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Abstract

Background: Fndozoicomonas bacteria symbiosis with various marine organisms is hypothesized as a potential
indicator of health in corals. Although many amplicon analyses using 16S rRNA gene have suggested the diversity
of Endozoicomonas species, genome analysis has been limited due to contamination of host-derived sequences and
difficulties in culture and metagenomic analysis. Therefore, the evolutionary and functional potential of individual
Endozoicomonas species symbiotic with the same coral species remains unresolved.

Results: In this study, we applied a novel single-cell genomics technique using droplet microfluidics to obtain
single-cell amplified genomes (SAGs) for uncultured coral-associated Endozoicomonas spp. We obtained seven novel
Endozoicomonas genomes and quantitative bacterial composition from Acropora tenuis corals at four sites in Japan.
Our quantitative 165 rRNA gene and comparative genomic analysis revealed that these Endozoicomonas spp. belong
to different lineages (Clade A and Clade B), with widely varying abundance among individual corals. Furthermore,
each Endozoicomonas species possessed various eukaryotic-like genes in clade-specific genes. It was suggested that
these eukaryotic-like genes might have a potential ability of different functions in each clade, such as infection of the
host coral or suppression of host immune pathways. These Endozoicomonas species may have adopted different host
adaptation strategies despite living symbiotically on the same coral.

Conclusions: This study suggests that coral-associated Endozoicomonas spp. on the same species of coral have
different evolutional strategies and functional potentials in each species and emphasizes the need to analyze the
genome of each uncultured strain in future coral-Endozoicomonas relationships studies.

Background
In recent years, coral bleaching has been known to have
several impacts on marine ecosystems. Corals have
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globally recognized. In the functional analysis of coral
symbionts, symbiotic dinoflagellates have been the main
target, but recently, the functions of coral-associated bac-
teria have also been gradually clarified, including the deg-
radation of dead symbiotic dinoflagellates [3], provision
of nitrogen sources [4], and protection from pathogenic
bacteria via antibiotic activities [5].

The genus Endozoicomonas has been found to be abun-
dant in corals worldwide and is associated with an exten-
sive range of marine organisms, including shellfish [6,
7], sea slugs [8], sponges [9, 10], and sea anemones [11,
12]. Endozoicomonas has been the most widely studied
coral-associated bacterium, and it has been shown that
phylogenetically different Endozoicomonas species colo-
calize within a single individual [3, 13]. In addition, Endo-
zoicomonas has been reported to play several functional
roles in coral survival, such as suppressing mitochondrial
degradation, supplying sugars, and contributing to the
coral sulfur cycle through dimethylsulphoniopropion-
ate (DMSP) [14, 15]. However, little is known about the
mechanisms by which Endozoicomonas establishes sym-
biotic relationships with its host corals. Recently, Ding
et al. investigated the host cell entry mechanism of Endo-
zoicomonas montiporae in Montipora coral. They hypoth-
esized that this bacterium used eukaryotic-like genes,
such as ephrin ligands, to enter the host cell [14]. This
adaptation strategy is consistent with the fact that Endo-
zoicomonas is not an obligate symbiont [14, 16]. Endo-
zoicomonas diversity has been studied at the 16S rRNA
gene level, but not yet at the genome level. Therefore,
there are method-dependent gaps in our understanding
of Endozoicomonas diversity. Furthermore, comparative
genome analysis of Endozoicomonas spp. from the same
host coral species can reveal the evolutionary and adap-
tive strategies of each Endozoicomonas. However, these
understandings require genomic information on many
Endozoicomonas from the same host coral species.

The lack of genomic information is due to the dif-
ficulty in culturing host-associated bacteria [16].
Thus, culture-independent approaches are needed
for studying genome data to understand the relation-
ship between Endozoicomonas and its host. Currently,
shotgun metagenomics with binning is the mainstream
method for microbial genome sequence analysis, but
this method is greatly influenced by microbiome com-
position and diversity [17].In most cases, especially in
genome analysis of closely related species with highly
similar 16S rRNA gene sequences, it is impossible to
identify individual strain-level draft genome sequences
by metagenomic binning [18]. Furthermore, detailed
genome sequence analysis of host-associated bacte-
ria is complicated because contamination by host also
significantly affects binning efficiency [16, 19-21]. As
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an alternative to metagenomics, single-cell genomics
is very useful, as it can reveal the genome diversity of
individual cells [22-24] from a mixed cell population.
On the other hand, in the current single-cell genom-
ics, single-cells are randomly sorted for subsequent
analysis. Therefore, when host-derived sequences are
contaminated as in this case, the efficiency of acquir-
ing target microbe is greatly reduced. Deep sequencing
was required to obtain multiple genome sequences to
reveal genome diversity, which required wasteful cost
and effort.

Here, we suggest a novel approach for targeted sin-
gle-cell genomics by detecting the target gene using
droplet microfluidics. In this study, we identified
seven draft genomes of Endozoicomonas spp. from A.
tenuis sampled at four different sites in Okinawa Pre-
fecture, Japan. We then investigated the genomic dif-
ferences between different clades of Endozoicomonas
symbiotic with A. tenuis coral and examined the role
of eukaryotic-like genes. Finally, we proposed a sym-
biotic strategy model for Endozoicomonas bacteria in
A. tenuis corals, which revealed a diverse adaptation
process.

The results of single-cell genome analysis indicate
the existence of at least two strategies for microbe-
host interactions, indicating the possibility of micro-
bial regulation of host metabolic systems. These
findings may provide insights into the robustness of
coral reefs.

