endozoicomonadaceae strain (SCSIO 12664). This
was surprising as Endozoicomonas has been proposed to be a true symbiont in many
coral species, though it likely also has a free-living life stage (23, 24). The lower abun-
dance or complete absence of ELRs in our novel genus may therefore imply that SCSIO
12664 is only loosely related to the coral host and/or that the bacterium utilizes alter-
native mechanisms to maintain a stable association with the host. That said, although
the ELRs are indeed found to be prevalent in corals and other marine invertebrate bac-
terial symbionts, the mechanism by which ELRs actually interact with host cells and the
outcomes of these interactions still remain largely unknown.

Understanding symbiosis is one key goal, and analyzing both the genomes of the corals
and their associated bacteria allows us to explore integrated links that may support a
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symbiotic lifestyle. For example, eukaryotic-like proteins are known to be used by some bac-
teria to manipulate host cellular processes (12–14), as well as mechanisms for attachment to
the host tissue (14, 16). For P. damicornis we were able to detect fibronectin type II- and III-
encoding genes in the host genome, while FnBPs were found in only three of the bacterial
isolates. We noticed most of our isolates actually possessed fibronectin type III-encoding
genes. Fibronectin III domains are the bacterial binding sites and mediate self-interaction in
eukaryotes but have also been found in bacterial FnBPs and may interact with the self-bind-
ing region of fibronectin (16, 25). The fibronectin III domains may thus play an important
role in bacterium-bacterium adhesion, and the isolates containing fibronectin III-encoding
genes may also possess distinctive mechanisms allowing for the binding of host fibronectin.
Further investigation is therefore warranted in this regard and would ascertain the functions
of these eukaryote-like and binding proteins, ultimately unlocking the key mechanisms
involved in coral-bacterial symbiont interactions.

Genomic and phenotypic support for the contribution to carbon and nitrogen
cycling. Besides acquiring carbon through zooplankton predation (heterotrophic feeding)
and photosynthetic fixation by the endosymbiotic algae Symbiodiniaceae, several essential
genes for carbon fixation pathways have been identified in the metagenome-assembled
genomes of coral-associated bacteria and archaea (5). Here, we have also identified six car-
bon fixation pathways, and four isolates (SCSIO 12425, SCSIO 12644, SCSIO 12654, and
SCSIO 12727) in particular were found to possess the complete sets of genes encoding the
Calvin-Benson cycle. Our results imply the presence of bacterial carbon fixers in the holo-
biont (in addition to the Symbiodiniaceae). Of specific interest are the aerobic anoxygenic
phototrophic bacteria (AAPB) observed in this study, which possess both pufL and pufM
genes. To our knowledge, this is the first study reporting the potential presence of AAPB
associated with coral based on the presence of pufLM genes, though expression of relevant
gene pathways is still required to confirm whether this finding has any functional relevance
to the coral holobiont. We hypothesize that these bacteria likely utilize light as an addi-
tional source of energy for metabolism (26), much the same way as the symbiotic algae,
and therefore indirectly reduce the consumption of organic carbon. Additionally, light
appears to stimulate and promote the cell activity of AAPB, thus promoting the carbon
cycle process, which will have a knock-on effect for the host and other members of the
coral microbiome (27).

It should be noted that although we did not isolate any diazotrophic microbes from
P. damicornis tissues, this was likely due to the methodology utilized and does not
imply they are not present. Similarly, our culture approaches would not retrieve the
archaeal lineages (Thaumarchaeota), which have been implicated in metabolism of
urea/ammonia to nitrate in corals (5). That said, we were able to identify several nitrify-
ing and denitrifying bacteria which are likely contributing to the nitrogen cycling pro-
cess within the coral holobiont. While the function of coral-associated bacteria was
largely inferred based on our genomic data, we also conducted biochemical assays on
some of the novel isolates, and three (SCSIO 12603, SCSIO 12610, and SCSIO 12664)
revealed nitrate-reducing capabilities. Interestingly, there were some inconsistencies
between the phenotypic and genomic evidence for some of these isolates, which high-
lights the necessity of functional verification when describing the roles of key coral-
associated bacteria.

CAZy family and carbon metabolism provide cues for microniche adaptation.
Differences in the chemical composition of labile organic matter exuded by coral holo-
bionts influence the community and growth of associated bacteria, which can subse-
quently differentially enrich bacterial lineages (28). Microbial GDEs from GH23, GH73,
GH103, and CE4 target the glycosidic linkage of N-acetylmuramoyl or N-acetylglucosaminyl
residues in peptidoglycan, which makes up a significant proportion of the chemical com-
position of coral mucus (29). GH16 enzymes are active on various algal structural polysac-
charides including laminarin, agar, and carrageenan (30). Glycoside hydrolases from the
GH3 family are exo-acting b-D-glucosidases, a-L-arabinofuranosidases, b-D-xylopyranosi-
dases, N-acetyl-b-D-glucosaminidases, and N-acetyl-b-D-glucosaminide phosphorylases
with broad substrate specificities that carry out a range of functions including plant and
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bacterial cell wall remodeling, cellulosic biomass degradation, and pathogen defense
(31, 32). Our isolates revealed enriched GDEs known to target carbohydrates originating
from algae and coral mucus. Notably, GDEs targeting plant cell wall carbohydrates in
Bacteroidetes were found to be more abundant than those in other clades, while the fre-
quency of sequences for GDEs targeting peptidoglycan was higher in Proteobacteria
(Fig. 4B). Accordingly, we hypothesize distinct specializations among Bacteroidetes and
Proteobacteria for their utilization of alga- and mucus-derived organic matter, respectively.
Our results demonstrate that the specific potential for carbon metabolism facilitates the
adaptation of the coral-associated bacteria to ecological niches with supplied carbohydrate
substrates, and the carbohydrate composition of these microniches is likely to constitute
one of the major driving forces that shape the local microbial community structures (33).

It is now well known that there are many genes involved in several intermediary meta-
bolic pathways which tend to be reduced in endosymbiont genomes (34). In this study, we
identified two of our isolates (SCSIO 12583 and SCSIO 12664) which had low GDE frequen-
cies, for example. Low potential for carbohydrate utilization implies a relatively minor role in
cycling reef organic carbon and preference for an obligate endosymbiotic lifestyle. Further
evidence of this is the presence of N-acetyl-b-glucosaminidase in strain SCSIO 12664. As
coral mucins could be N-glycosylated (29, 35), a bacterium with N-acetyl-b-glucosaminidase
could therefore penetrate the host mucus layer (the coral’s first line of defense against
invading bacteria [36]) and then subsequently establish endosymbiosis (35).

Source of amino acids and polyamines in the coral holobiont. The ability to syn-
thesize amino acids varies among corals, with many essential amino acids acquired
from Symbiodiniaceae and other exogenous sources (5, 37). The host genome in this
study revealed that several amino acids could not be synthesized by the coral itself.
Instead, P. damicornis may rely on its bacterial symbionts to assimilate these amino
acids, in combination with its Symbiodiniaceae and heterotrophic feeding. Further,
several isolates in this study were shown to potentially synthesize polyamines, such as
putrescine and spermidine. Polyamines are involved in bacterial swarming motility and
invasion ability (38, 39), biofilm formation and disassembly (40, 41), virulence (42–44),
proper cell division (45, 46), and bacterial (47) and interkingdom (44) cell-cell communica-
tions. Interestingly, polyamines have also been found enriched in diseased coral colonies
(48) and appear to play important roles in abiotic stress responses (49). At present, the rele-
vance of polyamines produced by coral-associated bacteria to coral health is unknown
though certainly worth further investigation. Finally, we were also able to identify several
isolates which have the potential of biosynthesizing GABA from putrescine, and a
Labrenzia strain (SCSIO 12622) which may be able to synthesize GABA from arginine. GABA
shows multiple physiological functions, such as acting as an inhibitory neurotransmitter in
the central nervous system of animals (50), gut modulation (51), protection against stress
(52), and the regulation of settlement and metamorphosis of marine invertebrate larvae
(53–55). Our results therefore highlight potential interactions mediated by bioactive com-
pounds produced by these coral-associated bacteria.

