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Similar but different: Characterization of dddD gene–
mediated DMSP metabolism among coral-associated
Endozoicomonas
Yu-Jing Chiou1,2, Ya-Fan Chan3, Sheng-Ping Yu2, Chih-Ying Lu2,4,5, Silver Sung-Yun Hsiao6,
Pei-Wen Chiang2, Ting-Chang Hsu2, Po-Yu Liu7, Naohisa Wada2, Yu Lee8†, Wann-Neng Jane9,
Der-Chuen Lee6†, Yu-Wen Huang8†, Sen-Lin Tang1,2*

Endozoicomonas are often predominant bacteria and prominently important in coral health. Their role in dime-
thylsulfoniopropionate (DMSP) degradation has been a subject of discussion for over a decade. A previous study
found that Endozoicomonas degraded DMSP through the dddD pathway. This process releases dimethyl sulfide,
which is vital for corals coping with thermal stress. However, little is known about the related gene regulation
and metabolic abilities of DMSP metabolism in Endozoicomonadaceae. In this study, we isolated a novel Endo-
zoicomonas DMSP degrader and observed a distinct DMSP metabolic trend in two phylogenetically close dddD-
harboring Endozoicomonas species, confirmed genetically by comparative transcriptomic profiling and visual-
ization of the change of DMSP stable isotopes in bacterial cells using nanoscale secondary ion spectrometry.
Furthermore, we found that DMSP cleavage enzymes are ubiquitous in coral Endozoicomonas with a preference
for having DddD lyase. We speculate that harboring DMSP degrading genes enables Endozoicomonas to suc-
cessfully colonize various coral species across the globe.
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INTRODUCTION
Bacteria from the genus Endozoicomonas (Gammaproteobacteria,
Oceanospirillales, and Endozoicomonadaceae) are predominantly
and commonly found in a wide array of animal hosts living in
coral reefs (1–6) and are considered important for the health of
their hosts, especially corals (7–9). Putative metabolic interactions
between Endozoicomonas and coral hosts have been proposed based
on genomic information (2, 10–12). For example, genes involved in
amino acid metabolism (2, 11, 13) and the enrichment of type III
and type IV secretion system effectors (11, 12, 14) suggest that the
bacteria might play a role in supplying amino acids to the coral hol-
obiont (15) and use effectors to communicate with other associated
organisms, especially their coral hosts. In addition, some eukaryot-
ic-like proteins (ELPs) are found in Endozoicomonas (11, 14), sug-
gesting a coevolution with their eukaryotic hosts.

In addition to these genomic factors suggesting symbiosis, evi-
dence from more than a decade ago indicates that Endozoicomonas
could be a putative dimethylsulfoniopropionate (DMSP) degrader
(16, 17). Only recently has this function been experimentally con-
firmed in three Endozoicomonas acroporae strains with the discov-
ery of a complete dddD gene–based operon, combined with
biochemical analyses (11). DMSP is a ubiquitous sulfur-containing

compound in marine environments that, once broken down, pro-
duces dimethyl sulfide (DMS). DMS is the precursor of sulfur-con-
taining aerosol particles which indirectly affect Earth’s climate and
link the marine and terrestrial sulfur cycles by participating in cloud
formation (18). Beyond this crucial role in the geochemical cycle,
DMSP also serves multiple other functions. In marine algae,
DMSP functions as an osmolyte (19), cryoprotectant (20), scav-
enger of reactive oxygen species (21), and antioxidant (22). The in-
crease in DMSP concentration in stressed coral (23, 24) makes
DMSP a stress indicator (25) and is associated with its function as
an antioxidant (26).

Bacteria are key players in DMSP degradation, which involves
two metabolic pathways: demethylation and cleavage. The deme-
thylation pathway, involving the enzymes DmdA, DmdB, DmdC,
and DmdD, is widely distributed in marine bacteria and allows
the cells to use both sulfur and carbon derived from DMSP. In con-
trast, the cleavage pathway, in which bacteria retain carbon but
release sulfur into the ambient environment, generates DMS.
There are eight DMSP lysis enzymes that can be grouped into
three categories based on the byproducts they produce [see detailed
review in (27) for more information about bacterial DMSP catabo-
lism]. The largest category of DMSP lysis enzymes, which generate
cytotoxic acrylate (28), contains six DMSP lyases, including five
from the Cupin superfamily (DddL, DddQ, DddW, DddK, and
DddY) and one (DddP) from the M24 metallopeptidase family.
The second category, which produces acryloyl–coenzyme A
(CoA), consists of a novel adenosine 50-triphosphate (ATP)–depen-
dent lyase (DddX) from the acyl-CoA synthetase superfamily (29).
The third category, which mediates the additional acyl coenzyme
(CoA-transferase) before the lyase activity and generates 3-hydrox-
ypropionate (30, 31), contains one lyase (DddD) from the type III
acyl-CoA transferase family and is called the CoA-DMSP lysis
pathway. The DMSP catabolic operon, facilitated by the dddD
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gene, was first identified in Marinomonas MWYL (31) and consists
of five genes, including detS, adh,mms, gcv, and dddD. First, DMSP
is imported through detS, which belongs to the betaine-carnitine-
choline transporter family. It is followed by the enzymes adh and
mms, belonging to families of Fe-containing alcohol dehydrogenas-
es and methylmalonatesemialdehyde dehydrogenases, respectively.
DMS will not be cleaved without its transcriptional regulator, gcv,
which belongs to the LysR family.