Materials and methods

Coral branch sampling

A. tenuis samples were collected at four sites, namely
Sesoko Minami (26° 53.05’ N, 127° 85.77' E), Ishi-
kawabaru (26° 67.51’ N, 127° 87.00' E), Onna Village
(26° 50.36’ N, 127°85.39’ E ), and the coral aquaculture
center of Yomitan Village (26° 40.90’ N, 127° 71.55’ E)
(Fig. 1A). Official permission to collect coral samples
was obtained from Okinawa Prefecture in accordance
with Okinawa Prefecture Fishing Regulation. The level
of coral bleaching was evaluated on a 3-point scale (0:
no bleaching, 1: slight bleaching, 2: complete bleach-
ing). Small pieces of branches (~3 cm) were collected
from A. tenuis corals and kept in a sterile zipper bag
(140x100x0.04 mm; SEISANNIPPONSHA Ltd., Japan)
filled with seawater from each sampling site. For 16S
rRNA gene amplicon sequencing, coral branches were
immediately transferred into a 5-mL tube (Eppendorf
Ltd., Germany) containing 4 mL of RNAlater (Thermo
Fisher Scientific, Waltham, MA, USA) and then fro-
zen with liquid nitrogen. The frozen samples were kept
in a —80°C deep freezer until analysis. For single-cell
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Fig. 1 Distribution and diversity of the Endozoicomonas genus in A. tenuis from four sites in Japan. A Coral samples were collected at four sites

in Okinawa, Japan. Red: Ishikawabaru, green: Sesoko Minami, blue: Onna, purple: Yomitan. B 16S rRNA gene composition. Each color indicates
Endozoicomonas and is shown for amplicon sequence variants that are above 8% in any sample. C Heatmap plot based on 16S rRNA gene copy
number denoting Endozoicomonas abundance. The copy number of 165 rRNA gene is normalized by the surface area of the coral. The uncultured
Gammaproteobacteria clade (black) is displayed as the outer group. The star shows corals that did not bleach in August 2016. Bleaching was
recorded in Ishikawabaru and Sesoko Minami, but not in Yomitan and Onna

genome sequencing, the branches were kept on ice
until just before the subsequent process.

DNA extraction and library preparation

The frozen coral branch was thawed on ice. The coral
branch was then picked with tweezers and washed with
artificial seawater. Then, in a sterilized zipper bag, the
coral tissue was blown off using a Waterpik (EW-DJ61-
W, Panasonic Corp., Japan), and the suspensions were
collected into a 50-mL tube (Nippon Genetics Co., Ltd.,
Tokyo, Japan). After centrifugation at 10,000xg, 4°C for
30 min, the supernatant was removed, and the pellet was
resuspended in 500 pL of artificial seawater. The suspen-
sion was transferred into a 1.5-mL tube (SSIBio, Lodi,
CA, USA) and centrifuged at 15,000x g, 4°C for 15 min.
After the supernatant was removed, the pellet was stored
at —80°C until DNA extraction. DNeasy Plant Mini Kit
(69104; QIAGEN, Hilden, Germany) was used for DNA
extraction according to the manufacturer’s instruction,
with a small modification. The thawed pellet was mixed

with 400 pL of Buffer AP1 and transferred into 2-mL
screw cap tubes with stabilized 0.1 mm zirconia beads
(Yasui Kikai Corp., Osaka, Japan). The tubes were homog-
enized three times at 2500 rpm for 60 s at 60-s intervals.
After centrifugation, 4 pL of RNase A was added, and the
sample was incubated at 65°C for 10 min before DNA
extraction was performed following the kit protocol.

16S rRNA gene sequencing and analysis
The bacterial community was identified by targeting the
variable region V1-V2 of the 16S rRNA gene using the
primer set 27F and 338R (27F: 5'-GAG TTT GAT CCT
GGC TCA G-3/, 338R: 5-GCT GCC TCC CGT AGG
AGT-3'). PCR amplification of the 16S rRNA gene
amplicon (300 bp) was performed in a 25-pL mixture,
and the amplicons were sequenced using Ion Torrent
PGM with 318 Chip v2 (Thermo Fisher Scientific).

16S rRNA gene analysis was performed using
QIIME2 2020.2 [25]. For quality control, amplicon
sequence variants (ASVs) were constructed using
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DADA2 (via q2-dada2) [26]. All ASVs were aligned
using MAFFT (via q2-alignment) [27]. Phylogenetic
tree was constructed based on masked aligned ASVs
using FastTree2 (via q2-mask and q2-phylogeny)
[28]. Taxonomic assignment was performed using the
q2-feature-classifier [29] classify-sklearn naive Bayes
taxonomy classifier against the Silva 138 99% OTUs
full-length sequences [30]. The downstream analysis
was performed using the R bioconductor phyloseq [31]
and ggtree [32] in R version 3.5.2.