Putative opportunistic vibrio. A previous meta-analytical study associated with
culture collections of coral-associated bacteria identified that pathogenic and nonpa-
thogenic Vibrio strains show functional separation based on their genome data (7).
This offers a potentially useful tool to ascertain pathogenicity of members of this genus
from genomic data and in the absence of laboratory inoculation trials. The functional
profiles of the five vibrios cultured in this study demonstrated that they grouped with
known pathogens (see Fig. S2 in the supplemental material), although the corals from
which these bacteria were sampled showed no signs of compromised health.
Interestingly, the abundant virulence factors present in these isolates also implied they
are potentially opportunistic bacteria. But we still should interpret these findings with
caution as the results are based only on the predicted functional profiles of these five
vibrios, and further experiments are required for verifying their roles. Furthermore, we
also found these five vibrios possessed multiple (between 45 and 60) putative antibi-
otic resistance genes, including msbA, msrB, rpsJ, and tet homologues (35). The true
causal agents of the majority of coral diseases remain elusive (1, 56), though recently
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amoxicillin paste has been successfully used to treat corals affected by stony coral tis-
sue loss disease (57, 58). The information about antibiotic resistance genes carried by
the coral-associated bacteria obtained in this study may provide clues for the selection
of antibiotics for both susceptible and resistant putative pathogens alongside potential
beneficial communities.

To conclude, in this study we have increased the number of described cultured
coral-associated bacteria by 395 isolates, 80 of which appear to be novel species and
17 from novel genera. Further, we sequenced 118 genomes of these isolates along
with the host, P. damicornis. Although we recognize that this is not an exhaustive list
of the cultural fraction from a coral, it likely represents the most in-depth study to date
(accounting for ;8% of the total bacterial fraction of the host microbiome). That said,
there are many taxa detected in 16S rRNA gene amplicon libraries which remain uncul-
turable at this time, including many Endozoicomonas species (8). We did, however,
culture a novel lineage of Endozoicomonadaceae (SCSIO 12664). This study therefore
provides a strong base for future genetic studies that will improve the resolution of
metagenomic analyses of the coral-associated microbiome. Moreover, pure cultures of
the coral-associated microbiome acquired in this study will help to elucidate the role
of bacteria in the coral holobiont (Fig. 5), assess the impact of specific isolates on coral
health, and identify and provide beneficial microbes for efforts aimed at restoring reefs
and improving coral health (3, 59).

MATERIALS ANDMETHODS
Coral-associated bacterial isolation. P. damicornis samples were collected from the Luhuitou fring-

ing reef at Sanya, China (109°289E, 18°139N), in December 2015, by scuba diving at a depth of 3 to 5 m.
The mean seawater temperature, pH, and salinity for the sampling location in this month were 24.9°C,
7.9, and 33.6%, respectively. No stressful environmental event was recorded 1 month prior to sample
collection. Fragments of the coral colonies (measuring ca. 2 by 2 cm) were rinsed with sterile seawater
to remove loosely attached bacteria and airbrushed to obtain a tissue slurry. Tissue slurries were

FIG 5 Schematic representing the proposed contributions of bacterial members to the Pocillopora damicornis holobiont.
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prepared from four fragments cut from four individual genotypes (colonies separated by 0.5 m from
each other), and the slurries were then pooled. A 1-mL aliquot of the slurry was then serially diluted
1021, 1022, 1023, and 1024, and each dilution was spread on separate plates containing marine agar
2216 (MA; Becton, Dickinson and Company [BD]). Petri dishes were incubated at 25°C, corresponding to
the temperature of the ambient seawater, under aerobic conditions for 4 weeks. Single colonies were
picked and streaked onto new plates to obtain single clones. All the isolates were stored in a glycerol
suspension (20%, vol/vol) at 280°C and as freeze-dried cultures at 4°C.

Bacterial identification via 16S rRNA gene sequence analysis. Purified isolates were then subse-
quently recultivated on MA plates at the same temperature as above (25°C). Genomic DNA was
extracted using the UltraClean microbial DNA isolation kit (Mo Bio Laboratories). The 16S rRNA gene was
amplified using the bacterial universal primers 27F (59-AGAGTTTGATCCTGGCTCAG-39) and 1492R (59-
GGTTACCTTGTTACGACTT-39), and the product was sequenced using the 3730xl DNA Analyzer (Applied
Biosystems) with the software provided by the manufacturer. For the isolates in this study which had
their genomes sequenced (see below), the 16S rRNA gene sequences were also extracted using
RNAmmer (60), except for 10 isolates where extraction failed or the length of 16S rRNA gene sequences
was less than those obtained through Sanger sequencing. Identification of phylogenetic neighbors and
calculation of pairwise 16S rRNA gene sequence similarities were then achieved using EzBioCloud
(http://www.ezbiocloud.net [61]). After multiple alignment of the data using Muscle, phylogenetic trees
were generated using the neighbor-joining algorithms with MEGA X (62). Topologies of the phyloge-
netic trees were evaluated using the bootstrap resampling method of Felsenstein (63), for 1,000 resam-
plings. The output file was uploaded to iTOL for visualization (64). The species-level OTUs were clustered
using mothur, with an identity of 98.7% as the species-level cutoff and an identity of 94.5% as the ge-
nus-level cutoff (65).

We then performed an alignment of these 16S rRNA gene sequences from the cultured bacteria
using local BLAST and matched these to our previously published data set of 16S rRNA gene amplicon
libraries from the same coral species at the same site (8). Here, we report the total number of aligned
OTUs for each 16S rRNA gene sequence with the highest identity (E value of ,3e2163, 100% coverage)
in the 16S rRNA gene amplicon libraries.

Coral-associated bacterial genome sequencing and processing. One hundred eighteen bacterial
genomes were sequenced as part of this study, 109 as “drafts” and nine classified as “complete.” The
draft genomes were sequenced on the Illumina HiSeq 4000 system (Illumina) at the Beijing Genomics
Institute (BGI; Shenzhen, China). Genomic DNA was sheared randomly to construct three read libraries
with lengths of 270 bp by a Bioruptor ultrasonicator (Diagenode) and physicochemical methods. The
paired-end fragment libraries were sequenced according to the Illumina HiSeq 4000 system protocol
with 2- by 150-bp paired-end reads. Low-quality raw reads, with consecutive bases covered by fewer
than five reads, were discarded. The sequenced reads were assembled using the SOAPdenovo 2.04 (66)
software. Genome completeness was evaluated using CheckM v1.1.3 (67).

The complete genomes, in contrast, were sequenced on the PacBio RS platform and the Illumina
HiSeq 4000 platform at the Beijing Genomics Institute (Shenzhen, China). Four Single Molecule, Real-Time
(SMRT) cell zero-mode waveguide arrays of sequencing were used by the PacBio platform to generate the
subread set. Subreads with lengths of,1 kb were removed. The program Pbdagcon was used for self-cor-
rection. Draft genome unitigs, which are uncontested groups of fragments, were assembled using the
Celera Assembler against a high-quality corrected circular consensus sequence subread set. To improve
the accuracy of the genome sequences, GATK (https://www.broadinstitute.org/gatk/) and SOAP tool pack-
ages (SOAP2, SOAPsnp, and SOAPindel) were used to make single-base corrections. To trace the presence
of any plasmid, the filtered Illumina reads were mapped, using SOAP, to the bacterial plasmid database
(http://www.ebi.ac.uk/genomes/plasmid.html).

