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Abstract Previously, it was believed that the prokaryote com-
munities of typical ‘low-microbial abundance’ (LMA) or
‘non-symbiont harboring’ sponges were merely subsets of
the prokaryote plankton community. Recent research has,
however, shown that these sponges are dominated by partic-
ular clades of Proteobacteria or Cyanobacteria. Here, we ex-
pand on this research and assess the composition and putative
functional profiles of prokaryotic communities from LMA
sponges collected in two ecosystems (coral reef and hydro-
thermal vent) from vicinal islands of Taiwan with distinct
physicochemical conditions. Six sponge species identified as
Acanthella cavernosa (Bubarida), Echinodictyum asperum,
Ptilocaulis spiculifer (Axinellida), Jaspis splendens
(Tetractinellida), Stylissa carteri (Scopalinida) and Suberites
sp. (Suberitida) were sampled in coral reefs in the Penghu
archipelago. One sponge species provisionally identified as
Hymeniacidon novo spec. (Suberitida) was sampled in hydro-
thermal vent habitat. Each sponge was dominated by a limited
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set of operational taxonomic units which were similar to se-
quences from organisms previously obtained from other LMA
sponges. There was a distinct bacterial community between
sponges collected in coral reef and in hydrothermal vents. The
putative functional profile revealed that the prokaryote com-
munity from sponges collected in hydrothermal vents was
significantly enriched for pathways related to DNA replication
and repair.

Keywords Archaea - Bacteria - Low microbial abundance
sponges - Hydrothermal vent - Reef coral

Introduction

Microbial symbionts play key roles in the functioning and
survival of eukaryotic organisms [1, 2]. Sponge-microbe as-
sociations represent a model of host-microbe interaction that
has been the focus of extensive research [3]. The sponge
microbiome has been shown to have a profound impact on
sponge health, ecology and evolution [4]. For example, al-
though the main means of carbon acquisition is heterotrophic
(filter feeding), sponges can sometimes obtain more than 50%
of their energy requirements from their photosymbionts [5].
The functional potential of sponge-enriched microorganisms
further indicates that they support, at least in part, other met-
abolic processes such as ammonium and nitrite oxidation,
nitrogen fixation and sulfate reduction [4]. The interest in
these associations has been, furthermore, fostered by the
sponge’s ability to produce biologically active secondary me-
tabolites, which, in some cases, have been directly linked to
sponge-enriched microbial symbionts [6, 7]. Microbial abun-
dance, composition, diversity and specificity can vary
greatly among sponge species including species in the
same habitat [8—11].
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Sponge species harbouring very high densities of microor-
ganisms (107 cells per gram wet weight of sponge) have been
previously designated as HMA (high microbial abundance)
sponges, while sponge species harbouring lower numbers of
such symbionts (10° to 10° cells per gram wet weight of
sponge) have been designated as LMA (low microbial abun-
dance) sponges [12]. In addition to housing numbers of mi-
croorganisms similar to those found in seawater, LMA
sponges have been shown to have lower microbial diversity
(mainly consisting of taxa assigned to Proteobacteria,
Cyanobacteria and Archaea), higher pumping rates, wider
aquiferous canals and larger choanocyte chambers when com-
pared to HMA sponges [13]. Hochmuth et al. (2010) also
suggested that the absence of the candidate phylum
Poribacteria and supA type polyketide synthase genes in
LMA sponges endows them with a distinct fatty acid profile
(in particular the lack of methyl-branched fatty acids).

The microbiome composition of LMA sponges and its sta-
bility in different habitats is still far from being completely
understood. The majority of studies have either concentrated
on HMA sponges or did not clearly distinguish between HMA
and LMA sponges [14]. There is also a lack of knowledge
regarding the extent of species-specific microbial symbionts
in LMA sponges and their stability under changing environ-
mental conditions. In the present study, we investigated and
compared the prokaryote communities of LMA sponges lo-
cated in highly contrasting ecosystems, (coral reefs and low
pH vent) in Taiwanese waters.

Taiwan is located on the northern border of the ‘Coral
Triangle’, recognized as a global centre of marine biodiversity
and a global priority for conservation, which includes the
Philippines, Malaysia and Indonesia [15, 16]. With the excep-
tion of the western sandy coastline of the Taiwanese mainland,
coral reefs can be found along the northern, eastern and south-
e rocky coasts and offshore islands including the Penghu
Islands and Kueishan Islet. Much of these reefs have been
degraded by human activity, but thriving reefs with high coral
cover can still be found in certain locations including the iso-
lated southern Penghu Islands [17]. Coral reefs of the Penghu
Islands also harbor a diverse sponge community with over 60
species recorded in shallow-water reef habitat [18, 19]. Along
the southern coast of the main island, Magong, populations of
the giant barrel sponge, Xestospongia testudinaria and other
species, such as Cinachyrella spp., adapted to elevated levels
of sedimentation can be found, while the southern offshore
islands harbour dominant populations of Agelas
nemoechinata Hoshino, 1985, Aaptos suberitoides Bronsted,
1934, and Acanthella cavernosa Thiele, 1903 [19].

The shallow-water hydrothermal vent system off the
Kueishan Islet (‘Turtle Mountain’), NE Taiwan, was first doc-
umented in 1999 [20]. The hydrothermal vents are located at a
depth of 8 to 20 m and are characterized by acidic (pH = 1.52—
6.96) and sulfur-rich discharges that can reach temperatures of
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45-115 °C. The waters near the hydrothermal vents are poor
in nutrients but rich in trace elements such as Fe, Cu, Al and
Mn [21]. In this extreme physical environment, benthic
extremophiles include microorganisms [22-24], crustaceans
[24], unknown sea anemones, algae (Rhodophyta and
Chlorophyta), polycheates and sponges (pers. obs. YM
Huang). In this study, our goal was to investigate the richness,
composition and putative function of prokaryote communities
in LMA sponge species located in Taiwanese coral reef and
shallow hydrothermal vent ecosystems.