Among the eight lyase enzymes, DddD exhibits a greater abun-
dance than DddP in the coastal seawater of Sanriku, Japan (32). This
suggests that dddD might be a primary DMS producer via DMSP
cleavage in the coastal seawater, especially when lysed by a
member of the Oceanospirillales order (33). However, until now,
most of the studies related to DMSP have focused on the pelagic
SAR11 clades of Alphaproteobacteria and phytoplankton-related
Rhodobacterales, which are the main degraders of DMSP via deme-
thylation in the ocean (33). Little is known about the DMSP-de-
grading bacteria in other DMSP-producing hotspots, such as
coral reefs. Being one of the predominant coral-associated bacteria
from the order Oceanospirillales, E. acroporae harbors one copy of
the functional DMSP lyase DddD (11), suggesting that Endozoico-
monas might play a role in DMSP degradation of coral holobionts.
However, there is not enough evidence to represent the cleavage
ability, features, and gene regulation of DMSP metabolism in
Endozoicomonas.

In this study, we successfully isolated a novel dddD-harboring
DMSP degrader, Candidatus Endozoicomonas ruthgatesiae strain
8E (hereafter “8E”). The phylogenetic characteristics of DddD pro-
teins were compared in dddD-harboring Endozoicomonas. Through
direct gas chromatography–mass spectrometry (GC-MS) measure-
ment of DMS, we observed a distinct metabolic profile within two
Endozoicomonas species and visually confirmed this for 8E on a
single-cell level using NanoSIMS. Gene expression results indicated
that 8E uses DMSP as a carbon source, as evidenced by the up-reg-
ulation of main energy and carbohydrate-related genes, whereas no
similar up-regulation was observed in E. acroporae. On the basis of
these results, we propose that the distinct gene regulation and met-
abolic profiles observed in the utilization of DMSP by the two bac-
terial species reflect different functional roles, including differences
in adaptation and evolution within DMSP metabolism. Our find-
ings illuminate the mysterious role of Endozoicomonas in DMSP
metabolism. Furthermore, on the basis of the remarkable DMSP
cleavage capacity in 8E and the metabolic differences between two
Endozoicomonas species, we propose that the contribution to and
functionality of Endozoicomonas in the coral sulfur cycle are more
important and diverse than previously thought.

RESULTS
Phenotypic and taxonomic traits of a novel coral-
associated bacterium Candidatus Endozoicomonas
ruthgatesiae 8E
8E was isolated from the tissue-mucus mixture ofAcropora sp. coral
from Kenting, Taiwan. Bacteria are rod-shaped (Fig. 1A), but their
size and morphology change on different media (Fig. 1, A to C).
Peritrichous flagella-like and fimbria-like structures were only ob-
served in minimal medium cultures with 0.1 mM DMSP (Fig. 1B)
but not in modified marine broth version 4 (mmbv4) medium. Oth-
erwise, a few small granule-like structures in the middle of the cells

were observed (Fig. 1D. A similar structure has been found in
another Endozoicomonas species (see the Supplementary Materials
and table S1 for detailed morphological and biochemical fea-
tures) (13).

The phylogenetic analysis based on the 16S ribosomal RNA
(rRNA) gene sequences (Fig. 1E) and the 92 bacterial core gene
sets (Fig. 1F) of Endozoicomonadaceae both indicated that the
closest species to 8E was Endozoicomonas numazuensis HC50T

(97.40% identity). An average nucleotide identity (ANI) of
80.56% (Fig. 1G) and an average amino acid identity (AAI) of
81.35% (Fig. 1H) also supported the conclusion that E. numazuensis
HC50T is phylogenetically close to 8E.

The objective threshold for defining a species requires a 16S
rRNA similarity of 97% (34), an ANI greater than 95%, and an
AAI greater than 62% (35, 36). 8E shared more than 80% of AAI
with E. numazuensis HC50T and Endozoicomonas arenosclerae
CABS5572T, but only around 62% of its AAI with other available
Endozoicomonas genomes. This wide range of 62 to 100% suggests
interspecies variation and puts 8E at the edge of a new genus clas-
sification (35, 36). These results, as well as the phenotypic charac-
teristics, 16S rRNA gene phylogenetic tree, and ANI calculation,
lead us to propose that 8E is a novel species, Candidatus Endozoi-
comonas ruthgatesiae, in the genus Endozoicomonas.

Genome assembly and features of 8E
We recovered a single contig with a length of 7,377,917 bp using a
hybrid sequencing strategy of Oxford Nanopore Technology (ONT)
and Illumina sequencing platforms. This contig was larger than
most of the other genomes detected in the genus Endozoicomonas
(table S2). On the basis of the analysis by CheckM, only 2 of 507
markers [c_Gammaproteobacteria (UID4444)] were missing, 502
genes were detected once, and 3 genes appeared twice, which result-
ed in 99.14% genome completeness, 0.54% contamination, and
0.00% strain heterogeneity. Overall, the quality of the 8E genome
is “finished” according to the guidelines established by the
Genomic Standards Consortium (37).

To clarify genome characteristics, comparative genomic analyses
were conducted to detect unique features of 8E. Seven Endozoico-
monas type strain genomes were included in the genomic compar-
ison. Ten regions in the genome of 8E shared low similarity with
other Endozoicomonas species (Fig. 2). In these 10 regions, we iden-
tified different clusters of genes which included WD40 domain
protein (WD40 superfamily), ankyrin-related protein, midasin
AAA adenosine triphosphatase (ATPase), chromosome segregation
protein/ATPase, glycotransferase family, and tandem repeat (TR).
Notably, these copies of genes usually gather adjacently in 8E, espe-
cially the ELPs that we define as proteins found in the bacterial
genome that may have originated in eukaryotes. We detected 160
WD40 domain proteins in the 8E genome (table S2). Most of
these were disseminated into four regions (Fig. 2) located at 0.197
to 0.331 Mbps (47 copies), 3.49 to 3.64 Mbps (34 copies), 4.62 to
4.78 Mbps (38 copies), and 5.50 to 5.79 Mbps (23 copies) (Fig. 2
and fig. S1A). A total of 66 gene copies of ankyrin-related proteins
were found and annotated as ankyrin repeat (3 copies) or ankyrin-
like protein (63 copies). Unlike the WD40 proteins, most of the
ankyrin-related proteins were clustered in a single region around
0.436 to 0.744 Mbps (Fig. 2 and fig. S1B). Both types of aforemen-
tioned proteins shared similar arrangements with E. acroporae Acr-
14T (ring 7), which had 23 WD40 proteins and 97 ankyrin repeat
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proteins (table S2). Midasin AAAATPase is a member of the MDN1
superfamily, which is a group of ELPs that are rarely observed in
bacterial genomes. Midasin AAA ATPase was found to have 23
copies in the region from 0.966 to 1.23 Mbps (Fig. 2 and fig.
S1C), suggesting that it may be functionally involved in ribosome
maturation. It is not unexpected that Endozoicomonas contained
ELPs, but through gene annotation analysis using conserved