Gene prediction was performed on the genome assemblies using glimmer3 (http://www.cbcb.umd
.edu/software/glimmer/ [68]) with hidden Markov models. tRNA, rRNA, and small RNAs (sRNAs) were rec-
ognized using tRNAscan-SE (69), RNAmmer (60), and the Rfam database (70). Tandem repeat annotation
was obtained using the Tandem Repeat Finder (71) (http://tandem.bu.edu/trf/trf.html), and the minisa-
tellite DNA and microsatellite DNA were selected based on the number and length of repeat units.

The best hit for function annotation was retrieved using the BLAST alignment tool. Five databases,
Kyoto Encyclopedia of Genes and Genomes (KEGG), Clusters of Orthologous Groups (COG), Non-
Redundant Protein Database (NR), Swiss-Prot, and Gene Ontology (GO), were used for general function
annotation. The genomes were also annotated against the carbohydrate-active enzymes (CAZy) data-
base (www.cazy.org). The presence of signal peptides in carbohydrate-active enzymes was predicted
using the SignalP 5.0 server (72). The genome sequences were mapped against KEGG modules by using
the reconstruct pathway in KEGG Mapper available at the KEGG website (73). Virulence factors and anti-
biotic resistance genes were annotated using the Virulence Factors Database (VFDB [74]) and the
Comprehensive Antibiotic Resistance Database (CARD [75]), respectively.

The isolates, which were considered candidate novel taxa according to the threshold of 98.7% 16S rRNA
gene sequence identity, were further analyzed with the digital DNA-DNA hybridization (dDDH) value, average
nucleotide identity (ANI), and the percentage of conserved proteins (POCP) based on their genomes. The
dDDH value was calculated using the online Genome to Genome Distance Calculator (GGDC 2.1; http://ggdc
.dsmz.de [76]). The ANI of genome to genome was calculated using JSpeciesWS (77). The POCP was calcu-
lated using BLASTp (78). The phylogenomic tree was constructed using GTDB-Tk (79).

Coral genome sequencing and processing. For investigating putative metabolic lineages between
coral host and its bacterial symbionts, we also sequenced the genome of P. damicornis. A single colony
of P. damicornis was collected from the same reef (Luhuitou fringing reef) as the microbial analysis
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(above) but kept in an indoor aquarium with circulating artificial seawater (Reef Crystals sea salt
[Aquarium Systems]). To minimize endosymbiotic Symbiodiniaceae DNA contamination, six nubbins
(approximately 3 cm high, 1- cm diameter) were cut from the colony, subjected to heat stress to induce
bleaching, and then used for DNA extraction. Briefly, the water temperature was increased gradually
(1°C per day) from 25 to 32°C and then maintained at 32°C for 7 days.

Coral tissues from the bleached nubbins were then removed from the skeleton using 0.2-mm-filtered
autoclaved artificial seawater that was sprayed using a syringe. Tissue suspensions were then centri-
fuged at 2,000 � g for 10 min (4°C), and DNA was extracted from the cell pellet using the Qiagen
genomic DNA kit, according to the manufacturer’s instructions. DNA quantity and quality were assessed
by NanoDrop, Qubit fluorometer, and 0.5% agarose gel electrophoresis.

The library with an insert size of 300 to 400 bp was paired-end sequenced using DNBSEQ (Beijing
Genomics Institute Technology [BGI Tech]), ultimately resulting in 142.84-Gb clean reads. The sequenc-
ing library with 20-kb DNA inserts was constructed and then sequenced using the PacBio Sequel plat-
form (Pacific Biosciences), resulting in 110.40-Gb subreads. The size of the P. damicornis genome was
estimated by k-mer distribution analysis to be 382 Mb. The PacBio data were de novo assembled using
Falcon (https://github.com/PacificBiosciences/FALCON [80]). Sequencing errors in assembled sequences
were corrected with the Arrow program using PacBio raw data. We also used DNBSEQ data to improve
the assembly result by Pilon (81). In addition, the genome assembly completeness was assessed by using
BUSCO (82) (metazoa_odb10). We also validated the assembled genome using 12,188 unigenes
(length $300 bp) from transcriptome sequencing (RNA-Seq) (8). The contig N50 of the assembled ge-
nome is 3 Mb, and the completeness is 94.2%.

De novo, transcriptome-based and homologue-based approaches were combined to predict genes
in the assembled genome. Protein databases of Acropora millepora (GCF_004143615.1), Dendronephthya
gigantea (GCF_004324835.1_DenGig_1.0), Nematostella vectensis (GCF_000209225.1_ASM20922v1), and
P. damicornis (GCF_003704095.1_ASM370409v1) were used as references in the homologue-based gene
prediction by Genewise v2.4.1 software. Subsequently, the NR, Swiss-Prot, TrEMBL, KEGG, InterPro, and
GO databases were used for further annotation of protein-coding genes using BLAST v2.2.31.

Polyphasic taxonomy analyses of bacterial isolates. Nine isolates, representing the most potentially
novel of our isolated taxa and/or those which were deemed to have high relevance for coral-associated bac-
teria (such as members in the Endozoicomonadaceae and Cellvibrionales) were subjected to polyphasic taxon-
omy. Gram staining was performed using the Gram stain kit (Guangdong HuanKai Microbial Sci. & Tech, Co.,
Ltd.). The isolates were then imaged under a transmission electron microscope (Hitachi TEM system HC-1) to
give greater differentiation on cellular morphology. Finally, cell motility was also confirmed by the develop-
ment of turbidity throughout a tube containing semisolid (0.3% [wt/vol] agar) MA medium.

Growth of these nine isolates was assessed under anaerobic conditions and evaluated on an MA plate in
the Whitley DG250 Anaerobic Workstation (Don Whitley Scientific, England). The requirement of seawater for
growth was assessed using both MA and Trypticase soy agar (TSA; Becton, Dickinson and Co.). For the TSA,
artificial seawater was initially utilized and then modified with 3% (wt/vol) NaCl. Growth at different tempera-
tures was also assessed (5, 10, 15, 20, 25, 30, 33, 35, 37, 40, 42, and 45°C), and growth at different NaCl con-
centrations was measured by incubating the cultures in TSA (0.5 to 20% NaCl, wt/vol) or MA (3 to 20% NaCl,
wt/vol) for 6 days at 25 or 30°C. Growth at different pHs (pH 4, 5, 6, 7, 8, 9, and 10, using the buffer system
described by Xu et al. [83]) was measured by culturing the isolates in marine broth (MB; Becton, Dickinson
and Co.) for 6 days at 25 or 30°C. Physiological and biochemical tests were performed using the API ZYM sys-
tem (bioMérieux) and Biolog GEN III microplate (Biolog Inc.).

These nine isolates also underwent chemotaxonomic classification. The bacterial cells used for
chemotaxonomic analysis were obtained from cultures grown in MB medium at 25 or 30°C and
180 rpm for 48 to 72 h. The respiratory quinones were extracted and purified as described by
Collins et al. (84) and analyzed using high-pressure liquid chromatography (HPLC) (85). Polar lipids
were also examined via two-dimensional thin-layer chromatography (TLC) and identified as per
references 86 and 87. Cellular fatty acids were extracted, methylated, and analyzed using the
Sherlock microbial identification system (MIDI, Inc.), and profiles were identified using Sherlock ver-
sion 6.2B (MIDI database: TSBA6).

Vitamin assay. Results indicated that strain SCSIO 12664 belonged to the Endozoicomonadaceae, a
likely endosymbiont of coral (22, 23), and strain SCSIO 12696 belonged to the Cellvibrionales with a rela-
tively small genome (2.93 Mb), indicating it might be a potential endosymbiont. Therefore, production
of vitamins was assessed for these two isolates (SCSIO 12664 and SCSIO 12696) which were both origi-
nally grown in MB at 25°C and 30°C, respectively. Culture broth was centrifuged (10,000 � g, 10 min,
4°C), and the supernatant was filtered with a Millipore 0.22-mm GSWP membrane filter (Merck) and then
used for extracellular vitamin analysis. Pellets were collected and washed with filtered and autoclaved
artificial seawater, which was prepared using sea salts (Sigma-Aldrich), for intracellular vitamin analysis.
Cyanocobalamin was determined using the VitaFast quantification kit (R-Biopharm AG, Germany).
Thiamine, riboflavin, and pyridoxine were determined as described by Keuth and Bisping (88). Folic acid,
biotin, and pantothenic acid were determined by means of microbiological assays according to the
methods of Hugenschmidt et al. (89), Han et al. (90), and Tsuda et al. (91), respectively. Lactobacillus
rhamnosus (ATCC 7469) was used for the folic acid assay, and Lactobacillus plantarum (ATCC 8014) was
used to determine the contents of biotin and pantothenic acid.

