
Prevalence, complete genome, and metabolic potentials
of a phylogenetically novel cyanobacterial symbiont in
the coral-killing sponge, Terpios hoshinota

Yu-Hsiang Chen ,1,2,3† Hsing-Ju Chen,3†

Cheng-Yu Yang,3 Jia-Ho Shiu,3 Daphne Z. Hoh,3,4,5

Pei-Wen Chiang,3 Wenhua Savanna Chow,3,4,5

Chaolun Allen Chen,3,4 Tin-Han Shih,3 Szu-Hsien Lin,3

Chi-Ming Yang,3 James Davis Reimer,6,7

Euichi Hirose,6 Budhi Hascaryo Iskandar,8 Hui Huang,9

Peter J. Schupp,10 Chun Hong James Tan,11,12

Hideyuki Yamashiro,7 Ming-Hui Liao3 and
Sen-Lin Tang2,3,4,5*
1Bioinformatics Program, Taiwan International Graduate
Program, National Taiwan University, Taipei, Taiwan.
2Bioinformatics Program, Institute of Information
Science, Taiwan International Graduate Program,
Academia Sinica, Taipei, Taiwan.
3Biodiversity Research Center, Academia Sinica, Taipei,
Taiwan.
4Biodiversity Program, Taiwan International Graduate
Program, Academia Sinica and National Taiwan Normal
University, Taipei, Taiwan.
5Department of Life Science, National Taiwan Normal
University, Taipei, Taiwan.
6Department of Chemistry, Biology and Marine Science,
Faculty of Science, University of the Ryukyus, Nishihara,
Okinawa, Japan.
7Tropical Biosphere Research Center, University of the
Ryukyus, Nishihara, Okinawa, Japan.
8Department of Fishery Resources Utilization, Faculty of
Fisheries and Marine Science, Bogor Agricultural
University, Bogor, Indonesia.
9Tropical Marine Biological Research Station in Hainan,
Chinese Academy of Sciences, Sanya, China.
10Institute of Chemistry and Biology of the Marine
Environment, University of Oldenburg, Wilhelmshaven,
Germany.
11Faculty of Science and Marine Environment, Universiti
Malaysia Terengganu, Kuala Nerus, Terengganu,
Malaysia.

12Institute of Oceanography and Environment, Universiti
Malaysia Terengganu, Kuala Nerus, Terengganu,
Malaysia.

Summary

Terpios hoshinota is an aggressive, space-competing
sponge that kills various stony corals. Outbreaks of
this species have led to intense damage to coral
reefs in many locations. Here, the first large-scale
16S rRNA gene survey across three oceans revealed
that bacteria related to the taxa Prochloron,
Endozoicomonas, SAR116, Ruegeria, and unclassi-
fied Proteobacteria were prevalent in T. hoshinota. A
Prochloron-related bacterium was the most dominant
and prevalent cyanobacterium in T. hoshinota. The
complete genome of this uncultivated cyanobacte-
rium and pigment analysis demonstrated that it has
phycobiliproteins and lacks chlorophyll b, which is
inconsistent with the definition of Prochloron. Fur-
thermore, the cyanobacterium was phylogenetically
distinct from Prochloron, strongly suggesting that it
should be a sister taxon to Prochloron. Therefore, we
proposed this symbiotic cyanobacterium as a novel
species under the new genus Candidatus Par-
aprochloron terpiosi. Comparative genomic analyses
revealed that ‘Paraprochloron’ and Prochloron
exhibit distinct genomic features and DNA replication
machinery. We also characterized the metabolic
potentials of ‘Paraprochloron terpiosi’ in carbon and
nitrogen cycling and propose a model for interac-
tions between it and T. hoshinota. This study builds a
foundation for the study of the T. hoshinota micro-
biome and paves the way for better understanding of
ecosystems involving this coral-killing sponge.

Introduction

The coral-killing sponge Terpios hoshinota has received
attention since outbreaks were first detected in several
coral reef regions in the western Pacific Ocean, South
China Sea, and Indian Ocean (Rützler and Muzik, 1993;
Liao et al., 2007; Fujii et al., 2011; de Voogd et al., 2013;
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Hoeksema et al., 2014; Montano et al., 2015; Thinesh
et al., 2015). This sponge grows up to 23 mm �1 month�1

(Plucerrosario, 1987), and its fast-growing and competi-
tive nature enables it to kill scleractinian corals rapidly
and at a high rate (30%–80% mortality) across biogeo-
graphic regions (de Voogd et al., 2013; Hoeksema
et al., 2014; Montano et al., 2015; Yomogida
et al., 2017). For instance, T. hoshinota overgrowth jeop-
ardizes coral reefs in numerous regions of Taiwan,
Indonesia, Malaysia, Japan, India, and the Great Barrier
Reef (Fujii et al., 2011; Shi et al., 2012; Madduppa
et al., 2017; Yomogida et al., 2017). The gradual spread
of T. hoshinota poses a serious threat to coral reefs.
However, little is known regarding the causes of such
outbreaks.

Sponges are commonly known to harbour complex
microbial communities, and symbiotic microorganisms play
vital roles in the development, health, and nutrient acquisi-
tion of their hosts (Hentschel et al., 2012). The microbes
and hosts form an ecological unit referred to as a
holobiont. In T. hoshinota, the sponge is associated with a
bacterial community of relatively low diversity that is domi-
nated by cyanobacteria (Tang et al., 2011). Ultrastructural
observations have clearly shown that cyanobacteria are
densely distributed in T. hoshinota, contributing to 50% of
the total cellular volume (Rützler and Muzik, 1993; Hirose
and Murakami, 2011; Tang et al., 2011), and the blackish
colour of T. hoshinota has been attributed to cyanobacteria
(Tang et al., 2011). Accordingly, the sponge has been
called ‘cyanobacteriosponge’ (Rützler and Muzik, 1993).
Several studies have shown that cyanobacteria play
important roles in the growth of T. hoshinota and in com-
petition with corals. For instance, a high number of cyano-
bacteria can be observed in the larvae of T. hoshinota
(Wang et al., 2012a; Hsu et al., 2013), suggesting that
they are transmitted vertically during embryogenesis in this
particular sponge (Nozawa et al., 2016). Second, in situ
short-term shading can cause a long-term decrease in the
biomass of symbiotic cyanobacteria and lead to irrevers-
ible damage to T. hoshinota, arresting its expansion
(Soong et al., 2009; Thinesh et al., 2017). Third, when
T. hoshinota encounters certain corals, the sponge forms
a hairy tip structure packed with dense cyanobacteria to
interact with corals (Wang et al., 2012b). These results
indicate that T. hoshinota-associated cyanobacteria are
vital for the overgrowth and rapid destruction of coral reef
ecosystems.