domain search and EffectiveDB, we found that the ELPs occupy
up to 8.73% of the total 8E genome (E. acroporae, 5.51%; Endozoi-
comonas montiporae, 3.76%) (fig. S3). The unexpectedly high per-
centage of ELPs in the genome is also found in another Acropora
coral isolate Echinolittorina marisrubri sp. 6C (14). However, the
biological, mechanical, and original eukaryotic sources of these
high proportions of ELPs in Endozoicomonas are still unclear (see

Fig. 1. Morphological and taxonomic
characteristics of the genus Endozoico-
monas. (A) Transmission electron micros-
copy (TEM) image. Bacteria were incubated
inmmbv4medium. Negative stained by 2%
phosphotungstic acid. Scale bar, 1 μm. (B)
TEM image. Bacteria were incubated in
minimal medium with 0.1 mM DMSP. Scale
bar, 1 μm. Triangles indicate the peritri-
chous flagella-like structures, and the insert
is the magnification (×10) of fimbriae-like
structure. Insert bar = 0.1 μm. Negative
stained by 2% uranyl acetate. (C) Bacterial
colony surface observed by SEM. Scale bar,
10 μm. (D) Bacterial TEM thin section. Scale
bar, 1 μm. (E) The maximum likelihood tree
was calculated with MEGA11.09 and tested
by bootstrap method with 1000 replica-
tions using the Tamura 3-parameter model.
The bootstrap values are shown at the
corners of branching points. Bacteria used
for the analysis in this study are noted with
GenBank accession numbers, and the as-
terisk “*” indicates that the 16S ribosomal
RNA (rRNA) sequence was annotated by
Prokka 1.14.6. For each strain, only one copy
of 16S rRNA underwent analysis. (F) Phylo-
genetic tree built by up-to-date bacterial
core gene sets (concatenated alignment of
92 core genes). The phylogenetic tree is
based on whole genome sequences, and
RAxML (Randomized Axelerated Maximum
Likelihood) was used for phylogeny recon-
struction. The length of concatenated
alignments was 84741, the GenBank ac-
cession numbers are shown in parentheses,
and gene support indices are given at the
corner of branching points. (G) Average
nucleotide identity (ANI). (H) Average
amino acid identity (AAI).
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Supplementary Materials for detailed functional annotation and
genomic features of 8E). No signs of genome reduction were
found in 8E, but some signs (gene duplication and TRs) pointed
toward genome expansion. We found multiple neighboring copies
of chromosome segregation ATPases (33 copies), chromosome seg-
regation proteins (16 copies), and glycosyltransferases (6 copies).
However, there was a high density of variously sized DNA TRs
(1126 TRs), ranging from 30 to 2000 bp, that were scattered
between 4.94 to 5.07Mbp (74 TRs) and 5.84 to 6.31Mbp (361
TRs). 8E is the second known species of large-genome Endozoico-
monas (>7 MB), and with technological advancements and wide-
spread use of sequencing, we anticipate that more species of
large-genome Endozoicomonas will be sequenced. It is worth thor-
oughly investigating the genome evolution mechanism in animal-
associated bacteria with large genomes.

dddD gene–mediated DMSP lyases operon
Since 8E was isolated from the DMSP-rich coral genusAcropora, we
focused on functions related to DMSP metabolism, as DMSP is an
important molecule in the coral holobiont relative to scavenging

free radicals in stressful conditions (38). Notably, the gene dddD
encodes CoA-transferase lyase, which is a key participant in the
DMSP cleavage pathways. dddD was found in the 8E genome
along with a complete DMSP lyase operon. We downloaded and an-
notated all Endozoicomonas genomic assembly on National Center
for Biotechnology Information (NCBI) for the DddD protein se-
quence similarity comparison (table S5). We built a DddD
protein phylogenetic tree for Proteobacteria to locate the position
of 8E in other DddD-harboring Proteobacteria (Fig. 3A). All
seven Endozoicomonas DddD sequences were clustered with other
Gammaproteobacteria (Fig. 3A). Among them, seven Endozoicomo-
nas species separated into two different clades. Clade A contained
four Endozoicomonas species, including E. acroporae, and clade B
contained three Endozoicomonas species, including 8E (Fig. 3A).
The DddD protein of 8E had a lower similarity with clade B Endo-
zoicomonas (>67.9% identity) than with Marinobacter zhenjiangen-
esis and Pseudomonas sp. SJZ079 (>75.5% identity) (table S3),
suggesting that the two clades of Endozoicomonas might have dif-
ferent horizontal transfer sources. On the other hand, the gene ar-
rangement and gene content of the dddD-mediated DMSP cleavage

