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Abstract Sponges are one of the oldest lineages of animals
on Earth and play key roles in shaping marine ecosystems.
They are diverse, with more than 9600 species known to sci-
ence, and come in a wide range of shapes, sizes, and colours.
Sponges are, furthermore, known to host diverse commu-
nities of microbial symbionts, which play important roles
in their physiology and ecology. In the present study, we
sampled prokaryotic communities from 24 sponge species
inhabiting coral reef flat and slope habitats off the coast of
SW Celebes (Indonesia) in addition to sediment and seawa-
ter. The prokaryotic profiles of several sponge species were
characterised for the first time. In line with previous studies,
we revealed pronounced variation in diversity and composi-
tion among species with high microbial abundance (HMA)
or low microbial abundance (LMA) status playing an impor-
tant role in structuring prokaryotic communities across host

D. F. R. Cleary, N. C. M. Gomes and N. J. de Voogd have
contributed equally to this work.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
$00338-024-02568-8.

> D.F. R. Cleary
cleary @ua.pt

> N.J. de Voogd
n.j.de.voogd @biology.leidenuniv.nl

Department of Biology & CESAM, University of Aveiro,
Campus de Santiago, 3810-193 Aveiro, Portugal

Faculty of Marine Science and Fisheries, Department
of Marine Science, Hasanuddin University, Makassar,
Indonesia

Naturalis Biodiversity Center, Leiden, The Netherlands

Institute of Biology (IBL), Leiden University, Leiden,
The Netherlands

Published online: 30 October 2024

sponge species. In addition to this, reef habitat (flat versus
slope) also played a significant role in structuring prokar-
yotic communities. Most species in the reef slope habitat
housed prokaryotic communities with a consistent profile
of several cyanobacterial and prokaryotic OTUs, whereas
these OTUs were largely absent from sponges inhabiting
the reef flat habitat. Instead, they tended to house highly
abundant bacterial populations related to the Synechococ-
cus spongiarum group. We propose that specific strains of
S. spongiarum may play a key role in enabling their host
sponges to survive in an, otherwise, inhospitable environ-
ment (e.g., high irradiance and temperature) and, thus, help
to explain differences in sponge composition between coral
reef flat and slope habitats.

Keywords 16S - Bacteria - Indonesia - Porifera

Introduction

Depth plays a crucial role in structuring communities of
marine organisms (Kahng et al. 2010; Lecchini et al. 2003).
Environmental factors affected by depth include light avail-
ability, temperature, productivity, and water movement (Car-
mack et al. 2004; Leichter et al. 2007; Rio et al. 2014). As
depth increases, the amount and quality of light changes
due to the absorption and scattering by seawater. This light
attenuation gradient profoundly affects the distribution and
abundance of photosynthetic-dependent organisms and their
symbionts, for example, corals and their symbiotic zooxan-
thellae (Mass et al. 2010). It also determines the depth limits
at which photosynthesis can occur, restricting the vertical
distribution of organisms and the zonation of benthic com-
munities (Brown and Thatje 2014; Falkowski 1994).
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As with light, there is a strong relationship between depth
and temperature. As depth increases, water temperature
decreases due to various factors such as reduced sunlight
penetration and mixing with colder water masses. Tempera-
ture, furthermore, is a critical factor affecting physiological
processes, growth rates, and reproduction of marine organ-
isms with different species having adapted to specific tem-
perature ranges (de Souza et al. 2023; Roberts et al. 2019;
Thresher et al. 2014). Likewise, water movement, including
currents and waves, is another important factor influenced
by depth. Hydrodynamic forces can vary greatly with depth,
affecting sedimentation rates, nutrient availability, and the
removal of waste products. Water movement also plays a
role in facilitating larval dispersal, which is crucial for con-
nectivity and genetic exchange among benthic populations
(Yahagi et al. 2017). As depth changes, water movement pat-
terns can differ, leading to variations in community compo-
sition and structure. Previous studies have shown that depth
significantly affects the composition of marine, benthic
communities, including sponges and corals (Cleary et al.
2005; de Voogd et al. 2009; Gonzalez-Murcia et al. 2022;
van Soest et al. 2007). In addition to the above, organisms
found in shallow water habitat may also inhibit recruitment
by other organisms (Miller and Hay 1996).