Although important, the identity and classification of
dominant symbiotic cyanobacteria in T. hoshinota are still
unclear. In 2015, Yu et al. isolated and cultivated
Myxosarcina sp. GI1, a baeocytous cyanobacterium,
from T. hoshinota at Green Island (Yu et al., 2015). How-
ever, electron microscopy did not identify vegetative cell
aggregates of baeocytes, a type of reproductive cell, in

T. hoshinota (Hirose and Murakami, 2011; Tang
et al., 2011; Wang et al., 2012a). Moreover, our previous
analyses of 16S rRNA gene sequences in T. hoshinota
samples from Green Island revealed that the dominant
cyanobacterium in T. hoshinota is closely related to Pro-
chloron (Tang et al., 2011). Prochloron, a genus com-
prised of a single species, is an obligate symbiont of
certain ascidians; the hallmarks and definition of this
genus are the presence of chlorophyll a and b and the
lack of phycobilins, which are unusual in cyanobacteria
(Whatley, 1977). However, pigment analysis identified
that the cyanobacteria in T. hoshinota contain phycobilins
(Hirose and Murakami, 2011). Hence, the characteristics
and classification of the predominant cyanobacterium in
T. hoshinota remain uncertain. Moreover, whether the
predominant cyanobacterium is the same in all of the
Indo-Pacific regions requires validation. Finally, since
cyanobacteria are attributed to the health and invasive
capacity of T. hoshinota, ecological relationships and
molecular interactions involving T. hoshinota and its cya-
nobacteria need to be determined.

Other T. hoshinota-associated bacteria may also contrib-
ute to holobiont function. The microbial community in a
sponge can be shaped by host-related factors, such as the
immune system and nutrient exchange (Pita et al., 2013;
Webster and Thomas, 2016; Pita et al., 2018), or be deter-
mined by environmental factors, such as light availability,
pH, and temperature (Webster and Thomas, 2016). Never-
theless, no study has investigated the microbiome of
T. hoshinota from different biogeographical backgrounds.
Hence, in this study, we conducted a 16S ribosomal RNA
(rRNA) gene survey to investigate the microbial community
structures and diversity of T. hoshinota samples from a
wide geographical range across the western Pacific
Ocean, South China Sea, and Indian Ocean. Knowing that
the predominance of a cyanobacterium was ubiquitous,
the complete genome of this uncultivated cyanobacterium
was reconstructed by whole-genome shotgun sequencing
using Nanopore and Illumina platforms. Genomic and com-
parative genomic analyses elucidated the phylogenetic
affiliation and taxonomy of the dominant symbiotic bacte-
rium in T. hoshinota and identified putative symbiotic inter-
actions between the bacterium and the host.

Results

Bacterial diversity and community in T. hoshinota were
geographically dependent

16S rRNA gene sequencing was performed on
T. hoshinota samples collected from 15 locations across
three oceans (Supporting Information Table S1). To eval-
uate the effects of sampling sites on alpha and beta
diversity, sites with sample numbers >2 were used to
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perform statistical tests. Samples collected from different
sites had distinct amplicon sequence variant (ASV) rich-
ness and diversity (Supporting Information Fig. S1). A
statistical test showed that ASV richness estimated by
Chao1 was significantly different across sampling sites
(Kruskal–Wallis: P = 0.007). ASV diversity indices,
including Shannon and Faith’s phylogenetic diversity
(PD), were also significantly associated with sampling
sites (Kruskal–Wallis: P = 0.0002 for Shannon index,
and P = 0.007 for PD index). To exclude any effects of
collection year on diversity indices, we compared the
diversity indices of the samples from JPBS, TWLD, and
TWLY collected in 2010. Kruskal–Wallis tests showed
that the diversity indices, except for the PD index, were
different across samples from the three sites (Chao1:
P = 0.043, Shannon: P = 0.022, and PD index:
P = 0.068).
Samples from different locations shared distinct micro-

bial community structures based on Bray–Curtis distance
matrix [permutational analysis of variance (PERMANOVA):
pseudo-F = 7.2287, P = 0.004] (Fig. 1A). When phyloge-
netic relatedness of the ASVs was incorporated into beta
diversity analysis by unweighted UniFrac, the differences
were still statistically significant (pseudo-F = 2.238,
P = 0.029) (Fig. 1B). Moreover, when abundance informa-
tion was taken into consideration for UniFrac, the effect of
the sampling sites on dissimilarities increased according to
pseudo-F values (weighted UniFrac: pseudo-F = 8.2522,
P = 0.02) (Fig. 1C). Twenty one of 28 pairwise compari-
sons for weighted UniFrac and Bray–Curtis distances of
bacterial communities using PERMANOVA showed signifi-
cant differences (P < 0.05). However, the bacterial commu-
nities in samples collected from TWLD, TWLY, and TWKT,
which are located in southern Taiwan, were not signifi-
cantly different from each other.

Prochloron-related bacterium dominated T. hoshinota
microbial communities across different oceans

From 61 samples, we recovered 3256 ASVs in total. Cya-
nobacteria and Proteobacteria were predominant and
prevalent. They accounted for 84.1%–97.9% relative read
abundance and were present in all samples (Fig. 2 and
Fig. S2A). Besides the two phyla, Bacteroidetes- and
Spirochaetae-related ASVs were also present across all
of the samples, although their relative read abundances
were only 0.77%–9.61%. At the genus level, we found
that genera related to Prochloron, SAR116_clade, and
Ruegeria were present in all samples, and their mean rel-
ative read abundance was 30%, 14%, and 2.7%, respec-
tively (Supporting Information Fig. S2B). In addition to
these generic-level groups, Endozoicomonas was pre-
sent in 90% of samples, and the mean relative read
abundance was 8.1%.

Of the 3256 ASVs, four were present in at least 90% of
the samples, forming a core microbiome (Table 1), which
accounted for an average of 50% of the relative read
abundance (Table 1). Among them, ASV#1, annotated as
Prochloron, was dominant and was present in all sam-
ples. This ASV, referred to as ASV1-Prochloron, made up
30% of the relative read abundance, on average. In addi-
tion, ASV1-Prochloron accounted for most of the relative
abundance of Cyanobacteria in the samples (Supporting
Information Table S2). Other members of the core micro-
biome included ASVs that were related to Proteobacteria
(ASV#2, mean relative abundance = 1.9%), Rhodo-
bacteraceae (ASV#3, mean relative abundance = 7.6%),
and Pseudospirillum (ASV#4, mean relative abun-
dance = 9.6%). These ASVs shared low identities with
their best matches in NCBI using BLASTn, indicating that
the bacteria were novel (Table 1).

Structure of symbiotic Prochloron-related bacteria in
T. hoshinota

To reveal the clear and detailed structure of T. hoshinota
and its Prochloron-related bacteria, a rubber tire was
attached underwater in front of a T. hoshinota with epoxy
putty. After the T. hoshinota had encrusted the tire, the
sample was collected and observed under a scanning
electron microscope (SEM). (Fig. 3). The T. hoshinota
sponge, approximately 500 μm in diameter, was
supported by bundles of tylostyle spicules interlaced on
the surface (Fig. 3A and B). Inside the body, spherical
bacterial cells of 4–6 μm diameter were widely distrib-
uted, and cells were observed at various stages of cell
division (Fig. 3C and F). No vegetative cell aggregates of
baeocytes were observed from our results, indicating that
Myxosarcina sp. was not the dominant cyanobacterium.
Transmission electron microscopy (TEM) results showed
that these spherical cells contained thylakoids, which are
typical compartments inside cyanobacteria, and their
arrangements were parietal (Fig. 3D–F). In addition,
carboxysomes were identified, and gas vesicles were
absent from these cells.