Fig. 2. The genome comparison atlas of 8E. The genome of 8E was restarted from dnaA, and the map was generated by CGView. Each lane corresponds to an Endo-
zoicomonas genome, and BLAST comparisons were performed by CGView BLAST (BLAST+ 2.12) with 0.001 expected value cutoff for DNA comparison. From center to
exterior: GC skew + (green); GC skew − (purple); GC content; 8E (1); E. montiporae CL-33T (2); E. numazuensis HC50T (3); E. arenosclerae CBAS572T (4); E. atrinaeWP70T (5);
Endozoicomonas elysicola MKT110T (6); E. acroporae Acr-14T (7); Endozoicomonas ascidiicola AVMART05T (8). WD, WD40; AN, ankyrin-related protein; Mi, midasin AAA
ATPase; Chro, chromosome segregation ATPase; Gly, glycotransferase family.
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operon in the two clades are different (Fig. 3B). In clade A, E. acrop-
orae and Endozoicomonas sp. G2_1 have the same gene arrange-
ment, and both strains contain adhA (long-chain alcohol
dehydrogenase α). Clade B Endozoicomonas species contain adhB
(long-chain alcohol dehydrogenase β), and their gene arrangements
are phylogenetically close to the Endozoicomonas species in clade A
but are otherwise more similar to that of Pseudomonas guineae

(Fig. 3B). Although most of Endozoicomonas strains included in
the analysis are unculturable, we speculated that species placed in
two different clades might display similar DMSP metabolic features
as E. acroporae or 8E.

Fig. 3. DddD protein phylogenetic tree
and DMSP cleavage operons. (A) DddD
protein maximum-likelihood tree. Protein
sequences of bacterial CoA-transferase/
lyase DddD are obtained from NCBI, except
for several Endozoicomonas species
without accession numbers. Sequence ac-
cession numbers are annotated at the end
of the bacteria name. Font color represents
bacterial taxonomy based on class: black,
Alphaproteobacteria; green, Gammapro-
teobacteria; red, 8E (classified into Gam-
maproteobacteria; Fig. 1); and purple,
Betaproteobacteria. Maximum-likelihood
treewas generated using iqtree andMAFFT
v7 to align the selected protein sequences
with 1000 replicates. Blue bubbles on the
corners of branches indicate a >90 boot-
strap value. Bacteria species with DMSP
DddD cleavage operons present are listed
at the bottom. 1. 8E, 2. Endozoicomonas sp.
ONNA1, 3. Endozoicomonas sp. YOMI1, 4. P.
guineae, 5.Marinomonas zhejiangensis, 6. E.
acroporae Acr-14, 7. Endozoicomonas sp.
G2-1, 8. M. pollencensis. (B) dddD gene–
mediated DMSP cleavage operon. Gene
arrangement in DMSP cleavage operons
was distinguished by Prokka and NCBI da-
tabases (table S4). dddD, DMSP CoA trans-
ferase/lyase; ad, alcohol dehydrogenase;
betS, choline/glycine/betaine transporter;
adh, long-chain alcohol dehydrogenase;
gcvA, LysR family transcriptional regulator;
mmsA, malonate-semialdehyde dehydro-
genase; iclR, transcriptional repressor;
dapA, 4-hydroxy-tetrahyfrodipicolinate
synthase; cdhR, HTH-type transcriptional
regulator; uspF, universal stress protein F;
fucO, lactaldehyde reductase. Dashed line
blocks represent hypothetical proteins.
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8E as a potent DMS producer
To detect and compare the DMSP metabolic ability in 8E and other
bacteria, we measured the production of DMS and consumption of
DMSP in 8E, E. acroporaeAcr-14T, and a common species of DMSP
degrader in the Rosebacter clade, Ruegeria atlanticaDSM5823T. The
second time points of two Endozoicomonas species represent the
earliest detectable time of DMS after the addition of DMSP
(Fig. 4A). On the basis of our observations using GC-MS, the
overall trend of DMSP metabolism in the three bacteria can be cat-
egorized into two types: rapid and gradual emission. At the first
sampling point (6 hours), the highest DMS peaks were detected
from the culture of 8E with a consumption of 34.8% (from 0.1 to
0.0655 ±0.00309 mM) of the DMSP in the medium (Fig. 4A).
After the bacteria entered the stationary phase (Fig. 4B), the
DMS(g) concentration gradually decreased (from 5.84 to 5.53
nmol/ml).

Meanwhile, a different DMS production profile was observed in
E. acroporae and R. atlantica.These species initially consumedmore
than half (0.0729 and 0.0876 mM, respectively) of the DMSP in the
medium but emitted five and nine times lower DMS(g) concentra-
tion (1.07 and 0.056 nmol/ml, respectively) than 8E (Fig. 4A). In
addition, the DMS concentration in these cultures continued to
accumulate over time, reaching 56.1 nmol/ml at 24 hours for
E. acroporae and 11.15 nmol/ml at 24 hours for R. atlantica.

To further confirm the DMSP cleavage of the rapid emission
type in 8E, we used two different stable isotopes of DMSP
(34S-DMSP and 313C -DMSP) (fig. S4) and visualized the bacterial
element ratios using NanoSIMS (Fig. 4C). 34S was labeled to
monitor the DMS emission, and 313C -DMSP was used to
monitor DMSP in the cell. At least 37 bacterial cells [regions of
interest (ROIs)] were analyzed in each isotopic treatment. The
strong DMS emission caused no obvious 34S enrichment in 8E.
The highest ratio of 34S/32S was 4.50 (natural/baseline δ 34S/32S ≈
4.25) (Fig. 4D) after 6 hours. In contrast, we observed enrichment
of 13C at 6 and 24 hours, with 67 ROIs showing δ 13C/12C higher
than the natural δ 13C/12C (natural/baseline value of δ 13C/12C ≈
1.07) and 4 ROIs had two times higher than the natural δ 13C/12C
value (Fig. 4D). However, for both 34S and 13C, the enrichment of
isotope signals was not equally distributed in every cell. Instead, a
few cells appeared brighter and had a stronger signal than the sur-
rounding cells (Fig. 4C). Otherwise, the cell morphology was
diverse. Cells with higher δ 13C/12C values were mostly short and
rod-shaped (Fig. 4C).