Droplet digital PCR for quantification of 16S rRNA gene
copy number

The PCR mixture contained 10 pL of 2x ddPCR Super-
mix for Probes (Bio-Rad, Hercules, CA, USA), 1.0 uL
of 10 uM forward and reverse primers, 1.0 pL of 10
uM Tagman probe, 1.0 pL of 1 mM Dextran fluores-
cein (FD10S; Merck KGaA, Darmstadt, Germany), 1.0
uL of extracted DNA, and 5.0 pL of nuclease-free water
(Sigma-Aldrich, St. Louis, MO, USA). A total of 20 pL
of the PCR mixture was introduced into microfluidic
devices (Supplemental Figure 1), and 40 um of droplets
was generated with droplet generation oil for probes
(Bio-Rad). The primers and Tagman probes were synthe-
sized by Integrated DNA Technologies (IDT, Inc., Cor-
alville, IA). The sequence of the forward primer, reverse
primer, and Tagman probe was 5'-AGA GTT TGA TCM
TGG CTC AG-3,5-GCT GCC TCC CGT AGG AGT-3/,
and [6-FAM]-5"-CAG GCC TAA-[ZEN]-CAC ATG CAA
GTC-[IBFQ]-3/, respectively. The droplets were collected
into 0.2-mL tube and then thermal cycled using a T100™
Thermal Cycler (Bio-Rad) with the following protocol:
95°C for 10 min, followed by 40 cycles of 94°C for 30 s
and 60°C for 1 min, 95°C for 10 min, and maintenance
at 4°C. Subsequently, the droplets were reintroduced into
microfluidic devices for digital counting. We have devel-
oped a system for calculating the rate of fluorescence-
positive droplets using a 488-nm laser (Lambda mini,
Tokyo Instruments, Tokyo, Japan) (Supplementary Fig.
S1). Fluorescent signals from the droplets were detected
by a photosensor module (H11902-01; Hamamatsu Pho-
tonics KK, Hamamatsu, Japan) and recorded by an oscil-
loscope (PICOSCOPE 2204A; Pico Technology Ltd., St.
Neots, Cambridgeshire, UK). Combined with the infor-
mation of droplet diameter measured with Image], 16S
rRNA gene copy number per 1 ng of extracted DNA was
calculated [33].

Measurement of surface area of coral skeletons by CT scan
The coral branches with surface tissue removed by water
picking were used for calculating the surface area. 3D
images of the coral branches were obtained using an
X-Ray CT scanner (TDM1300-IS; Yamato Scientific,
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Tokyo, Japan). The surface area was calculated by the
Mimics software (Materialise, Leuven, Belgium). The 16S
rRNA gene copy number per 1 cm? of surface area was
calculated.

Preparation of bacterial suspension for single-cell genome
sequencing

A small piece of coral branch was collected and kept in
a 25-mL tube (Iwaki, Tokyo, Japan) filled with seawa-
ter from each sampling site. The tube was kept on ice
immediately. Each branch was transferred into 5 mL of
0.22-pL-filtered UV-treated seawater of each sampling
site and crushed thoroughly by a scalpel (Feather Safety
Razor Co. Ltd., Japan). After 5 min of standing on ice, the
supernatant was collected into three 1.5-mL tubes. The
tube was subsequently centrifuged at 300xg for 5 min,
and the supernatant was transferred into a new 1.5-mL
tube to remove symbiotic dinoflagellates and other larger
particles. The collected supernatant was centrifuged at
8000xg for 5 min. The supernatant was removed, and
500 pL of 0.22-pL-filtered UV-treated seawater was
added to resuspend the pellet. The centrifugation at
300xg was repeated until most of the symbiotic dino-
flagellates were removed. The centrifugation at 8000xg
and the washing steps were repeated three times. Next,
the pellet was resuspended in 500 pL of 1x SYBR Green
(Thermo Fisher Scientific, Hampton, NH) for 5 min for
DNA staining. After centrifugation at 8000xg, the pellet
was resuspended in 50 pL of 0.22-pL-filtered UV-treated
seawater, and the cell concentration was calculated with
a bacterial counter (SLGC, Tokyo, Japan) under a fluo-
rescent microscope (CKX53; Olympus Optical Co Ltd.,
Tokyo, Japan).

Whole genome amplification and detection

of Endozoicomonas in gel beads

Cells were encapsulated into 40-um microfluidic droplets
at a concentration of 0.3 cell/droplet using a microfabri-
cated microfluidic device reported previously [22]. The
theoretical number of encapsulated cells in a droplet was
derived by the Poisson distribution (Formula 1). The per-
centage of doublets would be less than 3.7% of the total
droplets when the cell concentration was 0.3 cell/droplet.