Data availability. Sequence data generated in this study are available under NCBI BioProject num-
bers PRJNA723412 and PRJNA725659 and GenBank accession numbers MZ262762 to MZ263174.

Functional Potential of Coral-Associated Bacteria mSystems

Month YYYY Volume XX Issue XX 10.1128/msystems.00327-22 15

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

sy
st

em
s 

on
 0

2 
Ju

ly
 2

02
2 

by
 1

14
.1

98
.5

2.
18

7.

https://github.com/PacificBiosciences/FALCON
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA723412
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA725659
https://www.ncbi.nlm.nih.gov/nuccore/MZ262762
https://www.ncbi.nlm.nih.gov/nuccore/MZ263174
https://journals.asm.org/journal/msystems
https://doi.org/10.1128/msystems.00327-22


SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, TIF file, 2.6 MB.
FIG S2, TIF file, 2.2 MB.
FIG S3, TIF file, 2.7 MB.
FIG S4, TIF file, 0.3 MB.
TABLE S1, XLSX file, 0.03 MB.
TABLE S2, DOCX file, 0.02 MB.
TABLE S3, DOCX file, 0.02 MB.
TABLE S4, DOCX file, 0.02 MB.
TABLE S5, DOCX file, 0.02 MB.
DATA SET S1, PDF file, 2.7 MB.

ACKNOWLEDGMENTS
We are grateful to Hillary Smith for providing help in drawing the schematic. We

thank Junde Dong and Sanya National Marine Ecosystem Research Station for
providing environmental parameters for the sampling location. We thank Farooq
Azam for helpful discussion.

This work was supported by the National Natural Science Foundation of China
(42122045 and 41890853), the Key Science and Technology Project of Hainan Province
(ZDKJ202018), and the K. C. Wong Education Foundation (GJTD-2020-12).

J.L. and S.Z. conceived this study. J.L., Y.Z., J.Y., Q.L., C.L., and A.G. performed the
analyses. J.L., S.Z., and D.G.B. supervised the work. J.L., J.Y., Q.L., D.G.B., and M.S. drafted
the manuscript, and all authors commented on the manuscript and made suggestions.

We declare that no competing interests exist.

REFERENCES
1. Bourne DG,Morrow KM,Webster NS. 2016. Insights into the coral microbiome:

underpinning the health and resilience of reef ecosystems. Annu Rev Micro-
biol 70:317–340. https://doi.org/10.1146/annurev-micro-102215-095440.

2. Sweet MJ, Bulling MT. 2017. On the importance of the microbiome and
pathobiome in coral health and disease. Front Mar Sci 4:9.

3. Peixoto RS, Sweet M, Villela HDM, Cardoso P, Thomas T, Voolstra CR, Høj L,
Bourne DG. 2021. Coral probiotics: premise, promise, prospects. Annu Rev Anim
Biosci 9:265–288. https://doi.org/10.1146/annurev-animal-090120-115444.

4. Santoro EP, Borges RM, Espinoza JL, Freire M, Messias CSMA, Villela HDM,
Pereira LM, Vilela CLS, Rosado JG, Cardoso PM, Rosado PM, Assis JM,
Duarte GAS, Perna G, Rosado AS, Macrae A, Dupont CL, Nelson KE, Sweet
MJ, Voolstra CR, Peixoto RS. 2021. Coral microbiome manipulation elicits
metabolic and genetic restructuring to mitigate heat stress and evade
mortality. Sci Adv 7:eabg3088. https://doi.org/10.1126/sciadv.abg3088.

5. Robbins SJ, Singleton CM, Chan CX, Messer LF, Geers AU, Ying H, Baker A,
Bell SC, Morrow KM, Ragan MA, Miller DJ, Forêt S, ReFuGe2020 Consor-
tium, Voolstra CR, Tyson GW, Bourne DG. 2019. A genomic view of the
reef-building coral Porites lutea and its microbial symbionts. Nat Microbiol
4:2090–2100. https://doi.org/10.1038/s41564-019-0532-4.

6. Littman R, Willis BL, Bourne DG. 2011. Metagenomic analysis of the coral
holobiont during a natural bleaching event on the Great Barrier Reef. En-
viron Microbiol Rep 3:651–660. https://doi.org/10.1111/j.1758-2229.2010
.00234.x.

7. Sweet M, Villela H, Keller-Costa T, Costa R, Romano S, Bourne DG, Cárdenas A,
Huggett MJ, Kerwin AH, Kuek F, Medina M, Meyer JL, Müller M, Pollock FJ,
Rappé MS, Sere M, Sharp KH, Voolstra CR, Zaccardi N, Ziegler M, Peixoto R.
2021. Insights into the cultured bacterial fraction of corals. mSystems 6:
e01249-20. https://doi.org/10.1128/mSystems.01249-20.

8. Li J, Long L, Zou Y, Zhang S. 2021. Microbial community and transcrip-
tional responses to increased temperatures in coral Pocillopora damicornis
holobiont. Environ Microbiol 23:826–843. https://doi.org/10.1111/1462
-2920.15168.

9. Kim M, Oh HS, Park SC, Chun J. 2014. Towards a taxonomic coherence
between average nucleotide identity and 16S rRNA gene sequence simi-
larity for species demarcation of prokaryotes. Int J Syst Evol Microbiol 64:
346–351. https://doi.org/10.1099/ijs.0.059774-0.

10. Mota LJ, Sorg I, Cornelis GR. 2005. Type III secretion: the bacteria-eukaryo-
tic cell express. FEMS Microbiol Lett 252:1–10. https://doi.org/10.1016/j
.femsle.2005.08.036.

11. Nguyen MT, Liu M, Thomas T. 2014. Ankyrin-repeat proteins from sponge
symbionts modulate amoebal phagocytosis. Mol Ecol 23:1635–1645.
https://doi.org/10.1111/mec.12384.

12. Reynolds D, Thomas T. 2016. Evolution and function of eukaryotic-like
proteins from sponge symbionts. Mol Ecol 25:5242–5253. https://doi.org/
10.1111/mec.13812.

13. Frank AC. 2019. Molecular host mimicry and manipulation in bacterial
symbionts. FEMS Microbiol Lett 366:fnz038. https://doi.org/10.1093/
femsle/fnz038.

14. Robbins SJ, Song W, Engelberts JP, Glasl B, Slaby BM, Boyd J, Marangon E,
Botté ES, Laffy P, Thomas T, Webster NS. 2021. A genomic view of the
microbiome of coral reef demosponges. ISME J 15:1641–1654. https://doi
.org/10.1038/s41396-020-00876-9.

15. Fraiberg M, Borovok I, Weiner RM, Lamed R. 2010. Discovery and charac-
terization of cadherin domains in Saccharophagus degradans 2-40. J Bac-
teriol 192:1066–1074. https://doi.org/10.1128/JB.01236-09.

16. Hymes JP, Klaenhammer TR. 2016. Stuck in the middle: fibronectin-bind-
ing proteins in Gram-positive bacteria. Front Microbiol 7:1504. https://doi
.org/10.3389/fmicb.2016.01504.