Genome assembly of a novel Prochloron-related species

The predominance of a Prochloron-related ASV in
T. hoshinota from various locations indicated an intimate
association between the bacterium and T. hoshinota. To
reveal the identity and characteristics of the Prochloron-
related bacterium, a genome, referred to as LD05, was
reconstructed by de novo assembly of the metagenome
assembled from a sample collected at Green Island,
Taiwan (Fig. 4). Using a combination of Illumina and
Nanopore sequencing, we successfully recovered a sin-
gle circular contig, which was annotated as a
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Fig 1. Dendrograms of beta diversity analysis.
Dendrograms of beta diversity analysis using the Bray–Curtis metric (A), unweighted (qualitative) UniFrac (B), and weighted (quantitative)
UniFrac (C). Samples collected from western Pacific Ocean, Indian Ocean, and South China Sea are coloured with black, red, and blue,
respectively.
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cyanobacterium without any sequence gaps. The map-
ping coverage of Illumina reads was 99.98% of the
metagenome-assembled genome (MAG), and the mean
depth was 983-fold.
The complete MAG, which was 3.8 Mbp, contained two

copies of 16S and 23S rRNA gene sequences (Fig. 4
and Table 2) and 46 tRNA genes; one of the 16S rRNA
gene sequences was 100% identical to that of the pre-
dominant ASV1-Prochloron identified from the 16S rRNA
gene survey. Analysis of the GTDB-Tk demonstrated that
the LD05 MAG was closest to Prochloron didemni, but
with only 77.97% average nucleotide identity (ANI).
Recently, a putative Prochloron species genome ter-

med SP5CPC1 was recovered from the metagenome of
a sponge microbiome (Podell et al., 2020). ANI analysis
identified that the LD05 genome shares 93.18% identity
with the SP5CPC1 genome, which is below the 95% ANI

cutoff for species delineation (Richter and Rossello-
Mora, 2009). LD05 shares a similar genome size, GC
ratio, and coding density as SP5CPC1 (Supporting
Information Table S3). In contrast, P. didemni P2-P4 had
a much larger genome, a lower GC ratio, and lower cod-
ing densities (Supporting Information Table S3). There
was also a discrepancy between LD05 and P. didemni
P2-P4 based on the average amino acid identity (AAI)
and percentage of conserved proteins (POCPs) analyses
(Supporting Information Fig. S3). LD05 shared 91% AAI
with SP5CPC1, but only 70% AAI with P. didemni P2–P4
genomes. On the other hand, the POCP between LD05
and Prochloron genomes ranged from 49.8% to 52%,
close to a proposed 50% POCP cutoff for genera delin-
eation (Qin et al., 2014). Taken together, the LD05 and
SP5CPC1 genomes were of different species, and both
were more distantly related to P. didemni.
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Fig 2. Proportions of T. hoshinota-associated bacterial communities across oceans.
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Table 1. Core bacterial members in T. terpios and their best matches in NCBI.

ASV_ID
Classification by

mothur
Median relative
abundance (%)

Mean relative
abundance (%)

% of
sample (%) Best hit in NCBI

Identity
(%)

ASV#1 Prochloron 29.6 30.9 100 Synechocystis sp. PLV1
(JX099359.1)

97.52

ASV#2 unclassified
Proteobacteria

1.3 1.9 100 Pseudomonas parafulva
(MN203982.1)

92.68

ASV#3 unclassified
Rhodobacteraceae

(α-Proteobacteria)

6.5 7.6 97 Marimonas arenosa
(MW828566.1)

95.85

ASV#4 Pseudospirillum
(γ-Proteobacteria)

6.0 9.6 93 γ-proteobacterium EHK-1
(AF228694.1)

88.18
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Phylogenetic and functional genomic analyses revealed
distinct characteristics of LD05 and SP5CPC1 genomes
compared to other Prochloron genomes

Phylogenetic, genomic, and functional genomic analyses
showed that LD05 and SP5CPC1 had distinct character-
istics compared to Prochloron, suggesting that LD05 and
SP5CPC1 should be classified into a genus other than
Prochloron. LD05 and SP5CPC1 had smaller genomes
but similar coding densities to other phylogenetically
closely related cyanobacteria (Supporting Information -
Table S3). In contrast, Prochloron had similar genome
sizes (Wilcoxon Rank-Sum test, two-sided: P = 0.07) but
a lower coding density (Wilcoxon Rank-Sum test, one-
sided: P = 0.002). A phylogenetic tree of 120 cyano-
bacteria was constructed based on 120 single-copy
genes to determine their phylogenetic affiliations (Fig. 5A
and Fig. S4). The tree demonstrated that LD05 and
SP5CPC1 formed a clade that was sister to that con-
taining P. didemni. The larger clade encompassing the
two clades was adjacent to the clade containing Syn-
echocystis, Myxosarcina, and other cyanobacteria.

To provide an in-depth view, homologues of the LD05
16S rRNA gene with high similarities were retrieved from
the NCBI database. A tree constructed using these 16S

rRNA gene sequences depicted two distinct clades,
referred to as Clade I and Clade II (Fig. 5B). Clade II con-
tained 16S rRNA gene sequences from three genomes
of P. didemni strains and other 16S rRNA gene
sequences from various ascidians. In contrast, Clade I
mainly comprised sequences from sponge holobionts,
including SP5CPC1, LD05, and 16S rRNA gene
sequences from a variety of other sponges. Although
many sequences in Clade I were assigned as Syn-
echocystis and Prochloron 16S rRNA gene sequences,
we found that they shared greater identities with the
members of Clade I than Synechocystis or Prochloron
didemni. Moreover, phylogenomic analyses also rev-
ealed that SP5CPC1 and LD05 were phylogenetically
distant from the cultivated Synechocystis (Fig. 5A).

Functional genomic analyses revealed that the charac-
teristics of LD05 and SP5CPC1 were inconsistent with
the hallmarks of Prochloron. We found that genes
encoding phycobilin synthases and phycobiliproteins
(i.e. phycoerythrin, phycocyanin, and allophycocyanin)
were present in LD05 and SP5CPC1 but not in the Pro-
chloron genomes. The absence of the chlorophyll
b synthase gene in the LD05 and SP5CPC1 genomes
implied that the bacteria lacked chlorophyll b. In addition,
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Fig 3. Electron micrographs of T. hoshinota and associated cyanobacteria.
A–C. SEM.
D and F. TEM.
A. Sponge covering an abiotic substratum. The sponge’s skeleton was arranged in a tangential style, and the mesohyl was supported by a tract
of spicules.
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the failure to identify chlorophyll b in the ascidian
Trididemnum nubilum holobiont, from which PCR clone
AO15 (DQ357958.1) in Clade I was recovered, implyies
that the bacterium also lacks chlorophyll b. In accordance
with genomic analyses, our pigment analysis by LC-QTOF-
MS also revealed the presence of chlorophyll a and the
absence of chlorophyll b in T. hoshinota (Fig. 6). These
results indicate that the bacteria in Clade I have different
light-harvesting systems to those of Prochloron in Clade II.