Transcriptional responses of Endozoicomonas species
to DMSP
On the basis of the variation of DMSP utilization in the two Endo-
zoicomonas species (Fig. 4A), we hypothesized that these two
species might also display different gene regulations, especially in
DMSP metabolism. We performed RNA sequencing and collected
transcripts at the time points when the DMS signal was first detect-
ed (8E at 6 hours; E. acroporae at 8 hours, both with and without
addition of DMSP) (Fig. 4A). High-quality (Phred score > 35) se-
quences were also collected (table S4). More than 10 million reads
were obtained for all treatments, and more than 90% of the total
reads were mapped to the two bacterial genomes. In total, around
90% of mapped reads were assigned to unique features (table S4).

To understand the associated and subsequent responses of
DMSP metabolism, we created a map of a putative metabolic

scenario derived from all known intermediates of the dddD-
centric process and initiated enzymatic reactions (Fig. 5).

The map starts from the dddD-mediated DMSP metabolic
pathway and expands with each product. DMSP is a source of
both sulfur and carbon in the demethylation pathway and is used
only as a carbon source in cleavage enzyme–containing bacteria, in-
cluding Endozoicomonas. The acetate produced from the dddD-me-
diated DMSP metabolic operon suggests a direct role of DMSP in
bacterial central carbon metabolism. However, two bacteria dis-
played distinct transcriptional regulation after DMSP consumption,
especially in energy and carbohydrate metabolism (Fig. 5 and fig.
S3). Most of the genes related to the tricarboxylic acid (TCA)
cycle, glycolysis, and gluconeogenesis were up-regulated in 8E but
not in E. acroporae, suggesting that DMSP may suppress the energy
metabolism in E. acroporae. The up-regulated transcription in
amino acid metabolism also differed between the two bacteria;
the valine and isoleucine biosynthesis pathway were up-regulated
in 8E (fig. S3A), while proline and polyamine biosynthesis increased
in E. acroporae. The average normalized count of the genes in the
up-regulated/down-regulated pathway mentioned above is 10 times
more than the control group (fig. S3B).

The metabolic pathway not directly linked with the DMSP
operon also differs between the two bacteria. Pantothenate and
aerobactin biosynthesis were notably up-regulated in E. acroporae.
The transporter-related genes were also affected by DMSP addition;
the reads of genes related to branched-chain and general L–amino
acid ABC transporters were 10 times higher in 8E bacteria treated
with DMSP than in 8E cultures that received no DMSP treatment
(fig. S3A). Further, in E. acroporae, we found that four transporters
[molybdate, methyl-galactoside, Fe (III) hydroxamate, and zinc]
were up-regulated (fig. S3B). Notably, secretion system structural
genes and genes governing cell processes were expressed distinctly
between the two bacteria. The increase of normalized read in the
type I secretion system, sec-signal recognition particle (SRP),
quorum sensing, and flagellar was only observed in 8E (fig. S3B).
On the other hand, in E. acroporae, the type III secretion system
and twin-arginine targeting were found to be up-regulated
(fig. S3B).

DISCUSSION
Endozoicomonas is a core group in the microbiota of coral, and
many studies over the past decade have found them to be function-
ally associated with coral health. However, their ecological functions
are mostly unknown. In the present study, we discovered a novel,
ubiquitous Endozoicomonas species, 8E, which has potent DMSP
degradation activity via the DddD protein–mediated cleavage
pathway, compared to E. acroporae (11) and the common oceanic
DMSP utilizer, R. atlantica (39). DMSP cleavage activity was previ-
ously thought to be rare in Endozoicomonas, but the identification
and proof of function in this study revealed that DMSP degradation
is a common ecological function of Endozoicomonas species in coral
reefs. Using comparative transcriptomic analysis, we uncovered var-
iation in the regulation of dddD gene–mediated DMSP metabolism
in Endozoicomonas. This included directly and indirectly related
pathways, as well as other bacteria. These findings suggest that the
underlying utilization mechanism of DMSP in bacteria is more
complex, diverse, and crucial than previously thought.
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Fig. 4. DMS concentration, DMSP consumption, and growth condition of bacterial cultures in minimal medium. (A) Time courses for production of DMS (nmol/ml)
and DMSP utility (%). DMS in headspace: The DMS concentration in treatment and the values were direct measurements of DMS by GC-MS. DMS in liquid: The DMS
concentration in the treatment medium and the values were calculated based on Bunsen solubility coefficient. The line chart shows the percentage of DMSP in treatment
medium starting from 0.1 mMDMSP. (B) Bacterial cell number and optical density at 600 nm (OD600) value. Bar charts show the cell number measured by flow cytometry.
Line charts show the value of OD600 which started from 108 cell/ml. BA, before acclimation; mini, control without DMSP; mini + DMSP, treatment with DMSP; mini OD,
control OD600 value; mini + DMSP OD, treatment OD600 value. (C) The DMSP metabolism of 8E were determined using 34S and 13C label stable isotope at the single-cell
level. Example parallel images of 12C14N counts, sulfur isotope ratio (34S/32S), and carbon isotope ratio (12C13C/12C). (D) 34S atomic % and 13C atomic % isotopic com-
position of ROIs in the scatterplot. The nature 34S atomic % is 4.25 and 13C is 1.07; ROIs higher than the value were marked as enriched. ND, not determined.
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Fig. 5. Differential expression of DMSP related pathway in two Endozoicomonas species. (A) The putative dddD centered pathway. The center pathway of dddD-
mediated DMSP is marked in red, and the pathway directly linked with the dddD-mediated DMSP pathway is marked in green. The indirectly linked pathway is marked in
black. The circle symbol represents the log [fold change] according to DESeq2, with down-regulation (log [fold change] ≤ 1) in blue, up-regulation (log [fold change] ≥ 1)
in red, and no regulation (log [fold change] ≥ −1 and ≤ 1) in white. The color in the left side of the circle belongs to 8E, and the color in the right belongs to E. acroporae
Acr-14T. (B) The log fold change heatmap of the putative pathway related with DMSP degradation. The numbers indicate the genes included in the pathway in (A).
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Differential DMSP metabolic features in two
Endozoicomonas species
Within 12 hours of incubation, we clearly observed different profiles
of DMSP degradation and uptake between 8E and E. acroporae. 8E
displayed rapid and efficient DMSP cleavage, produced the highest
DMS concentration (79.92 nmol/ml) within 6 hours of incubation,
and consumed less than 35% of the supplied DMSP (Fig. 4A). Con-
trastingly, E. acroporae consumed more than 70% of the supplied
DMSP in the first 8 hours and produced only a small amount of
DMS (14.55 nmol/ml) (Fig. 4B). The underlying molecular mech-
anism causing the metabolic differences is still unclear, but three
possibilities based on these results include (i) molecular variations
at the gene and enzyme levels (i.e., variations in the dddD gene
cluster and differentiations in enzymatic kinetics and activity), (ii)
variations in the physiological purpose of DMSP metabolism, and
(iii) more than one DMSP lyase gene participated in DMSP
degradation.