Materials and Methods
Location

The Penghu archipelago (Fig. 1), off the western coast of
Taiwan in the Taiwan Strait, consists of approximately 90
islands and islets. The islands mainly consist of oceanic basalt
rock that resulted from the discharge of magma from subma-
rine volcanic crevasses 8—16 million years ago [25]. Typical
fringing reefs dominate most of the coastal areas. The hydrol-
ogy around the islands is significantly influenced by the cold,
southbound Chinese Coastal Current, the warm northbound
South China Sea Current and in part by the Kuroshio Current.
The anfractuous coastline of the islands, convergence of three
main currents, diurnal alternation of tidal current and upwell-
ing result in a complex hydrological condition. Annual varia-
tion of mean sea surface temperature ranges from 21 to 28 °C;
however, extremely cold seawater temperature (ca. 11 °C) can
strike the islands caused by the Chinese Coastal Current every
few decades [26]. In addition to this, the abundance and bio-
diversity of subtidal sponges in the coral reef system has been
estimated to be high.

Kueishan Islet (121°57" E, 24°50" N; Fig. 1), approximately
10 km off the coastline of the Yilan County, NE Taiwan, is at
the tectonic junction of the fault system extension of Taiwan
and the southern rifting end of the Okinawa Trough [27]. As
the youngest in the region, the island formed during the last
eruption that occurred ca. 7000 years ago. There are more than
30 hydrothermal vents over an area of ~0.5 km? east of the
islet at a depth of <30 m, emitting hydrothermal fluids and
volcanic gases [21]. Yellow vents discharging elemental sulfur
particles have recorded temperatures of 78—116 °C (mean
106 + 9 °C) and pH values of 1.52—6.32 (mean 2.49 + 0.72),
while vents discharging whitish fluids have lower tempera-
tures of 30—65 °C (mean 51 + 8 °C) and pH values of 1.84—
6.96 (mean 3.20 + 1.17). In the hydrothermal site, all sponge
specimens were collected within a 5-m range of white vents
(121°57.690" E, 24°50.053" N); no sponges were observed at
yellow vents. Only two sponge species were found at the
white vents, both belonging to the genus Hymeniacidon (or-
der: Suberitida). Both species are considered new to science.
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Fig. 1 Sampling locations of 25°45N
LMA sponges. Coral reef
(Penghu Island; PH) and low pH
shallow hydrothermal vent
(Kueishan Islet; KSI) of Taiwan
23°40N
21°30N

118°55E

Sampling Site

In the present study, we sampled six shallow water LMA
sponge species in coral reef habitat in the Penghu Islands
and one sponge species at the shallow water hydrothermal
vent off Kueishan Island islet. The six coral reef sponge spe-
cies were identified by NJ de Voogd as A. cavernosa (order:
Bubarida), Echinodictyum asperum, Ptilocaulis spiculifer (or-
der: Axinellida), Jaspis splendens (order: Tetractinellida),
Stylissa carteri (order: Scopalinida) and Suberites aff.
diversicolor (order: Suberitida) and were sampled in reefs of
the Penghu archipelago. One sponge species provisionally
identified as Hymeniacidon novo spec. was sampled in hydro-
thermal vent habitat. Two to four replicates were sampled per
species. Sponges were photographed in situ, collected using
scuba diving, brought back to the laboratory and preserved in
95% ethanol for further identification and molecular work.
Three seawater samples were collected from coral reef habitat
by filtering 1 1 of seawater (collected at 1 m depth) through a
Millipore® White Isopore Membrane Filter (GTTP04700, 47-
mm diameter, 0.22-pum pore size). All sponge specimens have
been deposited at Naturalis Biodiversity Center.

121°10E 123°15E

DNA Extraction and Sequencing

PCR-ready total community DNA (TC-DNA) was isolated
from sponge and seawater samples using the FastDNA®
SPIN Kit (MP Biomedicals) following the manufacturer’s in-
structions. The membrane filter (seawater) or sponge samples
were each cut into small pieces and transferred to Lysing
Matrix E tubes containing a mixture of ceramic and silica
particles. The microbial cell lysis was performed in the
FastPrep® Instrument (Q Biogene) for 80 s at speed 6.0.
Extracted DNA was eluted into DNase/pyrogen-free water to
a final volume of 50 pl and stored at —20 °C until use. The 16S
rRNA gene V3V4 variable region PCR primers 341F 5'-
CCTACGGGNGGCWGCAG-3" and 785R 3'-GACT
ACHVGGGTATCTAATCC-5" with barcode on the forward
primer were used in a 28 cycle PCR assay using the
HotStarTaq Plus Master Mix Kit (Qiagen, USA) under the
following conditions: 94 °C for 3 min, followed by 28 cycles
of 94 °C for 30 s, 53 °C for 40 s and 72 °C for 1 min, after
which a final elongation step at 72 °C for 5 min was per-
formed. After amplification, PCR products were checked in
2% agarose gel to determine the success of amplification and
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the relative intensity of bands. Multiple samples were pooled
together in equal proportions based on their molecular weight
and DNA concentrations. Pooled samples were purified using
calibrated Ampure XP beads. Pooled and purified PCR prod-
uct was used to prepare the DNA library following the
[lumina TruSeq DNA library preparation protocol. Next-gen-
eration, paired-end sequencing was performed at MRDNA
(Molecular Research LP; http://www.mrdnalab.com/; last
checked 18 November 2016) on an Illumina MiSeq device
(Illumina Inc., San Diego, CA, USA) following the
manufacturer’s guidelines. Sequences from each end were
joined following Q25 quality trimming of the ends followed
by reorienting any 3'-5' reads back into 53’ and removal of
short reads (<150 bp). The resultant files were analysed using
the QIIME (Quantitative Insights Into Microbial Ecology;
[28] software package (http://www.qiime.org/; last checked
20 January 2017).