The bacterial species in Clade I have a photosynthetic
machinery distinct from that of Prochloron. The existence
of phycobiliproteins and a lack of chlorophyll b were
inconsistent with the definition of Prochloron. Therefore,
we propose that bacteria in Clades I and II should be

Fig 4. Representation of the ‘Paraprochloron terpiosi LD05’ genome.
The genome is 3 839 796 bp. The rings from inside to outside represent GC content (black), GC skew- (purple), GC skew + (green), coding
sequence regions (blue), rRNA gene sequences (dark green), and secondary metabolite gene clusters (red).

Table 2. Basic statistics of the Candidatus Paraprochloron terpiosi
LD05.

Candidatus Paraprochloron terpiosi LD05

Closest species Prochloron
didemni

Average nucleotide identity to closest
species (%)

77.97

Genome size (bp) 3839 796 bp
# contigs 1
GC content (%) 44.5
# predicted CDS 4102
Coding density (%) 82.4
tRNA 46
16S rRNA 2
23S rRNA 2
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classified into two different genera and classify the spe-
cies in Clade I as a novel genus ‘Paraprochloron.’ More-
over, we classified LD05 as a novel species named
Candidatus Paraprochloron terpiosi LD05 [Etymology:
Gr. pref. para-, beside, alongside of; N.L. neut.
n. Prochloron, a bacterial generic name; N.L. neut.
n. Paraprochloron, a genus adjacent to Prochloron.
N.L. gen. n. terpiosi, of Terpios a zoological scientific
genus name.].

Metabolic features of novel species Ca.
Pp. terpiosi LD05

Ca. Pp. terpiosi LD05 possessed nearly all genes
required for photosynthesis, carbon fixation, the tricarbox-
ylic acid cycle (TCA), and glycolysis (Fig. 7). In addition,
genes related to sucrose metabolism – e.g., sucrose-
6-phosphatase, sucrose synthase, and sucrose phos-
phorylase – were identified. These genes were also
present in the SP5CPC1 genome but not in P. didemni
genomes (Supporting Information Table S4). Regarding
nitrogen metabolism, the Ca. Pp. terpiosi LD05 and
SP5CPC1 lacked nitrogen fixation genes. Ca.
Pp. terpiosi LD05 had genes for nitrate uptake and
assimilatory nitrate reduction pathways to convert nitrate
into ammonium (Supporting Information Table S4). The

glutamine synthetase/glutamate synthase (GS/GOGAT)
pathway was also found in Ca. Pp. terpiosi LD05, indicat-
ing that ammonium derived from extracellular nitrate can
be incorporated into amino acids via this pathway. Addi-
tionally, Ca. Pp. terpiosi LD05 carried the complete gene
set for the urea transporter and urease. Bacteria can uti-
lize urea transporter and urease to covert extracellular
urea into ammonium as a nitrogen source. Besides these
pathways of nitrogen acquisition, general L-amino acid
transporters were identified in Ca. Pp. terpiosi LD05,
which was not observed in the Prochloron genomes.

Genes participating in B-vitamin biosynthesis were
found in Ca. Pp. terpiosi LD05 and SP5CPC1. Ca.
Pp. terpiosi LD05 and SP5CPC1 genomes contained
nearly the complete gene sets for synthesis pathways of
vitamin B1 (thiamine), vitamin B2 (riboflavin), vitamin B7

(biotin), and vitamin B12 (Supporting Information Table S4).
The transporter for cobalt, a key constituent of vitamin
B12, was also identified. In contrast, Prochloron genomes
lack a cobalt transporter gene and many genes involved
in vitamin B12 synthesis.

Putative secondary metabolic gene clusters were
found in the genomes of LD05 and SP5CPC1. Our analy-
sis revealed the presence of four terpene synthesis gene
clusters in Ca. Pp. terpiosi LD05 and SP5CPC1. Further-
more, LD05 also contains a gene encoding squalene
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Fig 5. Molecular phylogenetic analyses of Prochloron and Prochloron-related bacteria.
A. Pruned phylogenetic tree based on the concatenation of 120 single-copy gene protein sequences. The complete phylogenetic tree including
other cyanobacterial genera can be found in the Supporting Information Fig. S5. The branches with Ultrafast bootstrap (UFBoot) value >95% are
highlighted with the red. The Prochloron genomes are labelled with yellow, and LD05 and SP5CPC1 are labelled with pink. Vampirovibrio chlo-
rellavorus C was used as the outgroup.
B. A phylogenetic tree was constructed using the 16S rRNA gene by the maximum-likelihood method with 1000 bootstraps. The tree included
16S rRNA gene sequences from SP5CPC1, LD05, Prochloron genomes—including P. didemni P2, P. didemni P3, and P. didemni P4—and
other related 16S rRNA gene sequences identified by PCR cloning from environmental samples. The 16S rRNA gene sequence of Stanieria
sp. NIES-3757 genome was used as an outgroup. The scale bar represents the number of changes per nucleotide. Asterisk represents genomes
that are available.
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cyclase, suggesting that LD05 can produce cyclic
triterpenes. Other secondary metabolite biosynthetic
gene clusters were identified. Gene clusters present in
Ca. Pp. terpiosi LD05 included butyrolactone, linear
azol(in)e-containing peptides, and non-ribosomal peptide
synthetase clusters (Fig. 4).

Symbiotic signatures and unique genomic features of
Ca. Pp. terpiosi LD05

The complete genome of Ca. Pp. terpiosi LD05 enabled
us to investigate genomic features in a precise and com-
prehensive manner. When we compared the LD05 and
SP5CPC1 genomes with other phylogenetically close
cyanobacteria, we found that Ca. Pp. terpiosi LD05 and
SP5CPC1 lacked the dnaA gene, which encodes a pro-
tein for a replication initiation factor responsible for DNA
unwinding at oriC (Katayama et al., 2010). By comparing
the numbers of each KEGG orthology in the genomes,
we found that Ca. Pp. terpiosi LD05 bacteria had

50 copies of RNA-directed DNA polymerase genes,
which were not observed in other phylogenetically close
cyanobacteria. Symbiotic bacteria often have high trans-
posase content. In our analyses, we found that LD05 and
SP5CPC1 had 39 and 31 predicted genes, respectively,
annotated as transposases, while Prochloron genomes
had 52–82 copies of transposase genes.