17. Bednarz VN, Grover R, Maguer JF, Fine M, Ferrier-Pagès C. 2017. The assimila-
tion of diazotroph-derived nitrogen by scleractinian corals depends on their
metabolic status. mBio 8:e02058-16. https://doi.org/10.1128/mBio.02058-16.

18. Morris LA, Voolstra CR, Quigley KM, Bourne DG, Bay LK. 2019. Nutrient avail-
ability and metabolism affect the stability of coral-Symbiodiniaceae symbio-
ses. Trends Microbiol 27:678–689. https://doi.org/10.1016/j.tim.2019.03.004.

19. Rädecker N, Pogoreutz C, Voolstra CR, Wiedenmann J, Wild C. 2015. Nitro-
gen cycling in corals: the key to understanding holobiont functioning?
Trends Microbiol 23:490–497. https://doi.org/10.1016/j.tim.2015.03.008.

20. Raina JB, Clode PL, Cheong S, Bougoure J, Kilburn MR, Reeder A, Forêt S,
Stat M, Beltran V, Thomas-Hall P, Tapiolas D, Motti CM, Gong B, Pernice M,
Marjo CE, Seymour JR, Willis BL, Bourne DG. 2017. Subcellular tracking
reveals the location of dimethylsulfoniopropionate in microalgae and vis-
ualises its uptake by marine bacteria. Elife 6:e23008. https://doi.org/10
.7554/eLife.23008.

Functional Potential of Coral-Associated Bacteria mSystems

Month YYYY Volume XX Issue XX 10.1128/msystems.00327-22 16

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

sy
st

em
s 

on
 0

2 
Ju

ly
 2

02
2 

by
 1

14
.1

98
.5

2.
18

7.

https://doi.org/10.1146/annurev-micro-102215-095440
https://doi.org/10.1146/annurev-animal-090120-115444
https://doi.org/10.1126/sciadv.abg3088
https://doi.org/10.1038/s41564-019-0532-4
https://doi.org/10.1111/j.1758-2229.2010.00234.x
https://doi.org/10.1111/j.1758-2229.2010.00234.x
https://doi.org/10.1128/mSystems.01249-20
https://doi.org/10.1111/1462-2920.15168
https://doi.org/10.1111/1462-2920.15168
https://doi.org/10.1099/ijs.0.059774-0
https://doi.org/10.1016/j.femsle.2005.08.036
https://doi.org/10.1016/j.femsle.2005.08.036
https://doi.org/10.1111/mec.12384
https://doi.org/10.1111/mec.13812
https://doi.org/10.1111/mec.13812
https://doi.org/10.1093/femsle/fnz038
https://doi.org/10.1093/femsle/fnz038
https://doi.org/10.1038/s41396-020-00876-9
https://doi.org/10.1038/s41396-020-00876-9
https://doi.org/10.1128/JB.01236-09
https://doi.org/10.3389/fmicb.2016.01504
https://doi.org/10.3389/fmicb.2016.01504
https://doi.org/10.1128/mBio.02058-16
https://doi.org/10.1016/j.tim.2019.03.004
https://doi.org/10.1016/j.tim.2015.03.008
https://doi.org/10.7554/eLife.23008
https://doi.org/10.7554/eLife.23008
https://journals.asm.org/journal/msystems
https://doi.org/10.1128/msystems.00327-22


21. Berlemont R, Martiny AC. 2016. Glycoside hydrolases across environmen-
tal microbial communities. PLoS Comput Biol 12:e1005300. https://doi
.org/10.1371/journal.pcbi.1005300.

22. 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 Endozoicomo-
nas bacteria. Appl Environ Microbiol 79:4759–4762. https://doi.org/10
.1128/AEM.00695-13.

23. Neave MJ, Rachmawati R, Xun L, Michell CT, Bourne DG, Apprill A,
Voolstra CR. 2017. Differential specificity between closely related corals
and abundant Endozoicomonas endosymbionts across global scales. ISME
J 11:186–200. https://doi.org/10.1038/ismej.2016.95.

24. Neave MJ, Michell CT, Apprill A, Voolstra CR. 2017. Endozoicomonas
genomes reveal functional adaptation and plasticity in bacterial strains
symbiotically associated with diverse marine hosts. Sci Rep 7:40579.
https://doi.org/10.1038/srep40579.

25. Vakonakis I, Staunton D, Ellis IR, Sarkies P, Flanagan A, Schor AM, Schor
SL, Campbell ID. 2009. Motogenic sites in human fibronectin are masked
by long range interactions. J Biol Chem 284:15668–15675. https://doi
.org/10.1074/jbc.M109.003673.

26. Moran MA, Miller WL. 2007. Resourceful heterotrophs make the most of
light in the coastal ocean. Nat Rev Microbiol 5:792–800. https://doi.org/
10.1038/nrmicro1746.

27. Garcia-Chaves MC, Cottrell MT, Kirchman DL, Ruiz-González C, Del Giorgio
PA. 2016. Single-cell activity of freshwater aerobic anoxygenic phototro-
phic bacteria and their contribution to biomass production. ISME J 10:
1579–1588. https://doi.org/10.1038/ismej.2015.242.

28. Nelson CE, Goldberg SJ, Kelly LW, Haas AF, Smith JE, Rohwer F, Carlson
CA. 2013. Coral and macroalgal exudates vary in neutral sugar composi-
tion and differentially enrich reef bacterioplankton lineages. ISME J 7:
962–979. https://doi.org/10.1038/ismej.2012.161.

29. Meikle P, Richards GN, Yellowlees D. 1988. Structural investigations on
the mucus from six species of coral. Mar Biol 99:187–193. https://doi.org/
10.1007/BF00391980.

30. Viborg AH, Terrapon N, Lombard V, Michel G, Czjzek M, Henrissat B,
Brumer H. 2019. A subfamily roadmap for functional glycogenomics of
the evolutionarily diverse glycoside hydrolase family 16 (GH16). J Biol
Chem 294:15973–15986. https://doi.org/10.1074/jbc.RA119.010619.

31. Macdonald SS, Blaukopf M, Withers SG. 2015. N-acetylglucosaminidases from
CAZy family GH3 are really glycoside phosphorylases, thereby explaining
their use of histidine as an acid/base catalyst in place of glutamic acid. J Biol
Chem 290:4887–4895. https://doi.org/10.1074/jbc.M114.621110.

32. Harvey AJ, Hrmova M, De Gori R, Varghese JN, Fincher GB. 2000. Comparative
modeling of the three-dimensional structures of family 3 glycoside hydro-
lases. Proteins 41:257–269. https://doi.org/10.1002/1097-0134(20001101)41:
2%3C257::AID-PROT100%3E3.0.CO;2-C.

33. Sweet MJ, Croquer A, Bythell JC. 2011. Bacterial assemblages differ
between compartments within the coral holobiont. Coral Reefs 30:39–52.
https://doi.org/10.1007/s00338-010-0695-1.

34. Moya A, Peretó J, Gil R, Latorre A. 2008. Learning how to live together:
genomic insights into prokaryote-animal symbioses. Nat Rev Genet 9:
218–229. https://doi.org/10.1038/nrg2319.

35. Ding JY, Shiu JH, Chen WM, Chiang YR, Tang SL. 2016. Genomic insight
into the host–endosymbiont relationship of Endozoicomonas montiporae
CL-33T with its coral host. Front Microbiol 7:251. https://doi.org/10.3389/
fmicb.2016.00251.

36. Brown BE, Bythell JC. 2005. Perspectives on mucus secretion in reef corals.
Mar Ecol Prog Ser 296:291–309. https://doi.org/10.3354/meps296291.

37. Shinzato C, Shoguchi E, Kawashima T, Hamada M, Hisata K, Tanaka M, Fujie
M, Fujiwara M, Koyanagi R, Ikuta T, Fujiyama A, Miller DJ, Satoh N. 2011. Using
the Acropora digitifera genome to understand coral responses to environ-
mental change. Nature 476:320–323. https://doi.org/10.1038/nature10249.