16S rRNA Gene Sequencing Analysis

In QIIME, fasta and qual files were used as input for the
split_libraries.py script. Default arguments were used except
for the minimum sequence length, which was set at 250 bps
after removal of forward primers and barcodes. In addition to
user-defined cut-offs, the split libraries.py script performs
several quality filtering steps (http://qiime.org/scripts/split_
libraries.html). Operational taxonomic units (OTUs) were se-
lected using UPARSE with usearch7 [29]. The UPARSE se-
quence analysis tool provides clustering, chimera checking
and quality filtering on de-multiplexed sequences. Chimera
checking was performed using the UCHIME algorithm [30].
The quality filtering as implemented in usearch7 filters noisy
reads, and preliminary studies suggest it gives results compa-
rable to other denoisers such as AmpliconNoise but is much
less computationally expensive (http://drive5.com/usearch/
features.html; last checked 20 January 2017). First, reads
were filtered with the -fastq filter command and the
following arguments -fastq trunclen 250 -fastq maxee 0.5 -
fastq_truncqual 15. Sequences were then dereplicated and
sorted using the -derep_fulllength and -sortbysize commands.
OTU clustering was performed using the -cluster otus com-
mand. An additional chimera check was subsequently applied
using the -uchime ref command with the gold.fa database
(http://drive5.com/uchime/gold.fa). AWK scripts were then
used to convert the OTU files to QIIME format. In QIIME,
representative sequences were selected using the pick rep
set.py script in QIIME using the ‘most abundant’ method.
Taxonomy was assigned to reference sequences of OTUs
using default arguments in the assign taxonomy.py script in
QIIME with the rdp method [31]. In the assign _taxonomy.py
function, we used a fasta file containing reference sequences
from the Greengenes 13 8 release and the rdp classifier
method. We used a modified version of the taxonomy file
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supplied with the Greengenes 13 8 release to map
sequences to the assigned taxonomy. Finally, we used the
make otu_table.py script in QIIME to generate a square
matrix of OTUs x SAMPLES. This was subsequently used
as input for further analyses using the R package [32].
Sequence identifiers of closely related taxa of selected OTUs
(=1500 sequences) were downloaded using the NCBI Basic
Local Alignment Search Tool (BLAST) command line
‘blastn’ tool with the -db argument set to nt [33]. Further
details can be found in supportive information. The DNA
sequences generated in this study can be downloaded from
the NCBI SRA: SRP109605.

Statistical Analysis of 16S rRNA Gene Sequencing Data

A table containing the presence and abundance of all OTUs
per sample was imported into R (https://www.r-project.org)
using the read.csv() function. This table was used to
compare community composition, estimate richness and
assess the relative abundance of selected higher taxa. For the
OTU table, singletons and OTUs not classified as bacteria or
classified as chloroplasts and mitochondria were removed
prior to statistical analysis.

We used a self-written function in R to estimate total rare-
fied OTU richness [34]. The OTU abundance matrix was log,
(x + 1) transformed (to normalize the distribution of the data),
and a distance matrix was constructed using the Bray—Curtis
index with the vegdist() function in the VEGAN package [35]
in R. Variation in OTU composition was assessed with
Principal Coordinates Analysis (PCO) using the cmdscale()
function in R with the Bray—Curtis distance matrix as input.
Variation among host species was tested for significance using
the adonis() function in vegan. In the adonis analysis, the
Bray—Curtis distance matrix of species composition was the
response variable with biotope as independent variable. The
number of permutations was set at 999; all other arguments
used the default values set in the function. Weighted average
scores were computed for OTUs on the first four PCO axes
using the wascores() function in the vegan package. We tested
for significant differences in the relative abundance of selected
classes among host species with an analysis of deviance using
the glm() function in R. Because the data was proportional, we
first applied a glm with the family argument set to binomial.
The ratio, however, of residual deviance to residual d.f. in the
models substantially exceeded 1 so we set family to
‘quasibinomial’. In the ‘quasibinomial’ family, the dispersion
parameter is not fixed at one so that it can model over-disper-
sion. Using the glm model, we tested for significant variation
among biotopes using the anova() function in R with the
test, which is most appropriate when dispersion is estimated
by moments as is the case with quasibinomial fits. Detailed
descriptions of the functions used here can be found in R (e.g.,
?7cmdscale) and online in reference manuals (http:/cran.r-
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project.org/web/packages/vegan/index.html). A heatmap was
constructed to visualize the distribution of the dominant OTUs
(>1500 sequences). The heatmap was generated using the
function heatmap2() in the R package gplots (http://www.
cran.r-project.org/).

We constructed a phylogenetic tree that included the most
abundant alphaproteobacterial OTUs (>1500 sequences), their
closest related taxa based on the best BLAST hits, sequences
assigned to Kiloniellales retrieved from Cleary et al. [8]
(SRA049887) and sequences assigned to Alphaproteobacteria
retrieved from Weigel and Erwin [40] (accession numbers:
KT880397, KT880320, KT880309, KT880397, KT880329,
KT880358, KT880292, KT880420, KT880289, KT880233,
KT880453). Evolutionary distances were computed using the
maximum composite likelihood method with a gamma distri-
bution (four categories) and 500 bootstraps [36] using MEGA
software (version 6.06) [37].