}vk e~ A

k! @

pk, 1) =

Next, gel-bead-based whole genome amplification
(WGA) was conducted according to the previously
reported WGA method (single-cell amplified genomes
(SAGs) in the gel are referred to as SAG-gel) [21, 34].
After WGA, the gel beads were stained with DAPI, and
amplification of the DNA was confirmed with micro-
scopic observation (CKX53; Olympus). Subsequently,
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the gel beads were washed and suspended in UV-treated
Dulbecco’s phosphate-buffered saline (-) (Thermo Fisher
Scientific). To detect the target gene sequence, 20 pL of
PCR mixture consisting of 10 pL of PrimeTime Gene
Expression Master Mix (Integrated DNA Technologies,
Coralville, IA, USA), 1.0 pL of each 10 uM primer (for-
ward and reverse, final concentration 500 nM), 0.5 pL of
10 uM Tagman probe (final concentration 250 nM), and
7.5 uL of gel beads solution was prepared. The sequence
of each primer and probe is listed in Supplementary
Table 1. On the basis of the 16S rRNA gene amplicon
sequencing results, we designed two sets of primers and
probes (sets A and B) using the Geneious software (Bio-
matters Ltd., Auckland, New Zealand). The primer and
probe sequences were evaluated with Primer BLAST
[35] to confirm that they did not exhibit any specificity
to the mitochondrial genome of A. tenuis. To detect the
Endozoicomonas sequence amplified in gel beads, either
set A or set B was used. The PCR mixture was reintro-
duced into microfluidic devices, and 50 um of gel beads-
containing microfluidic droplets were generated with
carrier oil (HFE-7500 oil with 2% surfactant; RAN Bio-
technologies Inc., Beverly, MA, USA). The concentration
of the beads was adjusted at 0.3 bead/droplet. The drop-
lets were collected into a 0.2-mL tube, and PCR ampli-
fication (95°C for 3 min, 25 cycles of 95°C for 5 s and
50°C for 40 s, and maintenance at 10°C) was conducted.
After thermal cycling, the fluorescence of the droplets
was observed with a microscope (CKX53; Olympus). The
droplets exhibiting both DAPI and FAM fluorescence
were manually picked with a micro dispenser (Drum-
mond Science Company Broomall, PA, USA) and trans-
ferred into a 0.2-mL tube. Next, second-round WGA was
performed using a REPLI-g Single Cell Kit (QIAGEN).
Buffer D2 (0.6 puL) was added to each well, followed by
incubation at 65°C for 10 min. After that, 8.6 uL of WGA
mixture (0.6 pL of stop solution, 1.8 pL of H,O, 5.8 pL
of reaction buffer, and 0.4 puL of DNA polymerase) was
added, and the mixture was incubated at 30°C for 120
min. The WGA reaction was terminated by heating at
65°C for 3 min. The amplicon yields were quantified by
a Qubit dsDNA HS assay kit (Thermo Fisher Scientific).
PCR amplification over the 16S rRNA gene was also per-
formed against second-round WGA products. Primer
pair sequences for the V3-V4 region were used according
to Illumina’s MiSeq system protocols (Forward: 5'-TCG
TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG
CCT ACG GGN GGC WGC AG-3/, Reverse: 5'-GTC
TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA
GGA CTA CHV GGG TAT CTA ATC C-3/). PCR ampli-
fication was confirmed with agarose electrophoresis (100
V, 15 min), and the amplicon sequences were obtained
via Sanger sequencing (Fasmac, Kanagawa, Japan) to
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determine whether the target Endozoicomonas sequence
was acquired.

Endozoicomonas single-cell genome sequencing

and genome assembly

Second-round WGA products from single-cell sam-
ples were used for next-generation sequencing library
preparation with Nextera XT DNA sample prep kit (Illu-
mina, San Diego, CA, USA) according to the manufactur-
er’s instructions. Each SAG library was sequenced using
an Illumina MiSeq 2 x 75bp or 150bp (Supplementary
Table 2).

All raw reads were trimmed to remove adapter
sequences by fastp v0.20.0 with default parameters [36].
Trimmed reads were assembled using SPAdes v3.12.0
with “-k auto --sc --careful” parameters [37]. All SAGs
were concatenated using ccSAG [38]. SAGs with an aver-
age similarity of > 99.9% in single-copy marker genes
were co-assembled and used for subsequent analyses.
Contigs less than 1000 bp in the SAG were removed.
We removed host- and human-derived contaminations,
which were annotated as eukaryote by BLAST against
the NCBI nt database, from the SAG [39]. The quality
of the SAGs was checked using CheckM v1.0.13 [40].
For the subsequent analyses, only high-quality SAG data
were used (85% > completeness, < 5% contamination).

Phylogenetic and comparative genome analysis
Gene prediction was performed to estimate protein cod-
ing genes (Prodigal v. 2.6.3) [41], tRNAs (ARAGORN v.
1.2.38) [42], and rRNAs (Barrnap v. 0.9) [43] by Prokka
v.1.14.5 for the SAGs [44]. Predicted proteins were anno-
tated by diamond v0.9.14 [45] against the NCBI nr data-
base [46]. We also ran InterProScan v.5.40-77.0 [47] and
eggNOG-mapper v.1.0.3 [48] to annotate domain infor-
mation and GO terms and KEGG orthology. Enrichment
analysis was performed using the clusterProfiler package [49].
The orthogroup was estimated using OrthoFinder
v2.3.0 with the default parameters [50]. Single-copy
marker genes were extracted based on the OrthoFinder
results. Each gene was aligned by MAFFT v7.407 and
trimmed by trimAl v1.4 [27, 51]. A phylogenetic tree was
constructed using the single-copy marker genes by IQ-
TREE v1.6.7 [52] with ultrafast bootstrap [53] and Mod-
elFinder [54]. Average Nucleotide Identity (ANI) and
Average Amino Acid Identity (AAI) were calculated by
the all-against-all ANI/AAI matrix calculator [55]. Syn-
teny plots were created by gggenomes [56].

Eukaryotic-like protein analysis

All the Pfam IDs with a Z-score of 10,000 in EffectiveELD
version 5.2 were extracted from the InterProScan results
[57]. For extracting eukaryotic-like genes based on
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sequence homology, genes were selected by taxonomic
annotation using eggNOG-mapper v.1.0.3 [48]. In addi-
tion, we performed a taxonomy annotation of eukar-
yotic-like genes using MMseqs2 with “--tax-lineage 1
--vote-mode 0” options, using the eukaryotic-only NCBI
nr database [58]. We also checked that these genes are
not annotated with other bacteria to confirm that Endo-
zoicomonas acquired the genes from eukaryotes during
host adaptation using the NCBI nr database without the
Endozoicomonas genus. Major hits of annotation result
were segmented annelid worms Capitella teleta. These
genes were considered to be derived from contamination
and removed from the results.