The DddD proteins in the two Endozoicomonas species share
relatively low sequence identities with M. zhenjiangenesis and Pseu-
domonas sp. SJZ079 (table S3), indicating the presence of molecular
variations at the gene and enzyme levels. Furthermore, the phyloge-
netic relationship of the DddD protein and operon arrangement
shows incongruence with bacterial taxonomy and phylogeny
(Fig. 3A), indicating that the dddD gene clusters in both bacteria
were horizontally acquired from different sources. Therefore, the
different profiles of DMSP degradation may be caused by primary
variations in the metabolic features of uniquely sourced dddD genes
or operons. Furthermore, the enzymatic kinetics and activity of the
DddD protein between the two bacteria would be variable. We
propose that the DddD enzyme might play a key role in the different
metabolic profiles of the bacteria. The efficiency of DMSP cleavage
activity was high in 8E (confirmed by the NanoSIMS results), which
produced a DMS concentration five times higher than that of E.
acroporae with only half the DMSP consumption (Fig. 4). This dif-
ference in observed efficiency suggests that the DddD lyase in 8E
might have a high Vmax value (indicating higher DMSP cleavage ac-
tivity) and a low Km value (indicating higher affinity to DMSP) than
that in E. acroporae. Further investigation is required to confirm en-
zymatic characters. Cloning the purified DddD protein into a clear
system such as Escherichia coli and observing heterogeneous expres-
sion may be a direction for future study.

Apart from variations in the operons or genes, we also propose
that variations in the physiological purpose of DMSP metabolism
could lead to varying profiles of DMS production and DMSP
uptake in the two bacteria. The up-regulation of genes involved in
the TCA cycle and amino acid metabolism in 8E following the ad-
dition of DMSP likely indicates that DMSP is used as a substitute
carbon source for energy generation in poor nutrient conditions.
On the other hand, the energy-related genes were commonly
down-regulated when DMSP was added in E. acroporae, suggesting
that DMSP is used for non-energy production metabolisms. Simi-
larly, we found that the growth efficiency of 8E was two times higher
than that of E. acroporae with the addition of DMSP concentration
under 3 mM in the specific minimal medium (fig. S6). This direct
observation strongly implies that 8E exhibits superior efficiency in
DMSP degradation and tolerance. On the contrary, we hypothesize
that the lower growth rate observed in E. acroporae could be attrib-
uted to stress conditions, stemming from a reduced affinity for
DMSP as a limited carbon source, or the inhibitory associated

with high concentration of DMSP. Hence, E. acroporae likely uses
DMSP to cope with stressful conditions. The bacterium might store
DMSP and gradually cleave it to produce DMS. This strategy is
common for DMSP users. Microorganisms accumulate DMSP for
its beneficial antioxidant (22), osmolytic, and cryoprotectant (40)
properties, which might help soothe physiological stress. Overall,
although DMSP might act as an antioxidant or other beneficial an-
tistress molecule in E. acroporae, it could act as an energy source in
8E. Many studies have discussed how DMSP plays different physi-
ological roles in different organisms (22, 27, 41). However, complex
comparative studies on the subject are rare, especially concerning
only dddD-mediated DMSP utilization in closely related organisms.

After studies determined that DMSP is not only the precursor of
atmospheric trace gas DMS but also plays multiple roles in different
marine organisms (19, 40), increasing numbers of DMSP lyase have
been identified. To date, nine DMSP lyases (including algal Alma1)
have been found and categorized into three different lysis pathways
based on their byproducts. There is a possibility of a novel degrada-
tion enzyme participating in Endozoicomonas DMSP degradation,
as more than half of the genes (~2500 genes) are hypothetical. A
future dddD gene knockout experiment could be conducted to
clarify the hypothesis despite the lack of a successful gene knockout
experiment conducted on Endozoicomonas to date.

Differential gene expression in DMSP pathways and
relevant metabolisms in Endozoicomonas
According to the results of the biochemical assay and the distinct
gene regulation in two Endozoicomonas species that are associated
with energy- and carbohydrate-related metabolic pathways, we
believe that these two species use DMSP for different biological
purposes. This difference is also found when examining the
pathway not directly linked with DMSP metabolism (layer 3,
Fig. 5 and fig. S3). Genes for flagella-, chemotaxis-, and quorum
sensing–related pathways were up-regulated in 8E. We observed a
similar trend of gene regulation when the coral mucus-associated
bacteria Roseobacter clades were exposed to DMSP (42–46). A
flagella-like structure was observed on 8E during incubation in
0.1 mM DMSP in minimal medium (Fig. 1A), suggesting that
flagella-related physiological responses, including chemotaxis and
quorum sensing, are coupled with DMSP metabolism. However, a
similar coupling response was not observed in E. acroporae,
indicating that the gene up-regulation concurrence of flagella,
chemotaxis, and quorum sensing only appears in some DMSP
bacterial degraders.