Predictive Gene Enrichment

To predict the metagenome of each sample, we used PICRUSt
(http://picrust.github.com/picrust/—Version 1.0) [38].
PICRUS! is a bioinformatic tool that uses marker genes, in
this case 16S rRNA, to predict metagenome gene functional
content. A detailed description of these methods has been
previously published [38, 39]. Briefly, the ‘pick closed
reference otus.py’ was used to pick OTUs against a
reference collection with OTUs assigned at a 97% similarity.
OTUs were selected using the GreenGenes release version
13 5 (http://greengenes.lbl.gov). The OTU table obtained
was then normalized dividing each OTU by the known/
predicted 16S copy number with ‘normalize by copy num-
ber.py’ function. The ‘predict metagenomes.py’ function was
used to create a square matrix, containing normalized OTU
abundance multiplied by each predicted functional trait abun-
dance per sample. Output of the predict metagenomes.py
script consists of a table of gene (or functional) counts
assigned to KEGG orthologs (KOs). Finally, the ‘catego-
rize by function.py’ function was used to generate a square
matrix with KEGG hierarchy collapsed at levels 2 and 3. We
additionally used the ‘-a’ option to calculate the Nearest
Sequenced Taxon Index (NSTI). The script used is provided
in the supporting information. We focused only on sponges
that had at least three replicates and water samples. A table
containing the presence and abundance of all KOs per sample
was imported into R using the read.csv() function. This table
was used to compare KO composition using the PCO and the
adonis() function as described above. The square matrix con-
taining the KEGG hierarchy collapse at levels 2 and 3 was
used to compare the relative abundance of KOs assigned with
specific pathways. We further tested for significant differences
among host species with an analysis of deviance using the
glm() function in R.

Results
Community Richness and Composition

The sequencing effort generated 418,669 sequences that were
binned into to 6438 OTUs after quality screening and excluding
OTUs assigned to chloroplasts and mitochondria. OTUs were
assigned to 45 phyla, 117 classes and 165 orders. Prokaryote
rarefied richness was highest in an E. asperum sample, followed
by water, J. splendens and P. spiculifer samples (Fig. 2).
Suberites sp. and Hymeniacidon sp. had the lowest estimated
richness. In the PCO analysis, the first axis separated samples of
Hymeniacidon sp. and one replicate of Suberites sp. from the
rest of the samples (Fig. 3a). The second axis separated samples
of A. cavernosa and S. carteri from the remaining samples (Fig.
3a). The third axis separated samples of Suberites sp. from the
samples of Hymeniacidon sp. (Fig. 4a). The fourth axis separat-
ed samples of J. splendens from water samples (Fig. 4a). The
biotope (sponge species or water) proved to be a significant
determinant of prokaryote composition (adonis, 7, = 3.09,
R?=0.590, P < 0.001) and explained 59% of the variation in
composition. Samples of Hymeniacidon sp. were characterized
by the presence of a number of highly abundant OTUs assigned
to the alphaproteobacterial class (Figs. 3b). Hymeniacidon sp.
and Suberites sp. both hosted alphaproteobacterial OTUs that
were highly abundant and distinct in each host species (Figs.
4b). Abundant alphaproteobacterial OTUs in Suberites sp. were
assigned to the Kilonielalles order, while most of the abundant
alphaproteobacterial OTUs in Hymeniacidon sp. were unclassi-
fied at the order level (Table S1). The separation of A. cavernosa
and S. carteri from other sponge species along the second axis
was related to the prevalence of a number of OTUs assigned to
the Gammaproteobacteria class (Figs. 3b). J. splendens was also
associated with two abundant OTUs assigned to the
Gammaproteobacteria class and Chromatiales order (Fig. 4b).

Higher Taxon Abundance and OTU Compositional
Analysis

The Proteobacteria was the most abundant phylum in all indi-
vidual sponges of all species (average relative abundance
68.44 £ 19.05%) (Fig. 5). The Cyanobacteria was relatively
abundant in all samples (9.30 £ 6.92%), with the exception of
Hymeniacidon sp. and one sample of Suberites sp. Other abun-
dant phyla included Chloroflexi (average relative abundance
1.28 £ 2.34%), Planctomycetes (1.13 £ 1.14%), Spirochactes
(1.44 £ 4.12%), Actinobacteria (4.59 + 6.78%), Bacteroidetes
(4.75 = 3.16%), Euryarchacota (2.03 + 1.90%) and
Crenarchaeota (2.72 + 4.23%). In water samples, the most
abundant phylum was also Proteobacteria. However, the rela-
tive abundance of Proteobacteria (44.20 + 2.73%) was lower
than that observed in most sponges with the exception of
A. cavernosa. The second most abundant phylum in water
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Fig. 2 Rarefied richness of the
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samples was Bacteroidetes (25.04 £ 5.64%). The relative abun-
dance of Bacteriodetes was much higher in water than in all
sponge species (Fig. 5). Other abundant phyla in water includ-
ed Euryarchaeota (10.90 + 4.37%), Actinobacteria
(6.68 = 1.76%) and Cyanobacteria (5.15 = 1.97%) (Fig. 5).
The most abundant classes in sponge samples were
Alphaproteobacteria (average relative abundance
29.94 + 31.15%), Gammaproteobacteria (24.11 + 3.53%),
Synechococcophycidea (9.18 + 6.85%), Betaproteobacteria
(8.33 = 1.37%), Deltaproteobacteria (5.81 £+ 9.81%) and
Flavobacteriia (3.89 + 2.75%) (Fig. 6). In water samples, the
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most abundant classes were Alphaproteobacteria
(26.95 + 4.21%), Flavobacteriia (23.61 £ 5.94%),
Gammaproteobacteria (15.40 + 3.53%), Thermoplasmata
(10.89 + 4.36%) and Acidimicrobiia (6.51 + 1.73%). In line
with the PCO analysis, the most striking differences at the
class level were related to the relative abundance of
Alphaproteobacteria that was far higher in Suberites sp.
(65.75 £ 4.93%) and in Hymeniacidon sp. (90.74 + 3.23%)
than in the remaining samples (15.38 = 7.67%) (Fig. 6). Also
in line with the PCO analysis (third and fourth axes, Fig. 4a,
b), the heatmap analysis revealed that each sponge species
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Fig. 4 Ordination showing the third and fourth axes of the Principal
Coordinates Analysis (PCO) of prokaryote OTU composition. a Light
grey symbols represent operational taxonomic unit (OTU) scores with
symbol size representing their abundance (number of sequence reads).