In the present study, we assessed the effect of depth on
communities of prokaryotes housed in sponges. To study
this, sponges were sampled in reef flat (~ 1 m) and reef slope
(>3 m) habitats of the Spermonde Archipelago off the coast
of Makassar, Southwest Celebes, Indonesia. Previous stud-
ies across a range of organisms including corals (Hoeksema
2012; Zhao et al. 2013), fishes (Meekan et al. 1995; Lecchini
et al. 2003), molluscs (Zuschin et al. 2001), echinoderms
(Mokady et al. 1996), and sponges (Bell and Smith 2004),
have shown reef flats and slopes to house distinct communi-
ties with evident species-specific preferences. In addition to
the above, sediment and seawater were also sampled.

Sponges are among the earliest branching metazoan
lineages, or the earliest branching (Pick et al. 2010; Wain-
right et al. 1993). They are currently found across all
types of aquatic ecosystems from the deep sea to shallow
water, from fully marine to freshwater and from tropical
to polar regions (van Soest et al. 2012). They also come
in all shapes and forms from thinly-encrusting, bio-eroding
taxa to large, massive species such as giant barrel sponges.
Life spans vary from short lived to thousands of years (Bell
and Barnes 2000; McGrath et al. 2018; Swierts et al. 2013).
Water including dissolved organic matter (DOM), particu-
late organic matter (POM) and nutrients are drawn into the
sponge body through openings known as ostia and trans-
ported throughout the sponge mesohyl. This process puts the
sponges in intimate contact with the surrounding environ-
ment including contact with potentially harmful microor-
ganisms such as pathogenic bacteria and viruses. Sponges
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have also been shown to play important roles in nutrient
cycling (Maldonado et al. 2019; Pita et al. 2018; Southwell
et al. 2008).

With respect to their microbial symbionts, sponges have
been categorised as high microbial abundance (HMA) or
low microbial abundance (LMA) based on the density of
microbial cells they harbour with HMA sponges contain-
ing significantly more microbial cells per gram of tissue
compared to LMA sponges (Vacelet and Donadey 1977;
Reiswig 1981; Gloeckner et al. 2014). These categories are
supported by differences in morphological and genetic traits
between the two types. HMA species, for example, typi-
cally exhibit higher mesohyl densities and possess certain
polyketide synthase genes, while LMA species have larger
choanocyte chambers and higher pumping rates (Vacelet
and Donadey 1977; Hochmuth et al. 2010). Studies have,
furthermore, shown that HMA and LMA sponges tend to
differ in their microbial diversity and composition with cer-
tain taxa, including Chloroflexi, Poribacteria, and Actino-
bacteria, indicative of HMA status, while Bacteroidetes and
Firmicutes are more abundant in LMA sponges (Bayer et al.
2014; Moitinho-Silva et al. 2017).

In the present study, 24 sponge species were sampled
belonging to 2 classes, 7 orders, and 12 families. The prokar-
yotic communities of most of these species were character-
ised for the first time. The sponge species sampled included
both phototrophic and heterotrophic sponges in addition to
demo- and calcareous sponges. We hypothesised that coral
reef habitat (flat versus slope) and sponge microbial status
would significantly predict sponge-associated prokaryotic
composition. In addition to this, we compared diversity and
composition of prokaryotic communities of sponges with
those of sediment and seawater, and assessed the relative
abundances of the most abundant phyla among the prokary-
otic communities of sponges, sediment and seawater. We,
furthermore, identified closely related organisms in Gen-
Bank to the most abundant OTUs in the present study.