38. Sturgill G, Rather PN. 2004. Evidence that putrescine acts as an extracellu-
lar signal required for swarming in Proteus mirabilis. Mol Microbiol 51:
437–446. https://doi.org/10.1046/j.1365-2958.2003.03835.x.

39. Kurihara S, Sakai Y, Suzuki H, Muth A, Phanstiel O, IV, Rather PN. 2013. Pu-
trescine importer PlaP contributes to swarming motility and urothelial
cell invasion in Proteus mirabilis. J Biol Chem 288:15668–15676. https://
doi.org/10.1074/jbc.M113.454090.

40. Patel CN, Wortham BW, Lines JL, Fetherston JD, Perry RD, Oliveira MA.
2006. Polyamines are essential for the formation of plague biofilm. J Bac-
teriol 188:2355–2363. https://doi.org/10.1128/JB.188.7.2355-2363.2006.

41. Ding Y, Peng N, Du Y, Ji L, Cao B. 2014. Disruption of putrescine biosyn-
thesis in Shewanella oneidensis enhances biofilm cohesiveness and

performance in Cr(VI) immobilization. Appl Environ Microbiol 80:
1498–1506. https://doi.org/10.1128/AEM.03461-13.

42. Barbagallo M, Martino MLD, Marcocci L, Pietrangeli P, Carolis ED, Casalino
M, Colonna B, Prosseda G. 2011. A new piece of the Shigella pathogenicity
puzzle: spermidine accumulation by silencing of the speG gene. PLoS One
6:e27226. https://doi.org/10.1371/journal.pone.0027226.

43. Nasrallah GK, Riveroll AL, Chong A, Murray LE, Lewis PJ, Garduño RA. 2011.
Legionella pneumophila requires polyamines for optimal intracellular growth.
J Bacteriol 193:4346–4360. https://doi.org/10.1128/JB.01506-10.

44. Shi Z, Wang Q, Li Y, Liang Z, Xu L, Zhou J, Cui Z, Zhang LH. 2019. Putres-
cine is an intraspecies and interkingdom cell-cell communication signal
modulating the virulence of Dickeya zeae. Front Microbiol 10:1950.
https://doi.org/10.3389/fmicb.2019.01950.

45. Igarashi K, Kashiwagi K. 2000. Polyamines: mysterious modulators of cel-
lular functions. Biochem Biophys Res Commun 271:559–564. https://doi
.org/10.1006/bbrc.2000.2601.

46. Guerra PR, Herrero-Fresno A, Ladero V, Redruello B, Santos TPD, Spiegelhauer
MR, Jelsbak L, Olsen JE. 2018. Putrescine biosynthesis and export genes are
essential for normal growth of avian pathogenic Escherichia coli. BMC Micro-
biol 18:226. https://doi.org/10.1186/s12866-018-1355-9.

47. Miller-Fleming L, Olin-Sandoval V, Campbell K, Ralser M. 2015. Remaining
mysteries of molecular biology: the role of polyamines in the cell. J Mol
Biol 427:3389–3406. https://doi.org/10.1016/j.jmb.2015.06.020.

48. Ochsenkühn MA, Schmitt-Kopplin P, Harir M, Amin SA. 2018. Coral metab-
olite gradients affect microbial community structures and act as a disease
cue. Commun Biol 1:184. https://doi.org/10.1038/s42003-018-0189-1.

49. Liu JH, Wang W, Wu H, Gong XX, Moriguchi T. 2015. Polyamines function
in stress tolerance: from synthesis to regulation. Front Plant Sci 6:827.
https://doi.org/10.3389/fpls.2015.00827.

50. Walls AB, Waagepetersen HS, Bak LK, Schousboe A, Sonnewald U. 2015.
The glutamine-glutamate/GABA cycle: function, regional differences in
glutamate and GABA production and effects of interference with GABA
metabolism. Neurochem Res 40:402–409. https://doi.org/10.1007/s11064
-014-1473-1.

51. Auteri M, Zizzo MG, Serio R. 2015. GABA and GABA receptors in the gastroin-
testinal tract: frommotility to inflammation. Pharmacol Res 93:11–21. https://
doi.org/10.1016/j.phrs.2014.12.001.

52. Bown AW, Shelp BJ. 1997. The metabolism and functions ofg-aminobuty-
ric acid. Plant Physiol 115:1–5. https://doi.org/10.1104/pp.115.1.1.

53. Morse DE, Hooker N, Duncan H, Jensen L. 1979. g-Aminobutyric acid, a
neurotransmitter, induces planktonic abalone larvae to settle and begin
metamorphosis. Science 204:407–410. https://doi.org/10.1126/science
.204.4391.407.

54. Rodriguez SR, Ojeda FP, Inestrosa NC. 1993. Settlement of benthic marine inver-
tebrates. Mar Ecol Prog Ser 97:193–207. https://doi.org/10.3354/meps097193.

55. Alfaro AC, Young T, Ganesan AM. 2011. Regulatory effects of mussel
(Aulacomya maoriana Iredale 1915) larval settlement by neuroactive com-
pounds, amino acids and bacterial biofilms. Aquaculture 322–323:
158–168. https://doi.org/10.1016/j.aquaculture.2011.08.038.

56. Becker CC, Brandt M, Miller CA, Apprill A. 2022. Microbial bioindicators of
Stony Coral Tissue Loss Disease identified in corals and overlying waters
using a rapid field-based sequencing approach. Environ Microbiol 24:
1166–1182. https://doi.org/10.1111/1462-2920.15718.

57. Neely KL, Macaulay KA, Hower EK, Dobler MA. 2020. Effectiveness of topi-
cal antibiotics in treating corals affected by Stony Coral Tissue Loss Dis-
ease. PeerJ 8:e9289. https://doi.org/10.7717/peerj.9289.

58. Neely KL, Shea CP, Macaulay KA, Hower EK, Dobler MA. 2021. Short- and
long-term effectiveness of coral disease treatments. Front Mar Sci 8:
675349. https://doi.org/10.3389/fmars.2021.675349.

59. Voolstra CR, Suggett DJ, Peixoto RS, Parkinson JE, Quigley KM, Silveira CB,
Sweet M, Muller EM, Barshis DJ, Bourne DG, Aranda M. 2021. Extending
the natural adaptive capacity of coral holobionts. Nat Rev Earth Environ 2:
747–762. https://doi.org/10.1038/s43017-021-00214-3.

60. Lagesen K, Hallin P, Rødland EA, Staerfeldt HH, Rognes T, Ussery DW. 2007.
RNAmmer: consistent and rapid annotation of ribosomal RNA genes. Nucleic
Acids Res 35:3100–3108. https://doi.org/10.1093/nar/gkm160.

61. Yoon SH, Ha SM, Kwon S, Lim J, Kim Y, Seo H, Chun J. 2017. Introducing
EzBioCloud: a taxonomically united database of 16S rRNA gene sequen-
ces and whole-genome assemblies. Int J Syst Evol Microbiol 67:
1613–1617. https://doi.org/10.1099/ijsem.0.001755.

62. Kumar S, Stecher G, Li M, Knyaz C, Tamura K. 2018. MEGA X: molecular ev-
olutionary genetics analysis across computing platforms. Mol Biol Evol
35:1547–1549. https://doi.org/10.1093/molbev/msy096.