was dominated by a limited set of OTUs (Fig. 7). Acanthella
cavernosa was dominated by OTU-11 (average relative abun-
dance 17.31 + 4.70%). This OTU was assigned to the
Acidimicrobiales order and had a sequence similarity of
94.37% with an organism retrieved from the LMA sponge
Poecillastra compressa sampled in the northern Atlantic
(Table S1). OTU-22 was another abundant OTU
(10.30 £ 3.85%) in A. cavernosa (Fig. 7). This OTU was
assigned to the Crenarchaeota phylum (Archaea domain)
and had a sequence similarity of 99.51% with an organism
obtained from the LMA sponge Mycale laxissima (Table S1).
In E. asperum, OTU-7 (28.66 + 12.26%), assigned to the
betaproteobacterial order EC94, was the most abundant (Fig.
7) and had a sequence similarity of 95.32% with an organism
obtained from the cold water sponge T5itsikamma favus
(Table S1). Other abundant OTUs in E. asperum included
OTUs 10, 5 and 41 (7.95 + 3.16%, 7.27 £ 2.40% and
7.20 + 4.13%, respectively) (Fig. 7). OTUs 5 and 10 were
assigned to the Synechococcaceae family. OTU 41 was simi-
lar (sequence similarity of 91.54%) to an organism obtained
from the LMA sponge Callyspongia vaginalis (Table S1).
Jaspis splendens samples were dominated by the
deltaproteobacterial OTU 6 (25.60 = 8.64%), and
gammaproteobacterial (Chromatiales) OTUs 9
(24.49 £ 2.79%) and 19 (14.37 £ 9.64%) (Fig. 7). OTU-6
was similar to an organism obtained from a hypersaline basin
(sequence similarity 95.1%, Table S1). OTU-9 was similar to
an organism retrieved from the HMA sponge Aplysina fulva
collected in the Caribbean Sea, and OTU-19 was similar to a
sequence retrieved from river sediment (sequence similarity
95.98 and 92.86%, respectively, Table S1). Ptilocaulis
spiculifer samples were dominated by OTUs 14, 15 and 10
(20.36 + 3.95%, 10.81 + 2.45% and 8.90 + 1.78%) (Fig. 7)
OTU-14, assigned to Gammaproteobacteria had high

b The color of the symbol indicates their taxonomic affiliation (class
level). Aa Acanthella cavernosa, Ea Echinodictyum asperum, Js Jaspis
splendens, Ps Ptilocaulis sp., Sc Stylissa carteri, Su Suberites sp., Hy
Hymeniacidon sp., Wt water

similarity (sequence similarity of 95.11%) with an organism
retrieved from the LMA marine sponge Raspailia topsenti
(Table S1). OTU 10 was assigned to the Synechococcaceae
(Cyanobacteria phylum) and was similar (sequence similarity
0f 99.76%) to an organism retrieved from a hypersaline sed-
iment. OTU 15 was assigned to the order EC94 and was sim-
ilar (sequence similarity of 95.91%) to an organism retrieved
from the LMA sponge Haliclona sp. (Table S1). In Suberites
sp., OTU 3, assigned to the Alphaproteobacteria, dominated
the prokaryote community (57.51 + 1.80%) (Fig. 7). This
OTU was assigned to the Kiloniellales order and was similar
(sequence similarity 98.12%) to an organism collected in ma-
rine reef sediment (Table S1). Stylissa carteri was dominated
by OTUs 16, 24 and 46 (25.00 + 3.30%, 15.48 + 13.78%,
7.00 £+ 2.46%) (Fig. 7). These OTUs were assigned to the
orders Chromatiales, Thiohalorhabdales and NB1-j, respec-
tively. These OTUs were similar to organisms retrieved from
the LMA sponges Axinella sp., Phakellia fusca and Stylissa
cartieri (sequences similarities of 99.11, 97.99 and 99.55%,
respectively). Samples of Hymeniacidon sp. were dominated
by OTU 1 (64.62 + 4.43) (Fig. 7). This OTU was assigned to
the Alphaproteobacteria class and was similar (sequence sim-
ilarity = 97.64%) to an organism retrieved from the sponge
Tedania ignis originally collected in a mangrove in the
Caribbean Sea (Table S1). OTUs 6735, 6896, 11,947 and
747 assigned to the Alphaproteobacteria were almost exclu-
sively found in Hymeniacidon sp. (14.69 +1.03,2.82 £0.72,
3.11 +£ 0.58 and 2.14 £ 0.54) (Fig. 7). OTUs 6735, 747 and
11,947 were similar (sequences similarities 98.35%, 98.11%
and 97.64%, respectively) to organisms retrieved from
Hymeniacidon pervelis in the intertidal zone of Ballyhenry
Island, Ireland (Table S1). OTU 6896 was similar to an organ-
ism retrieved from Terpios hoshinota collected in China (se-
quence similarity 98.11%) (Table S1).
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Fig. 5 Relative abundance of the most abundant prokaryote phyla for samples from Aa Acanthella cavernosa, Ea Echinodictyum asperum, Js Jaspis
splendens, Ps Ptilocaulis sp., Sc Stylissa carteri, Su Suberites sp., Hy Hymeniacidon sp., Wt water

In water samples, the dominance of the most abun-
dant OTU was much lower than in sponge samples
(Fig. 6a). In line with the PCO (first and second axes,
Fig. 3a, b), the heatmap analysis also revealed a close
association of samples from water and samples from
E. asperum and P. spiculifer (Fig. 7). With the excep-
tion of OTUs 5 and 10, assigned to the phylum
Cyanobacteria, this association was not related to the
dominant OTUs of each sponge.