In addition, the up-regulated genes involved in aerobactin (a
bacterial iron-chelating agent, also called siderophore) biosynthesis
and the Fe (III) hydroxamate transporter may increase resistance to
oxidative stress in E. acroporae but not in 8E. For example, sidero-
phores might increase resistance to oxidative stress in E. coli (47)
and in the human pathogen Yersinia pseudotuberculosis (48). We
speculate that aerobactin, a citrate-hydroxamate siderophore,
could be another way for E. acroporae to mitigate oxidative stress.

Ecological significance and indispensability of dddD-
mediated DMSP metabolism in coral reefs
The dominant DMSP lyase in coastal seawater is DddD protein,
which is mainly found inOceanospirillales (class Gammaproteobac-
teria). However, the ecological roles and influences of Oceanospir-
illales in DMSP-abundant coral reefs are still unclear.
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Endozoicomonas, being one predominant group of Oceanospiril-
lales in coral, has long been thought to participate in coral sulfur
cycling via DMSP metabolism (16, 17). With the framework of ad-
ditional Endozoicomonas genomes sequenced in recent years, we in-
spected the gene contents of our sample and identified 10
Endozoicomonas species that contain DMSP cleavage genes (table
S6), indicating that DMSP degradation is a common eco-physiolog-
ical function in Endozoicomonas and suggesting that this bacterial
group plays a more crucial role in the sulfur cycle of coral holobionts
and coral reefs than previously thought.

The DMS concentration produced by both Endozoicomonas
species detected in our experiment was higher than that of R. atlan-
tica. In our study, the cleavage ability of Endozoicomonas outcom-
peted that of the widely documented DMSP degraders Roseobacter.
In contrast, Ruegeria can tolerate a high DMSP concentration (5
mM) feeding incubation and displayed higher DMS production at
this high DMSP concentration than at a low DMSP concentration
(0.1 mM) feeding incubation (49). In most cases, DMSP concentra-
tion in coral is less than 0.1 mM (38, 50, 51), and the highest DMSP
concentration of 0.177 mM was detected in the coral species Acrop-
ora millepora under thermal stress (24). Our observations of the low
DMS production rate of R. atlantica matched results from previous
studies showing that Ruegeria species can shift the DMSP metabolic
pathway from demethylation to cleavage along with an increase in
DMSP concentration (from 0.1 to 5 mM DMSP) (49). Hence, we
suggest that the Ruegeria in the stressed corals mostly metabolize
DMSP via a non-DMS generated demethylation pathway. Unlike
Ruegeria, Endozoicomonas cannot tolerate high DMSP concentra-
tions but can cope with 0.1 mM DMSP (fig. S6), suggesting that a
species of Endozoicomonas, rather than Ruegeria, could be the main
producer of DMS in stressed corals.

We noticed that most Endozoicomonas genomes (9 of 10) ac-
commodate the dddD gene (table S6) rather than other DMSP
cleavage genes. Compared to other DMSP cleavage pathways,
dddD is unique and advantageous in the DMSP cleavage pathway
as it produces 3-hydroxiopropionate instead of cytotoxic com-
pound acrylate (28). DMSP cleavage does not accumulate harmful
compounds in the cell and releases the potent antioxidant DMS, in-
dicating that the selection of the dddD gene in Endozoicomonasmay
be associated with the establishment of a bacteria-coral mutualism.
We performed a simple distribution analysis of 8E across the Indo-
Pacific Ocean (fig. S7) and found that 8E are widely distributed and
have a similar distribution with E. acroporae (11). We suspect that
the ability to cleave DMSP, enabled by the dddD gene, might be one
of the reasons for the widespread appearance of Endozoicomonas,
especially in the Acropora coral.

MATERIALS AND METHODS
De novo Endozoicomonas isolation, genome sequencing,
and assembly
The remarkable DMSP-producing coral genus,Acropora sp., (52) in
Kenting, Taiwan, was selected to isolate a new species of Endozoi-
comonas. The methods used to isolate and culture this species have
been previously described (6). A comprehensive description of the
morphological, physiological, and biochemical characteristics of
strain 8E is provided in the Supplementary Materials. The same
method for bacterial genomic DNA isolation as described in (11)
was used in this study. High-quality genomic DNA was subjected

to two different sequencing techniques. Illumina MiSeq paired-
end sequencing was conducted at Yourgene Biosciences, Taiwan,
while Nanopore sequencing was performed at the next generation
sequencing (NGS) High Throughput Genomics Core, Biodiversity
Research Center, Academia Sinica, Taiwan. 8E genome assembly
was obtained by combining high-accuracy Illumina short reads
and Nanopore sequencing long reads. After conducting a quality
check using nanoQC (53), the nanopore reads were assembled
using Flye v2.9 (54). The resulting draft contigs were polished
using Illumina reads through the utilization of the software Pilon
(55). After four rounds of polishing, we achieved 0 corrected
single-nucleotide polymorphisms (SNPs), 0 ambiguous bases, 0
small insertions, and 0 deletions. This generated a high-quality
contig with a length of 7,377,917 bp. CheckM V1.1.3 (56) was
used to assess completeness, contamination, and heterogeneity.
The method used to annotate the 8E genome is described in
detail in the Supplementary Materials.

Phylogenetically comparing the dddD gene within
Endozoicomonas to that of other bacteria
All Endozoicomonas dddD genes and operons used in this study
were annotated using Prokka and a web-based CD-Search (57).
To compare the position of the DddD protein within Endozoicomo-
nas with that of other Proteobacteria, 67 DddD protein sequences
were downloaded from the NCBI (keyword: dddD CoA-transfer-
ase/lyase) for phylogenetic tree construction. The collected DddD
protein sequences were initially aligned using MAFFT v7. Subse-
quently, a maximum-likelihood tree was constructed using IQ-
TREE (58) with 1000 replicates. Meanwhile, for the comparison
of gene arrangement within the operon, we selected eight bacterial
strains that contained the DddD protein from two different clades
which were close to Endozoicomonas acroporae Acr-14T and 8E, re-
spectively. These bacterial strains included three from the class
Gammaproteobacteria (P. guineae, Marinobacter shejiangensis,
and Marinomonas pollencensis) and four species from the same
genus, Endozoicomonas (Endozoicomonas sp. ONNA1, Endozoico-
monas sp. YOMI1, Endozoicomonas sp. G2-1, and E. acroporaeAcr-
14T). The genomes used in this study were downloaded from the
NCBI database and are listed in table S5.