Functional Potential of Coral-Associated Bacteria mSystems

Month YYYY Volume XX Issue XX 10.1128/msystems.00327-22 17

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

sy
st

em
s 

on
 0

2 
Ju

ly
 2

02
2 

by
 1

14
.1

98
.5

2.
18

7.

https://doi.org/10.1371/journal.pcbi.1005300
https://doi.org/10.1371/journal.pcbi.1005300
https://doi.org/10.1128/AEM.00695-13
https://doi.org/10.1128/AEM.00695-13
https://doi.org/10.1038/ismej.2016.95
https://doi.org/10.1038/srep40579
https://doi.org/10.1074/jbc.M109.003673
https://doi.org/10.1074/jbc.M109.003673
https://doi.org/10.1038/nrmicro1746
https://doi.org/10.1038/nrmicro1746
https://doi.org/10.1038/ismej.2015.242
https://doi.org/10.1038/ismej.2012.161
https://doi.org/10.1007/BF00391980
https://doi.org/10.1007/BF00391980
https://doi.org/10.1074/jbc.RA119.010619
https://doi.org/10.1074/jbc.M114.621110
https://doi.org/10.1002/1097-0134(20001101)41:2%3C257::AID-PROT100%3E3.0.CO;2-C
https://doi.org/10.1002/1097-0134(20001101)41:2%3C257::AID-PROT100%3E3.0.CO;2-C
https://doi.org/10.1007/s00338-010-0695-1
https://doi.org/10.1038/nrg2319
https://doi.org/10.3389/fmicb.2016.00251
https://doi.org/10.3389/fmicb.2016.00251
https://doi.org/10.3354/meps296291
https://doi.org/10.1038/nature10249
https://doi.org/10.1046/j.1365-2958.2003.03835.x
https://doi.org/10.1074/jbc.M113.454090
https://doi.org/10.1074/jbc.M113.454090
https://doi.org/10.1128/JB.188.7.2355-2363.2006
https://doi.org/10.1128/AEM.03461-13
https://doi.org/10.1371/journal.pone.0027226
https://doi.org/10.1128/JB.01506-10
https://doi.org/10.3389/fmicb.2019.01950
https://doi.org/10.1006/bbrc.2000.2601
https://doi.org/10.1006/bbrc.2000.2601
https://doi.org/10.1186/s12866-018-1355-9
https://doi.org/10.1016/j.jmb.2015.06.020
https://doi.org/10.1038/s42003-018-0189-1
https://doi.org/10.3389/fpls.2015.00827
https://doi.org/10.1007/s11064-014-1473-1
https://doi.org/10.1007/s11064-014-1473-1
https://doi.org/10.1016/j.phrs.2014.12.001
https://doi.org/10.1016/j.phrs.2014.12.001
https://doi.org/10.1104/pp.115.1.1
https://doi.org/10.1126/science.204.4391.407
https://doi.org/10.1126/science.204.4391.407
https://doi.org/10.3354/meps097193
https://doi.org/10.1016/j.aquaculture.2011.08.038
https://doi.org/10.1111/1462-2920.15718
https://doi.org/10.7717/peerj.9289
https://doi.org/10.3389/fmars.2021.675349
https://doi.org/10.1038/s43017-021-00214-3
https://doi.org/10.1093/nar/gkm160
https://doi.org/10.1099/ijsem.0.001755
https://doi.org/10.1093/molbev/msy096
https://journals.asm.org/journal/msystems
https://doi.org/10.1128/msystems.00327-22


63. Felsenstein J. 1985. Confidence limits on phylogenies: an approach using
the bootstrap. Evolution 39:783–791. https://doi.org/10.1111/j.1558-5646
.1985.tb00420.x.

64. Letunic I, Bork P. 2016. Interactive tree of life (iTOL) v3: an online tool for
the display and annotation of phylogenetic and other trees. Nucleic Acids
Res 44:W242–W245. https://doi.org/10.1093/nar/gkw290.

65. Yarza P, Yilmaz P, Pruesse E, Glöckner FO, Ludwig W, Schleifer KH,
Whitman WB, Euzéby J, Amann R, Rosselló-Móra R. 2014. Uniting the clas-
sification of cultured and uncultured bacteria and archaea using 16S
rRNA gene sequences. Nat Rev Microbiol 12:635–645. https://doi.org/10
.1038/nrmicro3330.

66. Luo R, Liu B, Xie Y, Li Z, Huang W, Yuan J, He G, Chen Y, Pan Q, Liu Y, Tang
J, Wu G, Zhang H, Shi Y, Liu Y, Yu C, Wang B, Lu Y, Han C, Cheung DW, Yiu
SM, Peng S, Zhu X, Liu G, Liao X, Li Y, Yang H, Wang J, Lam TW, Wang J.
2012. SOAPdenovo2: an empirically improved memory-efficient short-
read de novo assembler. Gigascience 1:18. https://doi.org/10.1186/2047
-217X-1-18.

67. Parks DH, Imelfort M, Skennerton CT, Hugenholtz P, Tyson GW. 2015.
Assessing the quality of microbial genomes recovered from isolates, sin-
gle cells, and metagenomes. Genome Res 25:1043–1055. https://doi.org/
10.1101/gr.186072.114.

68. Delcher AL, Bratke KA, Powers EC, Salzberg SL. 2007. Identifying bacterial
genes and endosymbiont DNA with Glimmer. Bioinformatics 23:673–679.
https://doi.org/10.1093/bioinformatics/btm009.

69. Lowe TM, Eddy SR. 1997. tRNAscan-SE: a program for improved detection
of transfer RNA genes in genomic sequence. Nucleic Acids Res 25:
955–964. https://doi.org/10.1093/nar/25.5.955.

70. Gardner PP, Daub J, Tate JG, Nawrocki EP, Kolbe DL, Lindgreen S,
Wilkinson AC, Finn RD, Griffiths-Jones S, Eddy SR, Bateman A. 2009. Rfam:
updates to the RNA families database. Nucleic Acids Res 37:D136–D140.
https://doi.org/10.1093/nar/gkn766.

71. Benson G. 1999. Tandem repeats finder: a program to analyze DNA
sequences. Nucleic Acids Res 27:573–580. https://doi.org/10.1093/nar/27
.2.573.

72. Armenteros JJA, Tsirigos KD, Sønderby CK, Petersen TN, Winther O,
Brunak S, von Heijne G, Nielsen H. 2019. SignalP 5.0 improves signal pep-
tide predictions using deep neural networks. Nat Biotechnol 37:420–423.
https://doi.org/10.1038/s41587-019-0036-z.

73. Kanehisa M, Sato Y. 2020. KEGG Mapper for inferring cellular functions
from protein sequences. Protein Sci 29:28–35. https://doi.org/10.1002/
pro.3711.

74. Chen L, Yang J, Yu J, Yao Z, Sun L, Shen Y, Jin Q. 2005. VFDB: a reference
database for bacterial virulence factors. Nucleic Acids Res 33:D325–D328.
https://doi.org/10.1093/nar/gki008.

75. Jia B, Raphenya AR, Alcock B, Waglechner N, Guo P, Tsang KK, Lago BA, Dave
BM, Pereira S, Sharma AN, Doshi S, Courtot M, Lo R, Williams LE, Frye JG,
Elsayegh T, Sardar D, Westman EL, Pawlowski AC, Johnson TA, Brinkman FSL,
Wright GD, McArthur AG. 2017. CARD 2017: expansion and model-centric
curation of the comprehensive antibiotic resistance database. Nucleic Acids
Res 45:D566–D573. https://doi.org/10.1093/nar/gkw1004.

76. Meier-Kolthoff JP, Auch AF, Klenk HP, Göker M. 2013. Genome sequence-
based species delimitation with confidence intervals and improved dis-
tance functions. BMC Bioinformatics 14:60. https://doi.org/10.1186/1471
-2105-14-60.

77. Richter M, Rosselló-Móra R, Glöckner FO, Peplies J. 2016. JSpeciesWS: a
web server for prokaryotic species circumscription based on pairwise

genome comparison. Bioinformatics 32:929–931. https://doi.org/10.1093/
bioinformatics/btv681.

78. Qin QL, Xie BB, Zhang XY, Chen XL, Zhou BC, Zhou JJ, Oren A, Zhang YZ.
2014. A proposed genus boundary for the prokaryotes based on genomic
insights. J Bacteriol 196:2210–2215. https://doi.org/10.1128/JB.01688-14.