@ Springer

Alphaproteobacteria Phylogeny

Taking into account the pronounced differences in the relative
abundance of the Alphaproteobacteria class in different sponge
species, we focused our phylogenetic analysis on dominant
OTUs assigned to this class. In the phylogenetic tree (Fig. S1),
there were three main clusters. OTUs 90, 31 and 61 were includ-
ed in a weekly supported cluster together with
Alphaproteobacteria sequences found in water, in sediment and
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Fig. 6 Relative abundance of the most abundant prokaryote classes, orders and the dominant OTU for samples from Aa Acanthella cavernosa, Ea
Echinodictyum asperum, Js Jaspis splendens, Ps Ptilocaulis sp., Sc Stylissa carteri, Su Suberites sp. and Hy Hymeniacidon sp., Wt water

in Hymeniacidon heliophila collected in the subtidal zone in the
study by Weigel and Erwin [40] (Fig. S1). Only one
Alphaproteobacteria found in H. heliophila collected in the in-
tertidal zone was included in this first cluster. The second cluster
included OTU 3 that dominated the prokaryotic community of
Suberites sp. and alphaproteobacterial sequences collected in the
study by Clearly [8]. A third cluster was divided in two subclus-
ters (i) containing OTU 126 and alphaproteobacterial sequences
found in H. heliophila collected in the intertidal zone in the study
by Weigel and Erwin [40] and (ii) consisting of OTUs that dom-
inated the prokaryote community of Hymeniacidon sp. (OTUs 1,

747, 6735, 6896 and 11,947), alphaproteobacterial sequences
found in seawater from an area surrounding Hymeniacidon
perlevis and alphaproteobacterial sequences found in
H. heliophila collected in the intertidal zone [40].

Predictive Gene Enrichment
For some species, we were unable to collect more than two
samples. For the predictive gene analysis, we focused only on

water and sponge samples that had at least three replicates, name-
ly, A. cavernosa, E. asperum, J. splendens, Ptilocaulis sp. and
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Fig. 7 Heatmap showing the
abundance of dominant OTUs
(sequence reads >1500
sequences). The heatmap was
generated using the function
heatmap2() in the R package
gplots (http://www.cran.r-project.
org/). The OTUs were log-
transformed and clustered
according to their occurrence by
UPGMA hierarchical clustering.
Aa Acanthella cavernosa, Ea
Echinodictyum asperum, Js
Jaspis splendens, Ps Ptilocaulis
sp., Sc Stylissa carteri, Su
Suberites sp., H Hymeniacidon
sp., Wt water

sl =il B

Su011
Su012
Js180
Js054
Js157
H1293
H1290
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Hymeniacidon sp. Samples of Hymeniacidon sp. had the lowest
NSTI (0.08 + 0.0005) indicating that the sequences obtained
from this sponge were closely related to sequences in the refer-
ence metagenome database. Acanthella cavernosa had the
highest NSTI values (0.17 + 0.03). A PCO analysis of KEGG
ortholog (KO) composition showed a separation between
sponge samples collected in the coral reef habitat and water
versus samples collected in the hydrothermal habitat (Fig. S2).
Adonis analysis further confirmed a significant difference in KO
composition between water and coral reef and hydrothermal
samples (adonis, F) 5 = 14.217, R* = 0.455, P = 0.001).
Assessment of the most abundant pathways (KEGG level 2)
supported this observation, with several predicted pathways
enriched in samples of Hymeniacidon sp. (Fig. S3). In particular,
there was pronounced predicted enrichment in samples of
Hymeniacidon sp. in the replication and repair (9.20 + 0.03)
category when compared with the rest of the sponge
(7.66 £ 0.23) and water samples (7.49 + 0.14). Considering the
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extreme nature of the hydrothermal vent habitat, we further fo-
cused our analysis on specific replication and repair pathways.
There were several pathways classified within this category that
showed higher relative abundances in samples of Hymeniacidon
sp. when compared to other samples (Fig. 8). The pathways
DNA repair and recombination proteins, chromosome, DNA
replication proteins, homologous recombination, mismatch re-
pair, DNA replication and base excision repair were all signifi-
cantly higher (Fig. 8) in samples of Hymeniacidon sp.
(2.97 £ 0.01%, 1.58 = 0.004%, 1.27 £ 0.006%,
0.97 + 0.003%, 0.82 + 0.003%, 0.71 + 0.003% and
0.51 £ 0.002%, respectively) than in the rest of the sponge spe-
cies (average relative abundance 2.55 £ 0.07%, 1.26 + 0.04%,
0.96 £+ 0.04%, 0.81 = 0.04%, 0.66 = 0.003%, 0.58 = 0.03% and
0.45 £ 0.04%, respectively) and water (2.48 = 0.04%,
1.24 £ 0.04%, 1.00 = 0.01%, 0.75 + 0.03%, 0.61 £ 0.02%,
0.58 = 0.01% and 0.45 + 0.008%). We also analysed in detail
the amino acid metabolism specific pathways (Fig. 9). Several of
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Fig. 8 Mean relative gene count abundance of pathways involved in the
replication and repair subcategory for samples from Aa Acanthella
cavernosa, Ea Echinodictyum asperum, Js Jaspis splendens, Ps
Ptilocaulis sp., Hy Hymeniacidon sp and Wt water. Error bars represent a

these pathways were also enriched in Hymenacidon sp. when
compared to the rest to the sponge species. The relative gene
content of the glycine, serine and threonine metabolism, amino
acid-related enzymes, alanine, aspartate and glutamate metabo-
lism, lysine biosynthesis, phenylalanine metabolism, valine,
leucine and isoleucine degradation and tryptophan metabolism
pathways were significantly higher in Hymeniacidon sp.
(1.57 £0.01%, 1.64 + 0.01%, 1.13 £+ 0.004%, 0.77 £+ 0.003%,
0.31 £ 0.0004%, 0.82 + 0.0004%, 0.61 + 0.0004%, respective-
ly) than in the other sponge species (1.06 = 0.09%,
1.43 £ 0.07%, 1.00 £ 0.04%, 0.71 = 0.03%,

single standard deviation. The pathways shown include the following: DNA
repair and recombination proteins, chromosome, DNA replication proteins,
homologous recombination, mismatch repair, DNA replication, base
excision repair, nucleotide excision repair and non-homologous end-joining