Results
Diversity analysis of the Endozoicomonas genus
in Acropora tenuis
A. tenuis were collected at four locations (Ishikawabaru,
Sesoko Minami, Yomitan, and Onna) in Okinawa in
May and August 2016 (Fig. 1A). These four locations are
placed within a 15-km radius. Through 16S rRNA gene
sequencing, 1418 ASVs were detected as coral-associated
bacteria, and 209 ASVs were classified as Endozoico-
monas spp. In Ishikawabaru, Yomitan, and Onna, Endo-
zoicomonas spp. was dominant, representing 70.7-99.7%
of the detected bacteria (Fig. 1B). However, in Sesoko
Minami, the proportion of Endozoicomonas spp. was
only 1.8-50.3%, and order Rickettsiales was dominant
instead (Supplementary Figure 2A), including Rickett-
siales bacteria strain SESOKO1, which was previously
reported by our group [59]. The results of principal coor-
dinate analysis (PCoA) based on the Bray-Curtis distance
of Endozoicomonas composition showed spatial specific-
ity for A. tenuis (Supplementary Figure 2B and C).
Phylogenetic analysis of the 16S rRNA gene revealed
that the Endozoicomonas species can be divided into
three major clades: Clade Al (Red) and Clade A2 (Green)
constituted the Onna and Yomitan samples, whereas
Clade B (Blue) comprised the Ishikawabaru and Sesoko
Minami samples (Fig. 1C, phylogenetic tree and heat-
map). Absolute abundance of 16S rRNA gene was cal-
culated by the 16S rRNA gene copy number measured
by ddPCR and the surface area value obtained by CT
scan. The average (+sd) number of Endozoicomonas was
37,952 + 75,836 copies/mm? (Ishikawabaru), 2306.8 =+
4241.6 copies/mm? (Sesoko Minami), 30,180 % 30,165
copies/mm? (Onna), and 37,287 + 29,083 copies/mm?
(Yomitan), respectively (Fig. 1C, bar plot). These results
suggest that the cell numbers of Endozoicomonas spp.
vary drastically from site to site. Especially at Sesoko
Minami, where the copy number of 16S rRNA gene was
exceedingly low, the absolute number of Endozoicomonas
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was significantly lower than that at other sites. In August
2016, large-scale coral bleaching was observed around
Okinawa Prefecture; however, the bleaching level of coral
colonies at Sesoko Minami was lower than that at Ishi-
kawabaru [60]. In particular, the single coral colony, in
which Endozoicomonas Clade Al was dominant, did not
show any bleaching in August 2016 (Fig. 1C; star). In our
previous study, the density per surface area of zooxan-
thellae in corals was greatly reduced during coral bleach-
ing in August 2016 [60]. However, in the same coral, the
absolute number of Endozoicomonas did not decrease
significantly from May to August in 2016 (Fig. 1C).

Single-cell genome sequencing of Endozoicomonas
bacteria

To selectively obtain genomic information of target bac-
teria from crushed coral tissue suspensions, we have
developed a method for targeted single-cell genomics
using droplet microfluidics. Bacterial suspensions pre-
pared from coral tissues were encapsulated into aga-
rose gel droplets and processed to gel-bead-based WGA
to obtain SAGs [24] (Fig. 2A). Microscopic observa-
tion revealed that 24.4-26.3% of the gel beads exhibited
DAPI fluorescence, which corresponded to the Poisson
distribution value. Subsequently, PCR-based detection
of target genes with FAM probes was conducted, which
enabled the identification of gel beads containing tar-
get SAGs (Fig. 2B). After PCR amplification, there were
droplets displaying both DAPI and FAM fluorescence
(Fig. 2C). The percentage of DAPI fluorescence-positive
droplets is 0.8-1.2%, which represents the rate of drop-
lets encapsulating the target bacterium.

The results of 16S rRNA gene sequencing followed
by second-round WGA showed that 64% (28 out of 44)
of the samples corresponded to the Endozoicomonas
sequence. Among the remaining 16 samples, 13 exhibited
insufficient DNA yield (< 2 ng/pL) after the second-round
WGA. The remaining three were confirmed to be derived
from host mitochondria. When droplets that were posi-
tive only for DAPI were isolated, all the sequence corre-
sponded to the sequence of host mitochondria (n = 30),
suggesting that our targeted single-cell genomics has a
low false-negative rate. In order to obtain 28 target bacte-
rial SAGs by random sampling, 2333-3500 droplets need
to be isolated according to the calculation, which means
that our method showed 53.0-79.5 times higher screen-
ing efficiency than the random sampling.