Discussion

T. hoshinota is one of the most important biological
threats to corals in the Indo-Pacific region. Its association
with cyanobacteria and other symbiotic bacteria is essen-
tial for maintaining the function of T. hoshinota. Our study
is the first to explore the composition and role of the
T. hoshinota microbiome. An unprecedented large-scale
survey of the bacterial community of T. hoshinota based
on 16S rRNA gene amplicon sequencing of samples from
various regions across the western Pacific Ocean, Indian

Fig 6. Extracted ion-chromatograms (EICs) of UPLC-QTOF-MS of the extracts of T. hoshinota. Chlorophyll a analytical standard (A) and chloro-
phyll b analytical standard (B) were used in the analysis. The analysis included two T. hoshinota samples. EIC of MS spectra within the m/z value
of 893.543 (A, C, and E) and 907.522 (B, D, and F). A: chlorophyll a peak. B: chlorophyll b peak.
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Ocean, and South China Sea enabled us to characterize
the T. hoshinota microbiome.

Biogeographical variation in the T. hoshinota
microbiome and its core microbial members

Certain sponges exhibit high microbiome stability due to
strict selective pressures exerted by their hosts. For
instance, Ircinia and Hexadella sponges exhibit host-
specificity and stability in their associated bacterial com-
munities, despite large geographic distances between
sampling sites (Pita et al., 2013; Reveillaud et al., 2014).
In contrast, certain sponges, such as Petrosia ficiformis,
harbour biogeography-dependent bacterial compositions
(Burgsdorf et al., 2014).

Our survey of T. hoshinota from three oceans enabled
us to determine whether bacterial communities of
T. hoshinota vary across different biogeographical back-
grounds or experience strong selective pressure from
their hosts. The dissimilarity analysis of the microbial
community structures of T. hoshinota showed a correla-
tion between sample sites and microbial community
structure (Fig. 1). The differences in microbial community
structures among T. hoshinota samples from different

locations may be the result of local acclimatization. Sam-
ples from the same regions may represent holobionts
with similar metabolic functions to cope with stress or
increased fitness in certain environments.

However, despite biogeographical variation, we still
identified core bacterial members that were present in all
samples (Table 1 and Fig. S2). This core bacterial com-
munity comprised only a few genera but accounted for
around 80% of relative abundance across all samples,
indicating that it is vital to the holobiont of T. hoshinota.
Host-related factors may help keep this core microbiome
stable because its members carry out core functions of
the holobiont (Pita et al., 2018). Such core members may
have the metabolic capability to utilize nutrients from the
sponge host environment and play important roles in
nutrient exchange, such as sulfur, carbon, and nitrogen
cycling. This core group may also be responsible for
defence against predators and for protecting sponge
symbionts from toxins and pathogens (Pita et al., 2018).

The most dominant ASV in the core microbiome is
closely related to Prochloron, a genus of symbiotic cya-
nobacteria found in various ascidians (Whatley, 1977;
Kuhl et al., 2012). The biogeographically independent
prevalence and predominance of this Prochloron-related
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Fig 7. Metabolic potentials and putative nutrient cycling between T. hoshinota and Ca. Pp. terpiosi LD05.
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lites as toxins to help the sponge weaken coral tissues and facilitate overgrowth. On the other hand, the bacterium may also store phosphate as
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bacterium in T. hoshinota suggests that it plays a crucial
role in the holobiont. On the other hand, symbiotic cyano-
bacteria in sponges can exhibit host specificity (Thacker
and Starnes, 2003) or co-exist with various sponges
(Konstantinou et al., 2018). The Prochloron-related ASV
in T. hoshinota has not been observed in other organ-
isms, implying that this Prochloron-related cyanobacte-
rium may have high host specificity.

Candidatus Paraprochloron terpiosi gen. nov., sp. nov.,
a Prochloron-related bacterium prevalent in T. hoshinota

LD05 and SP5CPC1, two Prochloron-related bacteria in
sponges, are distinct from Prochloron in terms of pigment
content, phylogenetic divergence, and genomic features.
Moreover, the pigment features of these bacteria are
inconsistent with the definition of Prochloron. Hence, a
new genus, ‘Paraprochloron’, is herein proposed to dis-
tinguish between these two groups.
Candidatus Paraprochloron terpiosi LD05 was the

dominant cyanobacterium in T. hoshinota specimens col-
lected across three different oceans (Supporting
Information Table S2). Why the dominant cyanobacte-
rium species remain identical in T. hoshinota across dif-
ferent oceans is unclear. Recent studies suggest that
T. hoshinota larvae, which carry vertically transmitted
cyanobacteria, may have short dispersal distances
because they are denser than the water, leading them to
settle rapidly after leaving their mother sponge (Wang
et al., 2012a; Hsu et al., 2013; Nozawa et al., 2016).
Under these circumstances, the symbiotic Ca.
Pp. terpiosi LD05 from various locations might accumu-
late genetic differences to adapt to local environments.
The absence of evident speciation in our study may be
the result of tight and stable symbiotic interactions
between Ca. Pp. terpiosi LD05 and T. hoshinota, which
restrict genetic changes in the bacterium. Another possi-
bility is that the species becomes broadly dispersed
through other mechanisms, such as ocean currents or
transportation via vessels, which would enable
T. hoshinota larvae to spread quickly across oceans with
few genetic alterations. Evidence of recent T. hoshinota
outbreaks supports the latter scenario (Liao et al., 2007).

Comparison between ‘Paraprochloron’ and Prochloron

Comparative genomics involving ‘Paraprochloron’ and
Prochloron enables us to infer their evolutionary histories
and respective relationships with their hosts. Previous
studies have shown that symbiotic bacteria usually have
reduced genomes because certain genes erode as sym-
biosis develops (Gao et al., 2014; Lo et al., 2016). Fur-
thermore, a model of symbiont evolution has proposed
that during the evolutionary history of symbiosis, large-

scale pseudogenization can occur during transitional
events, such as strict host association or vertical trans-
mission, leading to a sudden decrease in coding density
(Lo et al., 2016). Eventually, the coding density gradually
bounces back owing to deletion bias.

‘Paraprochloron’ had a comparatively smaller genome,
while Prochloron had lower coding density compared to
other phylogenetically closely related cyanobacteria
(Supporting Information Table S3). These distinct geno-
mic features between Prochloron and ‘Paraprochloron’
may indicate that the transition toward host-restricted life-
styles occurred more recently in Prochloron than in ‘Par-
aprochloron’. This hypothesis may be supported by our
observation that Prochloron harboured more transposase
genes as the elevation of mobile genetic element quanti-
ties, such as transposons and insertion elements, which
is thought to be associated with recent transition to a
host-restricted symbiotic lifestyle (Moran et al., 2008).

Another hallmark of Prochloron is its ability to produce
patellamides and cytotoxic cyclic peptides. However, a
gene cluster for the synthesis of patellamides was not
found in Ca. Pp. terpiosi LD05 or SP5CPC1. In contrast,
the LD05 and SP5CPC1 genomes have four terpene
synthesis gene clusters, whereas Prochloron genomes
harbour only two such gene clusters. Moreover, LD05
and SP5CPC1 genomes contain genes encoding terpene
cyclases, enzymes that catalyze the cyclization of linear
terpenes. This indicates that LD05 and SP5CPC1 have
cyclic terpenes. Taken together, ‘Paraprochloron’ and
Prochloron may produce distinct secondary metabolites
to increase the fitness of themselves or of their entire
holobiont.