79. Chaumeil PA, Mussig AJ, Hugenholtz P, Parks DH. 2019. GTDB-Tk: a toolkit
to classify genomes with the Genome Taxonomy Database. Bioinfor-
matics 36:1925–1927. https://doi.org/10.1093/bioinformatics/btz848.

80. Chin CS, Peluso P, Sedlazeck FJ, Nattestad M, Concepcion GT, Clum A, Dunn
C, O’Malley R, Figueroa-Balderas R, Morales-Cruz A, Cramer GR, Delledonne
M, Luo C, Ecker JR, Cantu D, Rank DR, Schatz MC. 2016. Phased diploid ge-
nome assembly with single-molecule real-time sequencing. Nat Methods 13:
1050–1054. https://doi.org/10.1038/nmeth.4035.

81. Walker BJ, Abeel T, Shea T, Priest M, Abouelliel A, Sakthikumar S, Cuomo
CA, Zeng Q, Wortman J, Young SK, Earl AM. 2014. Pilon: an integrated
tool for comprehensive microbial variant detection and genome assem-
bly improvement. PLoS One 9:e112963. https://doi.org/10.1371/journal
.pone.0112963.

82. Simão FA, Waterhouse RM, Ioannidis P, Kriventseva EV, Zdobnov EM.
2015. BUSCO: assessing genome assembly and annotation completeness
with single-copy orthologs. Bioinformatics 31:3210–3212. https://doi.org/
10.1093/bioinformatics/btv351.

83. Xu P, Li WJ, Tang SK, Zhang YQ, Chen GZ, Chen HH, Xu LH, Jiang CL. 2005.
Naxibacter alkalitolerans gen. nov., sp. nov., a novel member of the family
‘Oxalobacteraceae’ isolated from China. Int J Syst Evol Microbiol 55:
1149–1153. https://doi.org/10.1099/ijs.0.63407-0.

84. Collins MD, Pirouz T, Goodfellow M, Minnikin DE. 1977. Distribution of
menaquinones in actinomycetes and corynebacterial. J Gen Microbiol
100:221–230. https://doi.org/10.1099/00221287-100-2-221.

85. Groth I, Schumann P, Rainey FA, Martin K, Schuetze B, Augsten K. 1997.
Demetria terragena gen. nov., sp. nov., a new genus of actinomycetes iso-
lated from compost soil. Int J Syst Bacteriol 47:1129–1133. https://doi
.org/10.1099/00207713-47-4-1129.

86. Minnikin DE, Collins MD, Goodfellow M. 1979. Fatty acid and polar lipid
composition in the classification of Cellulomonas, Oerskovia and related
taxa. J Appl Bacteriol 47:87–95. https://doi.org/10.1111/j.1365-2672.1979
.tb01172.x.

87. Collins MD, Jones D. 1980. Lipids in the classification and identification of
coryneform bacteria containing peptidoglycans based on 2, 4-diamino-
butyric acid. J Appl Microbiol 48:459–470.

88. Keuth S, Bisping B. 1993. Formation of vitamins by pure cultures of tempe
moulds and bacteria during the tempe solid substrate fermentation. J Appl
Bacteriol 75:427–434. https://doi.org/10.1111/j.1365-2672.1993.tb02798.x.

89. Hugenschmidt S, Schwenninger SM, Lacroix C. 2011. Concurrent high
production of natural folate and vitamin B12 using a co-culture process
with Lactobacillus plantarum SM39 and Propionibacterium freudenreichii
DF13. Process Biochem 46:1063–1070. https://doi.org/10.1016/j.procbio
.2011.01.021.

90. Han X, Li L, Bao J. 2019. Microbial extraction of biotin from lignocellulose
biomass and its application on glutamic acid production. Bioresour Tech-
nol 288:121523. https://doi.org/10.1016/j.biortech.2019.121523.

91. Tsuda H, Matsumoto T, Ishimi Y. 2011. Biotin, niacin, and pantothenic acid
assay using lyophilized Lactobacillus plantarum ATCC 8014. J Nutr Sci
Vitaminol (Tokyo) 57:437–440. https://doi.org/10.3177/jnsv.57.437.

Functional Potential of Coral-Associated Bacteria mSystems

Month YYYY Volume XX Issue XX 10.1128/msystems.00327-22 18

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

sy
st

em
s 

on
 0

2 
Ju

ly
 2

02
2 

by
 1

14
.1

98
.5

2.
18

7.

https://doi.org/10.1111/j.1558-5646.1985.tb00420.x
https://doi.org/10.1111/j.1558-5646.1985.tb00420.x
https://doi.org/10.1093/nar/gkw290
https://doi.org/10.1038/nrmicro3330
https://doi.org/10.1038/nrmicro3330
https://doi.org/10.1186/2047-217X-1-18
https://doi.org/10.1186/2047-217X-1-18
https://doi.org/10.1101/gr.186072.114
https://doi.org/10.1101/gr.186072.114
https://doi.org/10.1093/bioinformatics/btm009
https://doi.org/10.1093/nar/25.5.955
https://doi.org/10.1093/nar/gkn766
https://doi.org/10.1093/nar/27.2.573
https://doi.org/10.1093/nar/27.2.573
https://doi.org/10.1038/s41587-019-0036-z
https://doi.org/10.1002/pro.3711
https://doi.org/10.1002/pro.3711
https://doi.org/10.1093/nar/gki008
https://doi.org/10.1093/nar/gkw1004
https://doi.org/10.1186/1471-2105-14-60
https://doi.org/10.1186/1471-2105-14-60
https://doi.org/10.1093/bioinformatics/btv681
https://doi.org/10.1093/bioinformatics/btv681
https://doi.org/10.1128/JB.01688-14
https://doi.org/10.1093/bioinformatics/btz848
https://doi.org/10.1038/nmeth.4035
https://doi.org/10.1371/journal.pone.0112963
https://doi.org/10.1371/journal.pone.0112963
https://doi.org/10.1093/bioinformatics/btv351
https://doi.org/10.1093/bioinformatics/btv351
https://doi.org/10.1099/ijs.0.63407-0
https://doi.org/10.1099/00221287-100-2-221
https://doi.org/10.1099/00207713-47-4-1129
https://doi.org/10.1099/00207713-47-4-1129
https://doi.org/10.1111/j.1365-2672.1979.tb01172.x
https://doi.org/10.1111/j.1365-2672.1979.tb01172.x
https://doi.org/10.1111/j.1365-2672.1993.tb02798.x
https://doi.org/10.1016/j.procbio.2011.01.021
https://doi.org/10.1016/j.procbio.2011.01.021
https://doi.org/10.1016/j.biortech.2019.121523
https://doi.org/10.3177/jnsv.57.437
https://journals.asm.org/journal/msystems
https://doi.org/10.1128/msystems.00327-22

	RESULTS
	Cultured coral-associated bacteria reveal novel diversity.
	Genome characteristics and functional gene distribution in coral-associated bacteria.
	ELR-containing and cell-cell attachment proteins.
	Carbon, nitrogen, and sulfur cycling.
	CAZy family and carbon metabolism.
	Biosynthesis of amino acids and vitamins.
	Partial phenotypic and genomic properties of nine novel taxa.

	DISCUSSION
	Diverse and novel bacteria cultured from P. damicornis.
	ELR-containing and cell-cell attachment proteins involved in symbiosis maintenance.
	Genomic and phenotypic support for the contribution to carbon and nitrogen cycling.
	CAZy family and carbon metabolism provide cues for microniche adaptation.
	Source of amino acids and polyamines in the coral holobiont.
	Putative opportunistic vibrio.

	MATERIALS AND METHODS
	Coral-associated bacterial isolation.
	Bacterial identification via 16S rRNA gene sequence analysis.
	Coral-associated bacterial genome sequencing and processing.
	Coral genome sequencing and processing.
	Polyphasic taxonomy analyses of bacterial isolates.
	Vitamin assay.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