As a result, seven draft SAGs ranging from 2.1 to 6.4
Mbp were acquired from four sampling sites, three of
which were classified as high-quality and three of which
were classified as medium-quality according to the criteria
by the Genomic Standards Consortium (GSC) (Table 1).
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Fig. 2 Targeted single-cell genomics with droplet microfluidics. A Microbial cells were encapsulated into 40-um microfluidic droplets at the
single-cell level (0.3 cell/droplet) with ultra-low melting temperature agarose solutions. Collected droplets were solidified, treated with lysis
solution, and subjected to whole genome amplification (WGA) using a previously described single-cell amplified genome (SAG)-gel platform. After
washing, whole genome amplified gel beads were resuspended in the PCR mixture. B Gel beads suspended in PCR mixture were reintroduced into
microfluidic devices, and water in oil (W/O) droplets encapsulating gel beads were generated. After thermal cycling, droplets with target sequence
exhibited fluorescence derived from Tagman probes. The fluorescence-positive droplets were isolated into multi-well plates and then subjected to
second-round WGA and library preparation. C Microscopic images of W/O droplets after PCR. Droplets with genome amplification by WGA exhibit
blue fluorescence derived from DAPI. Droplets with target gene amplification by PCR exhibit green fluorescence derived from FAM. The droplet
indicated by the arrowhead contains genome amplicons of the target bacterium

Comparative genome analysis of Endozoicomonas genus
We conducted a comparative genome analysis using
our five draft SAGs, which include four from this study
and one from our previous report [60], collected from
A. tenuis, and 10 public Endozoicomonas isolates col-
lected from various kinds of marine organisms. Phylo-
genetic trees constructed with single-copy marker genes
showed that Endozoicomonas spp. represented single
clades that corresponded to symbiotic host organisms.
However, Endozoicomonas spp. collected from Acropora
coral (Endozoicomonas sp. ISHI1, SESOKO1, ONNA1,
ONNA2, and YOMI1) were divided into two clades
(clade A1 and B) (Fig. 3A), which was also confirmed by
the ANI and average AAI (Supplementary Figure 3).

A similar trend was observed in the ortholog analy-
sis. Out of a total of 9414 orthogroups, the number of
orthogroups commonly detected in all Endozoico-
monas spp. was 1148. We confirmed that the bacterial
secretion systems are evolutionarily conserved in all
Endozoicomonas symbiotic relationships with marine
organisms (Supplementary Table 3), which are important

for Endozoicomonas to secrete proteins related to
eukaryotic pathways in the host. The prediction of
effector proteins showed that 12.5-20.4% (T3SS) and
2.97-4.22% (T4SS) of proteins were released by bacte-
rial secretion systems (Supplementary Table 4). On the
other hand, the remaining 8266 orthogroups and 8061
unassigned genes were clade- or strain-specific, suggesting
that Endozoicomonas spp. possess a diverse orthogroup
profile. It appears that the profile of the orthogroups
depends on the host of each Endozoicomonas sp. How-
ever, clade Al and clade B, which were symbiotic with
the same host (A. tenuis), shared no unique orthogroups.
Enrichment analysis of accessory genes to the KEGG
pathway revealed the functional characteristics and
differences of each clade (clade Al and clade B). Of
the top ten enriched pathways (nine pathway in Clade
B) of each clade, eight pathways (except bacterial
chemotaxis and flagellar assembly) in clade Al as well
as seven pathways (except sphingolipid metabolism
and terpenoid backbone biosynthesis) in clade B were
assigned as eukaryotic pathways (Fig. 3B, C). Primarily,
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Fig. 3 Comparative genome analysis of Endozoicomonas. A Plot of lineage-specific genes based on ortholog analysis. Bar plots indicate the number
of orthogroup types. Clade A1 and clade B correspond to the clades in Fig. 1C based on the similarity of the 165 rRNA genes. The color of the circles
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in Endozoicomonas clade Al, immune-related path- B, these immune-related pathways were not enriched,
ways were enriched, such as the TRAF signaling but proteasomes and proteolysis pathways including
pathways and NF-«B pathways (Fig. 3B), which are gen-  eukaryotic-like E3 ubiquitin ligase gene were enriched
erally not conserved in bacteria. Conversely, in clade (Fig. 3C).
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Different symbiotic strategies utilizing eukaryotic-like genes
We further conducted a comparative genome analysis
focusing on eukaryotic-like domains and found that all
Endozoicomonas spp. used in this study had at least one
eukaryotic-like domain (Fig. 4A). The types of eukar-
yotic-like domains were different between clade Al
(YOMI1, ONNA1, and ONNA2) and clade B (ISHI1 and
SESEKO1) Endozoicomonas; namely, the eukaryotic-like

domain found in common between clade Al and clade B
was only RING-type zinc finger (RINC-type zinc-finger,
Zinc-finger double domain, Zinc finger, and C3HC4 type
were grouped), and the remaining six domains (SOCS
box, Inhibitor of Apoptosis domain, ephrin ligand, Ets
domain, MATH domain, and FANCLE C-terminal
domain) were found only in either species (Fig. 4A, Sup-
plementary Table 5). We have previously reported that
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Endozoicomonas sp. ISHI1 has coral-like ephrin ligand
genes [60]. In addition, there were other eukaryotic-like
genes (such as the SNARE domain, Vps4 C terminal oli-
gomerization domain-containing genes). In contrast,
Endozoicomonas sp. YOMI1, ONNA1, and ONNA2,
which belong to clade A1, did not possess ephrin ligand,
but had eukaryotic-like genes, including MATH/TRAFE,
SOCS box, an Ets-domain, and an inhibitor of apoptosis
domain (Fig. 4A).