Certain cyanobacteria contain genes involved in
sucrose metabolism. Although the role of sucrose in cya-
nobacteria remains understudied, several studies have
shown that sucrose can be utilized as a compatible sol-
ute, serve as a signal molecule, or be employed for gly-
cogen synthesis (Blumwald and Telor, 1982; Desplats
et al., 2005; Curatti et al., 2008; Kolman et al., 2015).
Interestingly, our genomic analysis revealed that the
genes involved in sucrose metabolism were present in
Ca. Pp. terpiosi LD05 and SP5CPC1 but absent in Pro-
chloron (Supporting Information Table S4). We hypothe-
size that ‘Paraprochloron’ can use sucrose as an
osmolyte to cope with osmotic stress; this is supported
by a previous finding that the genes related to osmotic
stress are found in sponge-associated bacterial genomes
(Webster and Thomas, 2016). On the other hand, we
also found that Ca. Pp. terpiosi LD05 and SP5CPC1 con-
tained osmoprotectant transporter genes, which were not
identified in Prochloron genomes (Supporting
Information Table S4). These results indicate that the
‘Paraprochloron’ species may live in environments with
higher osmotic stress, such as locations with high
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osmolarity or fluctuations in osmolarity, compared to Pro-
chloron. Alternatively, ‘Paraprochloron’ and Prochloron
may use different strategies to deal with osmotic stress.
Another possible role of sucrose is that ‘Paraprochloron’
may provide cells of sponge hosts or other symbiotic bac-
teria with sucrose as an energy or carbon source to pro-
mote the growth of sponge holobionts.

Another observation that drew our attention was the
absence of the dnaA gene in Ca. Pp. terpiosi LD05 and
SP5CPC1. DnaA is required for the initiation of DNA rep-
lication at oriC (Katayama et al., 2010). Some bacterial
symbionts do not possess the dnaA gene and have multi-
ple copies of the same genome in a single cell (Akman
et al., 2002; Ran et al., 2010; Ohbayashi et al., 2016).
The evolution of DnaA-independent replication has been
most extensively studied in cyanobacteria. A study
showed that cyanobacteria lost DnaA dependency before
becoming symbiotic bacteria, and such loss can drive
free-living bacteria to become symbiotic (Ohbayashi
et al., 2016; Ohbayashi et al., 2020). However, in our
analyses, Prochloron had dnaA, but ‘Paraprochloron’ did
not, indicating the loss of dnaA occurred after the two
bacteria separated from a common ancestor. This implies
that symbiosis may also drive bacteria to lose dnaA.

Symbiotic interactions between Ca. Pp. terpiosi and
T. hoshinota

The predominance of Ca. Pp. terpiosi LD05 highlights its
role in T. hoshinota. Many sponges harbour photosyn-
thetic symbionts that provide their host with nutrients
(Erwin and Thacker, 2007; Thacker et al., 2007). Some
sponges acquire >50% of their energy demand from sym-
biotic cyanobacteria in the form of photosynthates
(Wilkinson, 1983; Taylor et al., 2007; Usher, 2008). Pho-
tosynthesis was observed in the T. hoshinota holobiont,
and its efficiency increased when the coral-killing
holobiont came into contact with coral, which may help
sponges overgrow corals (Wang et al., 2015). As the
dominant cyanobacteria, Ca. Pp. terpiosi LD05 may be
an important carbon source for T. hoshinota and may
facilitate competition with corals.

Certain symbiotic cyanobacteria in sponges can fix
nitrogen (Wilkinson and Fay, 1979). Ca. Pp. terpiosi
LD05 does not harbour genes related to nitrogen fixation,
but genes related to ammonium transporters and the GS-
GOGAT pathway were identified in Ca. Pp. terpiosi
LD05, indicating that it could recycle ammonium from the
cells of T. hoshinota in the mesohyl. On the other hand,
Ca. Pp. terpiosi LD05 harbours urea transporter and ure-
ase genes. Therefore, urea can be used as an alternative
nitrogen source. A previous study showed that levels of
free amino acids in T. hoshinota-inhabiting cyanobacteria
were elevated when the holobiont encountered a coral

(Wang et al., 2015). Our finding of an amino acid trans-
porter in Ca. Pp. Terpiosi LD05 suggests that the bacte-
rium may benefit from ‘coral killing’ by consuming amino
acids or ammonium that are released as coral colonies
disintegrate.

Animals cannot synthesize essential vitamins, so sym-
biotic microorganisms are thought to be important
sources of essential vitamins for sponges. Our analysis
of the Ca. Pp. terpiosi LD05 genome identified biosyn-
thetic pathways for vitamin B1, vitamin B7, and vitamin
B12. Thus, Ca. Pp. terpiosi LD05 may help maintain
T. hoshinota health by providing the holobiont with
vitamins.

One of the leading questions in the study of
T. hoshinota is how it kills corals. Several mechanisms
have been proposed to explain this. One argument is that
the sponge produces cytotoxic allelochemicals that dam-
age coral cells (Bryan, 1973). Another suggests that the
sponge overgrows corals and competes with them for
nutrients (Wang et al., 2012b). These hypotheses are not
mutually exclusive. Several cytotoxic compounds, includ-
ing nakiterpiosin, nakiterpiosinon, and terpiodiene, have
been isolated from T. hoshinota holobionts (Teruya
et al., 2002; Teruya et al., 2004). Nakiterpiosin and
nakiterpiosinon are C-nor-D-homosteroids. Previous
studies have shown that cyanobacteria can produce ste-
rols by cyclization of squalene, a triterpene (Fagundes
et al., 2019). In the Ca. Pp. terpiosi LD05 genome, bio-
synthetic pathways for squalene and squalene cyclases
were identified. Hence, Ca. Pp. terpiosi LD05 may be
responsible for toxin production. These toxins may facili-
tate the overgrowth of corals by damaging coral tissues
directly or by weakening coral defences. In the future, the
products of these gene clusters may be confirmed using
molecular approaches.

Conclusions

This study makes several discoveries about bacterial
communities associated with T. hoshinota. First, the
study showed that although bacterial communities are
governed by biogeography, four ASVs were prevalent in
T. hoshinota and formed the core microbiome. The core
microbiome of T. hoshinota includes a Prochloron-like
bacterium, Endozoicomonas, SAR116, Ruegeria, and
other unclassified Proteobacteria. Second, we found that
the Prochloron-like bacterium was the predominant cya-
nobacterium in cyanobacteriosponge T. hoshinota and
was present in all the samples and accounted for 30%
relative read abundance on average, suggesting that this
particular cyanobacterium is a potential obligate symbiont
of the sponge. By genomic, phylogenetic, and pigment
analyses, we found that LD05 and SP5CPC1 formed a
sister clade adjacent to Prochloron, and they lack
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chlorophyll b and have phycobilins, which is inconsistent
with the definition of Prochloron. Hence, we propose the
new genus ‘Paraprochloron’ to accommodate this clade.
Third, we demonstrated that ‘Paraprochloron’ has geno-
mic features distinct from those of Prochloron. ‘Par-
aprochloron’ has much smaller genomes, higher coding
gene densities, and uses dnaA-independent DNA replica-
tion. In summary, our research will help future studies
explore the detailed ecosystem inside the holobiont, and
the complete genome reconstruction of Ca. Pp. terpiosi
LD05 will help to extend our knowledge of cyanobacteria
evolution and the functional diversity of symbiotic
cyanobacteria.