DMSP consumption and DMS-quantified assay
To ensure an equal initial bacterial count at the start of the experi-
ment across different treatments, the initial bacterial population was
standardized [optical density at 600 nm (OD600) = 0.6]. Bacterial
cultures were initially enriched in mmbv4 medium supplemented
with 0.1% glucose for 24 hours. After that, the residual medium
was removed via centrifuge, and the bacteria were then resuspended
twice using the fresh medium. After medium replacement, the bac-
teria were cultured in sterile 300-ml gas-tight vials, with rubber
stoppers on the tops for sample collection (the bacterial concentra-
tion was measured and marked as BA; before acclimation). Before
the addition of DMSP, the bacteria were acclimated in the fresh
medium for 2 hours. We began collecting gas from the headspace
of the bottles after DMSP was added (first measurement at 0 hours).

Two different mediums, with and without subtract combination,
were applied. As Endozoicomonas cannot grow in minimal medium
with only DMSP, 0.2% casamino acid was added to all minimal
medium treatments. The only difference between the control
group (labeled as mini) and the DMSP treatment group (labeled
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as mini + DMSP) is the presence of 0.1 mM DMSP. The second
medium used in this study was a rich medium, mmbv4. Unlike
the minimal medium, no additional casamino acid was used in
any of the mmbv4 medium treatment groups.

DMS(g) measurement used in the assay followed the protocol de-
scribed in (11). Collection time points for the two Endozoicomonas
species were chosen on the basis of the initial emission time of DMS
determined through our preliminary test (E. acroporae 8 hours and
8E 6 hours). We sampled R. atlantica DSS-3T at both the 6- and 8-
hour time points for DMSP cleavage trend comparison.

DMSP concentration in the medium was determined via alkaline
lysis. At each time point, 1.2 ml of the bacterial culture was drawn
out from the gas-tight vials using a sterile syringe. The cultures were
then centrifuged at 4500 rpm for 5 min, after which the resulting
supernatant was collected and mixed with 100 ml of 10 M NaOH
in a 20-ml gas-tight vial. Afterward, the vials were incubated at 200
rpm, 25°C for 30 min to ensure the full lysis of DMSP to DMS. The
target peak areas from both bacterial cleavage DMS in the headspace
and alkaline lysis DMS from DMSP in the medium were quantified
using a standard DMS/DMSP prepared calibration curve (detailed
information can be found in the Supplementary Materials). Bacte-
rial growth was monitored using OD600 (Analytik Jena, ScanDrop
250, Germany) and flow cytometry.

Stable-isotopic DMSP synthesis
To track the products derived from DMSP, a three-carbon 13
labeled [1,2,3-13C3] stable-isotopic DMSP was essential (fig. S4B).
However, no such product was commercially available. We synthe-
sized the stable isotopes by following a synthesis protocol of
[1,2,3-13C3] DMSP described in (59, 60). Briefly, DMS was convert-
ed from DMSP hydrochloride (Supelco, USA) by alkaline hydroly-
sis. The resulting DMS was converted to [1,2,3-13C3] DMSP
hydrochloride via a Michael addition to [13C3] acrylic acid (99
atomic %, Sigma-Aldrich) under acidic conditions and washed
with methylene chloride to remove any excess reactants. The struc-
ture and accurate mass of [1,2,3-13C3] DMSP hydrochloride was
confirmed by nuclear magnetic resonance and high-resolution
mass spectrometry (HRMS) (fig. S5). [34S] DMSP (fig. S4A) was
provided by W. B. Whitman from the Department of Microbiology,
University of Georgia.

Stable-isotopic labeled DMSP assay and NanoSIMS analysis
In the stable-isotopic labeled DMSP assay, the sampling time points
and bacterial incubation conditions were the same as those de-
scribed for the DMSP consumption and DMS quantification
assay. The two different stable isotopes labeled DMSP (fig. S4) gen-
erated above were used as the DMSP source for further NanoSIMS
visualization and analysis.

We filtered 106 bacterial cells through an Au-Pd (80:20)–coated
polycarbonate filter (pore size, 0.2 μm; Millipore). Filters were
washed by a series of ethanol solutions from 0, 25, 50, and 75 to
100% (v/v) for dehydration. After that, the isotopic compositions
of bacterial cells on these filters were analyzed using a NanoSIMS
50 L (Cameca-Ametek, Gennevilliers, France) housed at Academia
Sinica, Taiwan. Secondary ions of 12C2

−, 12C13C−, 12C14N−, 32S−,
and 34S− were collected simultaneously by multiple electron multi-
pliers. Random areas on the polycarbonate filter were presputtered
by 174- to 202-pACs+ ion beam for 1 min and analyzed by 12.5- to
13.4-pA Cs+ ion beam for ~45 to 60 min to obtain 50 μm by 50 μm

square image data at 512 × 512 pixels resolution. Thirty and 150 mm
of entrance slit and aperture slit, respectively, were used to reach a
mass resolving power of 5000 for 32S−. The images and isotope
ratios of the cells were processed by L’Image software (developed
by L. Nittler, School of Earth and Space Exploration, Arizona
State University). More than 37 cells were analyzed for each treat-
ment. More than 2 × 105 counts of 12C2 and more than 104 counts of
32S− were collected for each bacterial cell.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S8
Tables S1 to S6
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