Furthermore, we found 532 genes that did not contain
eukaryotic-like domains but were highly homologous
against eukaryote in A. temuis-symbiotic Endozoico-
monas (YOMIL: 125 genes, ONNA1: 134 genes, ONNA2:
47 genes, SESOKO1: 90 genes, ISHI1: 136 genes) (Sup-
plementary Table 6). As genes closely related to host A.
tenuis coral genes, TRAF/MATH domain-containing
genes (match: 26.0-62.2%), low-density lipoprotein
receptor gene (match: 30.9-67.6%), and transcription
factor 15-like gene (match: 27.5-30.4%) were detected
in Endozoicomonas clade Al. In contrast, the genes for
ephrin ligand (match: 31.3-46.0%) and RING finger
and CHY zinc finger domain-containing gene (match:
46.1-64.3%) were detected in clade B. Eukaryotic-like E3
ubiquitin-protein ligase was detected as a common gene
in both clades (Supplementary Table 5). Some of these
eukaryotic-like genes were inserted into the genome
(e.g., survivin gene, ephrin gene) (Fig. 4B). Furthermore,
these genes did not contain introns, despite their similar-
ity to the intron-containing host genes (Supplementary
Figure 4).

Discussion

The absolute abundance of Endozoicomonas varies greatly
among coral habitats

Previous studies have focused solely on bacterial com-
position and failed to establish a relationship between
the amount of coral symbiotic bacteria and their host
conditions. To overcome this limitation, this study quan-
tified the absolute 16S rRNA gene copy number of bac-
teria and revealed the abundance of Endozoicomonas
spp., which varied by more than 72-fold among sam-
pling sites. Several researchers have considered that the
abundance of Endozoicomonas is related to health and
robustness of corals [65, 66]. However, in August 2016,
corals from Ishikawabaru, which had a higher abun-
dance of Endozoicomonas than Sesoko Minami, showed
far extensive bleaching, which was not consistent with
their findings [67]. Our previous studies also showed
that inflammation-related genes are upregulated in A.
tenuis, which is occupied by clade B Endozoicomonas
spp. In this study, we measured quantitative Endozoico-
monas abundance, which may be involved in the host
side response at the gene expression level. The individual

Page 11 of 16

adaptive capacity of Endozoicomonas may also have an
effect on the host [68]. For a deeper understanding of
Endozoicomonas function in Acropora coral, the differ-
ence of the clade or absolute amount of Endozoicomonas
should be considered.

Targeted single-cell genomics enables selective
accumulation of low-abundance bacterial genomes

In addition to the 16S rRNA gene-based phyloge-
netic analysis, we conducted single-cell whole genome
sequencing of target bacteria and collected seven SAGs
belonging to clade Al (Endozoicomonas sp. YOMII,
ONNAI, and ONNAZ2) and clade B (Endozoicomonas
sp. SESOKO1 and ISHI1). Although SAGs consisted of
fragmented contigs, and the total length of some SAGs
were shorter compared to the genome size of reference
Endozoicomonas, the completeness was comparable to
cultured strains reported previously [15], providing evi-
dence that this method can expand genomic information
of uncultured bacteria. It is noteworthy that our method
enabled selective acquisition of draft SAGs even when
the abundance ratio of target bacteria was approximately
1%, thereby overcoming the disadvantage of metagen-
omics. Moreover, even in the conventional single-cell
genomics, the composition of sequenced bacterial taxa
is highly dependent on the proportion of bacteria in the
target environment because single cells are randomly
sorted [69]. In contrast, in our proposed method, WGA
was followed by detection of target gene sequence (Endo-
zoicomonas 16S rRNA gene) in gel beads to achieve selec-
tive isolation and subsequent genome analysis. To the
best of our knowledge, this is the first report of targeted
single-cell genomics on environmental microbes. Our
method showed > 50 times higher screening efficiency
of target bacteria than the random sampling, thus drasti-
cally reducing the amount of reagents and labor wasted
on non-target samples. Our targeted single-cell genom-
ics can also be used to detect specific gene sequences
obtained from metagenomic shotgun analysis or 16S
rRNA gene sequencing by designing specific primers
and probes. As a further application, specific single-cell
genomics with unique characteristics will be possible
by targeting the sequences of biosynthetic gene clusters
and drug-resistant genes. As the potential of rare bacte-
ria to exert important functions in microbial populations
is gaining increasing attention [70], our method can be a
technological innovation and breakthrough for the analy-
sis of single-cell genomics. In the single-cell genomics of
environmental bacteria, it is often important to process
the samples immediately after collection to obtain high-
quality draft SAGs. Because the microfluidic system used
in this study is portable, on-site single-cell isolation and
genome amplification can be performed with standard
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biological laboratory equipment, which is critical for
obtaining high-quality SAGs.

Diversity of host adaptation strategies in Endozoicomonas
Several 16S rRNA gene amplicon and shotgun
metagenomic analyses have suggested that coral-asso-
ciated Endozoicomonas spp. may improve host coral
health [65, 66]. However, owing to the lack of refer-
ence genomes, detailed analysis of clade-specific func-
tions in Endozoicomonas in the same coral species has
not been performed. Therefore, we used our SAG data
and compared the gene functions detected in each
clade of Endozoicomonas. Comparative genome analy-
sis revealed that the orthogroups of Endozoicomonas
were conserved in each clade. Notably, even when the
different clades of Endozoicomonas coexisted with
A. tenuis, the shared orthogroups were only the core
gene between clade Al (Endozoicomonas sp. YOMII,
ONNA1, and ONNAZ2) and clade B (Endozoicomonas
sp. ISHI1 and SESOKO1). These results suggest that
Endozoicomonas independently adapts to its host dur-
ing the process of evolution.