Materials and methods

Sample collection

Sixty-one sponge samples, summarized in Supporting
Information Table S1, were collected from 15 coastal
sites in the western Pacific Ocean, South China Sea, and
Indian Ocean by scuba diving. Before DNA isolation,
sponge tissues were collected with tweezer underwater
and placed in Falcon 50 ml conical centrifuge tubes.
Samples were then washed with 1 ml of 1� TE buffer.
The samples were fixed with 100% ethanol and stored
at �20�C.

DNA extraction

For sponge samples from JPBS, JPISG, JPMYK,
JPOKE, TWLD, TWLY, and USGU, total DNA was
extracted using a DNeasy Blood and Tissue kit
(QIAGEN, Hilden, Germany) according to the manufac-
turer’s protocol. For the remaining samples, total DNA
was extracted using a modified CTAB method described
in our previous study (Tang et al., 2011). Tissue samples
in alcohol were centrifuged at 14 000 � g. The superna-
tant was removed, and the pellet was incubated with 1 ml
of 1� TE buffer three times. The pellet was resuspended
in 500 μl TE buffer containing 30 μl 10% SDS and 3 μl
20 mg ml�1 protease K. The samples were maintained at
37�C for 1 h, followed by the addition of 100 μl of 5 M
NaCl and 80 μl of CTAB/NaCl solution (i.e. 4% NaCl and
10% CTAB). The samples were kept at 65�C for 10 min,
and the supernatant was transferred into sterilized tubes
and treated with 600 μl of chloroform/isoamyl alcohol (24:
l) solution. After gentle shaking for 1 min, the samples
were centrifuged at 14 000 � g for 5 min at 4�C. The
upper aqueous phase was transferred to a fresh tube
with the addition of an equal volume of phenol/chloro-
form/isoamyl alcohol (25:24:1). The samples were cen-
trifuged at 14 000 � g for 5 min at 4�C, and the
supernatant was transferred to a new tube. DNA was

precipitated with 0.6 volumes isopropanol. The mixture
was centrifuged at 14 000 � g for 15 min, and the super-
natant was discarded. The pellet was washed with 70%
pre-chilled ethanol, air-dried, and resuspended in steril-
ized Milli-Q water. DNA samples were stored at �80�C
for subsequent experiments.

16S rRNA gene amplification and multiplex tag
sequencing

High-throughput sequencing of the 16S rRNA hypervari-
able V6–V8 region was used to characterize bacterial
community diversity and composition. V6–V8 sequences
were amplified by PCR with forward primer 5’-AACG
CGAAGAACCTTAC-3’ and reverse primer 5’-GACG
GGCGGTGWGTRCA-3’ (Lane, 1991). PCR mixtures
contained 33.5 μl of sterilized distilled water, 0.5 μl of 5 U
TaKaRa Ex Taq (Takara Bio, Otsu, Japan), 5 μl of 10X
Ex Taq buffer, 4 μl of 10 mM dNTP, 1 μl of each primer at
a concentration of 10 μM, and 5 μl template DNA in a
total volume of 50 μl. PCR was programmed with an ini-
tial step of 94�C for 5 min, 30 cycles of 94�C for 30 s,
52�C for 20 s, and 72�C for 30 s, followed by a final step
of 72�C for 10 min. PCR was performed again to add
barcodes to the amplicons. Each primer tag was
designed with four extra nucleotides at the 5’ end of both
primers. Unique tags were used for PCR barcoding to
label each sample in the study. PCR conditions were the
same as that for the V6–V8 amplification, except that the
number of reaction cycles was reduced to five. The prod-
ucts were purified by 1.5% agarose electrophoresis and
QIAEX II Agarose Gel Extraction kit (QIAGEN, Hilden,
Germany) according to manufacturer’s instruction. The
quality of the purified products was assessed using a
Nanodrop spectrophotometer (Thermo Scientific, Wal-
tham, USA).

Illumina DNA sequencing and community analysis

DNA concentrations were measured using a Quant-iT™
assay (Thermo Fisher Scientific). Equal pools of DNA
were sent to Yourgene Bioscience (Taipei, Taiwan) and
sequenced using the MiSeq platform (Illumina, San
Diego, USA). Short and low-quality reads were filtered
using Mothur v.1.38.1 (Schloss et al., 2009) to retain
reads with an average quality score > 27 and length of
365–451 base pairs (bp). Reads with homopolymers
>8 bp were excluded, and chimeric sequences from all
samples were removed using USEARCH v8.1.1861
(Edgar, 2010). ASVs were determined using DADA2 on
the QIIME2 platform (Callahan et al., 2016; Bolyen
et al., 2019). ASVs were classified with reference to the
Silva v128 database (Yilmaz et al., 2014) using Mothur.
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ASVs assigned to Archaea, Eukaryota, chloroplasts, and
mitochondria were removed.

Alpha and beta diversity analyses were performed on
rarefied data using QIIME 2 v2020.6 (Bolyen
et al., 2019). Alpha diversity indices were calculated
using Shannon diversity, Chao1 richness estimator, and
Faith’s phylogenetic diversity. Dissimilarities in microbial
community composition among samples were computed
using Bray–Curtis distance dissimilarity, unweighted
UniFrac, and weighted UniFrac. The results were visual-
ized using dendrograms. To evaluate the effects of sam-
pling sites on alpha and beta diversity, sites with sample
numbers >2 were used to perform statistical tests. The
associations between alpha diversity indices and sam-
pling locations were tested using the Kruskal–Wallis test.
PERMANOVA analysis was performed using the adonis
function in R. PERMANOVA with 999 permutations was
conducted to evaluate potential associations between
sampling sites and microbial community structures based
on Bray–Curtis distance, unweighted UniFrac, and
weighted UniFrac metrics. To control for variations in
microbial community caused by collection year, collection
year was set as a blocking variable in ‘strata’ argument.

Electron microscopy

A T. hoshinota sample at the sponge-coral border was
observed by TEM, and T. hoshinota encompassing a rub-
ber tire was observed by SEM. Samples were prepared
as described in our previous study (Tang et al., 2011).
Samples were fixed in 0.1 M phosphate buffer with 2.5%
glutaraldehyde and 4% paraformaldehyde. After fixation,
the samples were washed with 0.1 M phosphate buffer
for 15 min three times and immersed in 0.1 M phosphate
buffer with 1% osmium tetroxide for 4 h.

For TEM, sample was washed again three times and
sequentially dehydrated in acetone at 30%, 50%, 70%,
85%, 95%, and 100% for 20 min each time. After dehy-
dration, the sample was embedded in Spurr’s resin and
sectioned. The section was stained with 5% uranyl ace-
tate in methanol and 0.5% lead citrate. The stained sam-
ple was observed using a Philips CM-100 TEM
instrument.