0.27 £ 0.013%,0.63 + 0.05% and 0.43 + 0.04%, respectively)
and water (1.24 = 0.03, 1.43 = 0.01%, 1.05 + 0.01%,
0.70 £+ 0.02%, 0.32 + 0.03%, 0.85 + 0.10%, 0.57 + 0.07%,
respectively). On the other hand, the relative gene count of
the arginine and proline metabolism and histine and tyrosine
metabolism pathways were significantly lower in
Hymeniacidon sp. (1.11 + 0.0007%, 0.43 + 0.001% and
0.22 + 0.002%, respectively) than in the other sponge species
(1.37 £ 0.059%, 0.66 £+ 0.04% and 0.38 + 0.02%, respective-
ly) and water (1.37 £ 0.01%,0.67 + 0.04% and 0.44 + 0.01%,
respectively).
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Fig. 9 Mean relative abundance of pathways involved in the amino acid
metabolism subcategory for samples from Aa Acanthella cavernosa, Ea
Echinodictyum asperum, Js Jaspis splendens, Ps Ptilocaulis sp., Hy
Hymeniacidon sp and Wt Water. Error bars represent a single standard
deviation. The pathways shown include the following: glycine, serine and
threonine metabolism; amino acid-related enzymes; arginine and proline

Discussion

As expected, OTUs assigned to the phylum Proteobacteria
were an abundant component of all sponge species. LMA
sponges are generally characterized by low phylum-level di-
versity, with a preponderance of Proteobacteria [14]. The pre-
ponderance of OTUs assigned to the Alpha- and
Gammaproteobacteria is consistent with recent sponge
microbiome surveys [3]. Also consistent with recent surveys,
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metabolism; alanine, aspartate and glutamate metabolism; cysteine and
methionine metabolism; histidine metabolism; lysine biosynthesis; phe-
nylalanine, tyrosine and tryptophan biosynthesis; valine, leucine and iso-
leucine biosynthesis; valine, leucine and isoleucine degradation; lysine
degradation; tryptophan metabolism; phenylalanine metabolism; and ty-
rosine metabolism

was the dominance of a limited set of OTUs in each sponge
species, which contrasts with the samples from nearby water
collected in this study and with HMA sponges that are gener-
ally characterized by a more even community [41]. The close
association of water samples with E. asperum and
P, spiculifer, was probably related to the presence of transient
OTUs, that occurred in all the sponges but at a higher abun-
dance in these two species. With the exception of samples of
J. splendens, all host sponge species had dominant OTUs,
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which were similar to sequences of organisms previously ob-
tained from other LMA sponges. In the specific case of
J. splendens, it is noteworthy that all the dominant OTUs
had a relatively low similarity with BLAST matches.
Overall, the dominance pattern is in line with recent studies
that showed that LMA sponges have lower phylum-level di-
versity than HMA sponges and are dominated by relatively
few OTUs [42]. Blanquer et al. also showed that the microbial
community of a set of Mediterranean sponges was primarily
defined by their affiliation to the HMA or LMA group rather
than to host phylogeny or environmental conditions [42]. The
maintenance of sponge-enriched symbionts occurs either di-
rectly through vertical transmission, horizontally through ac-
quisition from the surrounding water or through a combina-
tion of both strategies [43]. The similarity of these OTUs to
sequences obtained from other LMA sponge species in dispa-
rate geographical areas indicates intimate host-symbiont asso-
ciations that may possibly be maintained through vertical
transmission. However, we cannot exclude the hypothesis of
recruitment from the rare biosphere of seawater. Recent stud-
ies have shown that sponges may also acquire their symbionts
within the rare biosphere in addition to vertical transmission
[44]. Despite all of the LMA sponges in this study having a
pronounced dominance of a limited set of OTUs, the PCO
analysis clearly showed that both Suberites sp. and
Hymeniacidon sp. were the most distinct when compared to
the other sponge species. These compositional differences
were related to the occurrence of distinct OTUs assigned to
the Alphaproteobacteria in both sponge species. Cleary et al.
(2013) previously reported on the pronounced dominance of
Alphaproteobacteria in samples of Suberites diversicolor from
the marine lakes of Berau, Indonesia [8]. The dominant OTUs
in Suberites diversicolor were also assigned to the recently
described order Killelionales [45] as was the case with
Suberites sp. in the present study. Our phylogenetic tree, fur-
thermore, demonstrated a strong phylogenetic relationship be-
tween the dominant OTU retrieved in this study and the OTUs
assigned to the Killelionales order in the study of Cleary et al.
(2013) (Fig. S1). In the specific case of Hymeniacidon sp.,
alphaproteobacterial dominance could be related to the specif-
ic conditions of the hydrothermal habitat such as reduced pH
levels or with the reduced chemical species that are vented at
the hydrothermal system. Meron et al. (2011) reported an in-
crease in coral associated alphaproteobacterial sequences un-
der reduced seawater pH levels consistent with ocean acidifi-
cation scenarios (7.3) [46]. Interestingly, the marine lakes
of Berau (Haji Buang and Kakaban lakes) East
Kalimantan Province, Indonesia from which
S. diversicolor samples were collected [8] also had a
lower pH level (7.3-7.8 and 7.0-7-8, respectively) than
seawater [47]. On the other hand, this increase could be
related to the specific hydrothermal chemical conditions
since recent isolates assigned to this family are able to

oxidize sulfur and hydrogen and were isolated at a hy-
drothermal field on the Mid-Atlantic Ridge [48].