A comprehensive search for eukaryotic-like genes
in Endozoicomonas revealed that various eukaryotic-
like genes were enriched in a lineage-specific manner.
Symbiotic bacteria are known to harbor eukaryotic-
like domains, such as ankyrin repeat and WD40 repeat,
which are involved in protein-protein interactions
and are thought to be necessary for interaction with
the host [71, 72]. For example, in plants and sponges,
many symbiotic bacteria and pathogens intervene in
host signaling pathways via eukaryotic-like genes that
mimic host genes, thereby influencing host conditions
[73, 74]. There have been few reports on how symbi-
otic bacteria acquire these eukaryotic-like genes, but
in our study, some of these genes (e.g., ephrin ligand
and survivin) were found to be inserted with spliced
host coral genes (Supplementary Figure 4). This result
suggests the bacterial-eukaryotic horizontal gene
transfer is observed between host coral and coral-
associated Endozoicomonas spp. One of many possi-
ble hypotheses is that the insertion of these genes may
be mediated by host mRNA. Horizontal gene transfer
between eukaryotes and prokaryotes has been studied
in recent years, and more detailed studies are needed
in the future.

A recent study reported that the copy number of
ankyrin repeats is higher in E. acroporae genomes than
in other marine organism-associated Endozoicomonas
genomes [10], implying that some eukaryotic-like
genes play essential roles in the symbiosis of Endozoi-
comonas with Acropora coral. On the basis of this idea,
we hypothesized the functions and host adaptation
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strategies of each Endozoicomonas clade based on the
functions of enriched eukaryotic-like domains. Recently,
it was hypothesized that ephrin ligands are required for
E. montiporae to transition the symbiotic mechanisms
[14]. In our previous report, we have also confirmed a
gene expansion of ephrin ligand in Endozoicomonas
Clade B (Endozoicomonas sp. ISHI1 and SESOKOL1)
with a higher degree than that in E. montiporae [60].
Interestingly, this is consistent with the fact that the
number of ephrin-like receptor genes is expanded in
host Acropora coral compared with that in Montipora
coral [75]. These results reinforce the hypothesis that
Endozoicomonas uses ephrin ligand gene as a part of its
adaptation strategy to its host coral. The consistency of
ephrin ligand and host ephrin receptor gene expansion
suggests the co-evolution between Endozoicomonas
and host coral. Furthermore, Endozoicomonas clade B
encodes genes associated with intracellular invasion,
such as SNARE domains, which contribute to the inhi-
bition of degradation by phagosomes in Chlamydia and
Legionella [76]. However, Endozoicomonas clade B does
not encode immune-related genes. This result is con-
sistent with our recent finding that Endozoicomonas
sp. ISHI1 stimulates immune-related pathways in cor-
als through infection (Fig. 5A) [60]. In addition, genes
containing the MATH/TRAEF, SOCS box, and inhibitor of
apoptosis domain were present in clade A1, but not in clade
B. These genes suppress apoptosis induced by the innate
immune pathway, such as the NF-«B and JAK-STAT path-
ways [77]. Recently, several studies reported that
the innate immune pathways are activated in host
corals as stress responses to bleaching [78]. In particu-
lar, the NF-xB pathway is conserved in cnidarians and
has attracted much attention in the analysis of bleach-
ing [79-81]. Therefore, we speculate that a group of
eukaryotic-like genes that are significantly enriched
in Endozoicomonas clade Al may affect host innate
immune pathways and increase tolerance to environ-
mental stress.

Homology-based analysis also revealed several
eukaryotic-like genes with unknown functions in
Endozoicomonas clade Al and B. These genes are
phylogenetically conserved and may have some func-
tion in host adaptation and symbiosis. One example
is the low-density lipoprotein receptor (LDLR) gene
conserved in clade Al. Recently, the function of LDLR
during oogenesis in A. tenuis has been reported; it has
been shown that the transcript of AtLDLR is present
in the mesentery, mesenteric membrane, and mesen-
teric filaments surrounding an oocyte, but not in the
membrane of a developing oocyte. AtLDLR can bind
to major yolk lipoproteins and may be transported
into the cytoplasm of an oocyte as it develops [82].
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This indicates that the LDLR-like gene of Endozoico-
monas clade Al has the binding function to host egg
lipoprotein. Therefore, we speculate that the LDLR-like
gene, which is involved in egg development, may con-
tribute to vertical transfer of Endozoicomonas, as other
infection-related genes such as ephrin ligand gene and
SNARE gene have not been identified in clade Al. The
speculation can be verified by future experiments.

Conclusions

We succeeded in the targeted single-cell genomics of
Endozoicomonas from A. tenuis corals with droplet
microfluidics. Thus, we accomplished obtaining high-
quality Endozoicomonas SAGs (clade Al and B) from the
same coral species, which were proved to be phylogeneti-
cally and functionally diverse. Comparative genome anal-
ysis revealed the difference in the eukaryotic-like gene
profiles, suggesting that the symbiotic strategy of Endozo-
icomonas in A. tenuis is divided into two types. Our find-
ings suggest that even in the same bacterial genus, each
bacterial lineage has different gene profiles and functions.
Therefore, it is necessary to conduct strain-level genome
sequencing to analyze the functions and strategies for

host adaptation. Although in vitro studies in the field
environment are required to prove this hypothesis, our
targeted single-cell genomics could be a powerful tool
for acquiring SAGs of uncultured bacterium to infer its
function. Analysis of various coral-associated Endozoico-
monas SAGs will clarify their host adaptation strategies
in more detail and shed light on some aspects of the sym-
biotic mechanisms.
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