For SEM, sample was sequentially dehydrated in 30%
for 1 h, 50% for 1 h 70% for 1 h, 85% for 2 h, 95% for
2 h, 100% for 2 h, and 100% for 12 h. The sample was
dried in a Hitachi HCP-2, Crytical point dryer, gold coated
with a Hitachi E-1010, and observed using an FEI
Quanta 200 SEM.

Pigment analysis by UPLC-QTOF-MS

Approximately 2.5 g of wet T. hoshinota tissue from each
sample was centrifuged at 2000 � g for 30 s to remove

excess water. Sponge tissues were placed in mortars
and ground with 4 ml of 100% acetone to homogenize
the tissues. The homogeneous samples were transferred
into a 5 ml centrifuge tube and centrifuged at 2000 � g at
room temperature for 30 s. The supernatant was trans-
ferred into a new 5-ml centrifuge tube. The samples were
covered with aluminium foil paper for being shaded and
stored at 4�C until pigment analysis.

Pigment content analysis was performed by UPLC-MS.
The UPLC-MS system used the Agilent 1290 Infinity II
ultra-performance liquid chromatography (UPLC) system
(Agilent Technologies, Palo Alto, CA, USA) coupled
online to the Dual AJS electrospray ionization (ESI)
source of an Agilent 6545 quadrupole time-of-flight (Q-
TOF) mass spectrometer (Agilent Technologies). The
samples were separated using a Kinetex XB-C18 column
(2.6 μm, 4.6 � 100 mm, Phenomenex, Torrance, CA,
USA) at 40�C. The chromatogram was acquired; mass
spectral peaks were detected and their waveform
processed using Agilent Qualitative Analysis 10.0 soft-
ware (Agilent, USA).

Metagenome sequencing and assembly

Nanopore and Illumina sequencing were used to recover
metagenome-assembled genomes (MAGs) with high
accuracy. For Illumina sequencing, T. hoshinota tissues
were ground, and the samples were filtered through a
35 μm nylon mesh (Falcon® 5 ml Round Bottom Polysty-
rene Test Tube, with Cell Strainer Snap Cap). A 1 � 108

cyanobacterial cells were purified from the samples using
the MoFlo XDP cell sorter based on fluorescence and for-
ward scatter intensity. The cells were then retained on a
0.2-μm cellulose acetate membrane filter, and the DNA
was extracted by the modified CTAB method mentioned
above. Purified DNA was sent to Yourgene Bioscience
(Taipei, Taiwan) and sequenced on a MiSeq platform
(Illumina, USA).

Nanopore sequencing was performed on T. hoshinota
larvae. T. hoshinota larvae were searched on
T. hoshinota adult by scuba diving around Gonguuan
(22�40’ N 121�270 E) in Lyudao, Taiwan on 04 July 2020.
Larvae were collected into a Falcon 50 ml conical centri-
fuge tube with a dropper underwater. The larvae were
then selected into a Petri dish using a microscope to
remove contamination, and the larvae were then fixed
with absolute ethanol and stored at �20�C until DNA
extraction. The total DNA was extracted by the modified
CTAB method mentioned above. After DNA extraction,
the DNA was sent to NGS Core at Biodiversity Research
Center, Academia Sinica for Nanopore sequencing.

To recover cyanobacterial genome from the
metagenome, nanopore reads were assembled by meta-
Flye with default settings (Kolmogorov et al., 2020). One
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contig was annotated as circular by metaFlye, and it was
assigned as a novel cyanobacterial species by the
GTDB-TK taxonomy annotation (Chaumeil et al., 2020).
Because nanopore reads are error-prone, the genome was
polished by Illumina reads in order to increase the accu-
racy of the genome. First, Illumina reads were trimmed and
filtered by trimmomatic v0.39 with the following parame-
ters: ILLUMINACLIP:TruSeq3-PE-2.fa:2:30:10:3: TRUE
LEADING:10 TRAILING:10 SLIDINGWINDOW:5:15
MINLEN:50 (Bolger et al., 2014). The processed reads
were mapped to the cyanobacterial contig, and the contig
was then polished with Pilon by the mapping result
(Walker et al., 2014).

Genome annotation and analyses

The genome of Prochloron, ‘Paraprochloron’, and phylo-
genetically close cyanobacteria were annotated using
Prokka v1.13.7 with the ‘usegenus’ and ‘rfam’ options
(Seemann, 2014). The genomes were also annotated
with KEGG functional orthologues (KO numbers) and
clusters of orthologous (COGs) (Kanehisa and
Goto, 2000; Tatusov et al., 2000). To annotate the KO
numbers, protein sequences predicted by Prodigal were
blasted against the KEGG prokaryotic species gene data-
base with bacteria taxonomy group using BlastKoala
(Hyatt et al., 2010; Kanehisa et al., 2016; Boyd
et al., 2019). The KO number annotation results were
then used to reconstruct the transporter systems and
metabolic pathways using KEGG mapper (Kanehisa and
Sato, 2020). To annotate Clusters of Orthologous
(COGs), the predicted protein sequences were searched
against the COG database by PSI-BLAST with an e-
value threshold of 10�5 (Camacho et al., 2009). In addi-
tion, the transporter proteins were identified by searching
the putative protein sequences against TransportDB 2.0
(August 2019) using BLASTp (Elbourne et al., 2017).

ANI calculation and phylogenetic analyses

The ANIs between genomes were determined using
FastANI (Jain et al., 2018). To reconstruct a phylogenetic
tree of the 16S rRNA genes, the sequences with high
identities to the 16S rRNA gene in LD05 genome were
retrieved by searching the NCBI nt database using
BLASTn (Camacho et al., 2009; Coordinators, 2018).
The sequences were aligned by MUSCLE on MEGA7
(Edgar, 2004; Kumar et al., 2016). A tree was then
reconstructed using IQ-TREE v2.03 using automatic
model selection and 1000 bootstraps (Minh et al., 2020).
The tree was visualized with iTOL v4 (Letunic and
Bork, 2019).
Genomes for each cyanobacteria species in GTDB

database were downloaded and 120 single-copy gene

protein sequences were used to reconstruct a tree (Parks
et al., 2018). Marker gene protein sequences were identi-
fied, aligned, and concatenated by GTDB-TK v1.3.0
(Chaumeil et al., 2020). A phylogenomic tree was then
built using IQ-TREE v2.03 with automatic model selection
and 1000 Ultrafast bootstraps. The tree was visualized
with iTOL v4 (Letunic and Bork, 2019; Minh et al., 2020).

Data Availability

All the raw data and genome were submitted under
BioProject ID: PRJNA665642.
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Fig. S1. Alpha diversity plots of each sample from different
locations. (a) ASV richness estimated by Chao1.
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represent outliers.
Fig. S2. Taxonomic analyses of the T. hoshinota microbiome
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(b) levels using 16S rRNA amplicon sequencing.
Fig. S3. Matrix of average amino acid identity between cya-
nobacteria that are closely related to the LD05 genome. The
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Fig. S4. Complete phylogenetic tree of Fig. 5a. The tree
includes 120 cyanobacteria from different genera. The bra-
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