The phylogenetic tree demonstrated that
alphaproteobacterial OTUs from Hymeniacidon sp. formed a
distinct cluster including an OTU detected from water samples
surrounding Hymeniacidon sp. in an intertidal zone (Fig. S1—
OTUs 1, 747, 11,947, 6735, and 6896). This cluster included
Nisaea nitritireducens, a species potentially involved in deni-
trification and classified within the order Rhodospirillales
[49]. Interestingly, a recent study by Weigel and Erwin
(2016), reported a higher preponderance of
alphaproteobacterial OTUs in specimens of Hymeniacidon
heliophila in the more stressful intertidal zone than sponges
of the same species collected in the subtidal zone [40]. We
included sequences classified as Alphaproteobacteria re-
trieved from Weigel and Erwin [40] in our phylogenetic tree.
Interestingly, two OTUs retrived from Hymeniacidon
heliophila and collected in the intertidal zone clustered togeth-
er with the OTUs from Hymeniacidon sp. in our study (Fig.
S1). Although the intertidal zone and the hydrothermal habitat
are clearly distinct, sponges from the both habitats are subject
to oxidative stress. In the specific case of the intertidal zone,
the high levels of ultraviolet radiation (UV) induce oxidative
cell damage. In the hydrothermal habitat, the abundance of
hydrogen sulfide (H,S) and oxygen leads to the oxidation of
H,S and the production of oxygen and sufur-centered radicals
[50]. Tt is believed that the high tolerance of Hymeniacidon
heliophila to oxidative stress induced by UV is linked to the
production of L-5-hydroxytryptophan, a strong antioxidant
that is found in high concentrations in this sponge species
[51].

PICRUS results should be interpreted with caution, since
the predicted metagenome is dependent on the available se-
quenced genomes and some bias can be produced if reference
species are missing. To account for such biases, the software
includes methods for quality control to test the reliability of
the predictions. The NSTI values quantify the availability of
nearby genome representatives for each sample and can be
used to evaluate predictive accuracy (https://picrust.github.
i0). The lower the NSTI values, the more accurate are the
predictions. Langille et al. (2013) showed that the best results
were obtained for Human Microbiome Project samples (mean
NSTI 0.003), mid-range for a data set of soil samples (mean
NSTT 0.17) and highest for poorly explored environment
(mean NSTI 0.23). In the present study, NSTI scores varied
from 0.08 =+ 0.0005 for Hymeniacidon sp. to 0.17 = 0.03 from
A. cavernosa. These values are within what can be considered
a moderate coverage range. Soil samples with NSTI values
within this range (mean NSTI 0.17) have been shown to pro-
vide accurate metagenome predictions with PICRUSt [38].

The predicted functional analysis revealed a clear distinc-
tion between the metagenome profile of sponge samples col-
lected in the coral reef and those collected in the shallow
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hydrothermal vent. The prokaryote community of
Hymeniacidon sp. was characterized by a higher relative
abundance of KOs assigned to replication and repair and
translation pathways. The enrichment of KOs assigned to rep-
lication and repair pathways was most likely linked to the
hydrothermal extreme environment. For example, within rep-
lication and repair, there was enrichment for KOs assigned to
the base excision repair pathway (Fig. 8g) that is involved in
DNA repair from damage induced by hydrolysis, reactive ox-
ygen species and other metabolites that alter DNA structure
[52]. As another example, also within replication and repair,
KOs assigned to the mismatch and repair pathway were also
enriched (Fig. 8e). The mismatch and repair pathway also
plays a key role in maintaining genomic stability and
correcting DNA mismatches generated during DNA replica-
tion [53]. In line with this observation, Xie et al. (2011) com-
pared two deep-sea hydrothermal vent chimney microbiomes
and found that they were both enriched for genes associated
with mismatch repair and homologous recombination. This
further supports the link between the high relative abundance
of KOs assigned to replication and repair and the harsh con-
ditions of the hydrothermal vent habitat [54]. Interestingly, the
genes associated with non-homologous end-joining, an error-
prone pathway [55], were significantly reduced in samples of
Hymeniacidon sp.

The predictive gene metagenome also revealed enrichment
in KOs assigned to the amino acid metabolism. When com-
pared with the rest of the sponges, samples of Hymeniacidon
sp. were characterized by a high relative abundance of KOs
assigned to the tryptophan metabolism (Fig. 91), a precursor of
L-5-hydroxytryptophan, that, as mentioned previously, plays a
fundamental role in the resistance to oxidative stress. The
prokaryote community of Hymeniacidon sp. could be in-
volved in the metabolism of this antioxidant compound.

Conclusion

In this study, we characterized the structure and putative func-
tion of prokaryotic communities from LMA sponges collected
in two highly contrasting ecosystems (coral reef and hydro-
thermal vent) but in the same geographical area (vicinal
islands of Taiwan). Our results showed that the sponge species
collected in the hydrothermal vent habitat had a highly distinct
prokaryote community and putative function presumably re-
lated to coping with the chronic stress associated with the vent
environment. Recently, Morrow et al. (2015) suggested that
some sponge species are able to acquire microbial symbionts
that enable them to survive in harsh conditions such as high
pCO, levels that naturally occur within volcanic CO, seeps
[56]. Such a relationship could also play a role in the survival
of LMA sponges under extreme environments.
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