Material and methods
Sampling

Sponges were sampled from shallow water, coral reef flat
and slope habitats (Fig. 1) in the Spermonde archipelago,
southwest Celebes, using a combination of snorkelling
and SCUBA diving. A full list of the samples collected
is presented in Supplementary Data 1. Once outside of
the water, a section of sponge from each specimen was
cut and immediately placed into a vial containing 96%
alcohol. Care was taken to include surface and interior
parts of each sponge specimen. In addition to sponge sam-
ples, sediment and water samples were collected. One litre
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Fig. 1 Photographs of (A). Reef flat and (B). Reef slope habitats
of the Spermonde Archipelago, Celebes Indonesia. The blue, tubu-
lar sponge in the foreground of A. is Haliclona fascigera. The green

of seawater was collected at~ 1 m depth and subsequently
filtered through a Millipore® White Isopore Membrane
Filter (0.22 pm pore size); the filter was preserved in
96% ethanol. Sediment was collected by scraping surface
sediment into a falcon tube. The vials were shipped to
the Netherlands and stored in a -20 °C freezer until DNA
extraction. Samples from all species are stored at Naturalis
Biodiversity Center, Leiden the Netherlands. A full list of
all samples is presented in Supplementary Data 1.

The following sponge species were collected in coral
reef slope habitat: Acanthostrongylophora ingens (Thiele
1899), Petrosia hoeksemai de Voogd and van Soest, 2002,
Petrosia nigricans Lindgren 1897, Xestospongia testudi-
naria (Lamarck 1815), Callyspongia biru de Voogd 2004,
Haliclona fascigera (Hentschel 1912), Niphates olemda
(de Laubenfels, 1954), Theonella swinhoei Gray 1868,
Clathria basilana Lévi 1961, Clathria cervicornis (Thiele
1903), Clathria reinwardti Vosmaer 1880, Lamellodysidea
herbacea (Keller 1889), Leucetta chagosensis Dendy
1913, Leucetta primigenia Haeckel 1872, Pericharax ori-
entalis van Soest and de Voogd 2015, and Stylissa cart-
eri (Dendy 1889). The species Neopetrosia chaliniformis
(Thiele 1899), Xestospongia vansoesti Bakus and Nishiy-
ama, Callyspongia samarensis (Wilson 1925), Haliclona
cymaeformis (Esper 1806), Coelocarteria singaporensis
(Carter, 1883), Phyllospongia foliascens (Pallas 1766),
and Phyllospongia papyracea (Esper 1806) were collected
from coral reef flat habitat. The sponge species Halichon-
dria cartilaginea (Esper 1797) was the only species sam-
pled in both coral reef flat and slope habitat with two out
of three specimens sampled in reef flat habitat. Pictures
of selected sponge species are shown in Supplementary
Fig. 1. Seven sponge species were classified as HMA and
17 as LMA based on TEM images of the sponge species
in question (Cleary et al. unpublished data).

branching sponges in B. are specimens of Halichondria cartilaginea.
Both photographs were taken by NJ de Voogd

DNA extraction

DNA was extracted using the Qiagen DNeasy Powersoil
extraction kit (Qiagen, Venlo, the Netherlands). The whole
membrane filters, for water samples, were cut into small
pieces and transferred to Lysing Matrix E tubes containing
a mixture of ceramic and silica particles. Up to 250 mg of
tissue was used from each sponge sample; tissue was taken
from all sides of the specimen (outside to core, and if appli-
cable top, middle and bottom of the sample). 250 mg of
wet sediment was used for DNA extraction from sediment
samples. The manufacturer’s protocol was followed with
the exception of vortex duration, which was divided into
four steps of 90 seconds, turning the vortex adaptors around
between each step in order to assure that all samples were
equally vortexed. Sponge tissue was cut into small pieces
using sterilised tweezers and scalpel blades and transferred
to PowerBead Pro tubes containing ceramic and silica beads
of different sizes. An extraction blank, in which no tissue
was added to the PowerBead Pro tubes, was also included.
The library preparation was conducted using a two-step PCR
protocol for all samples in addition to two negative con-
trols (mQ water instead of template DNA) and the extrac-
tion blank. For the first PCR, the V3-V4 regions of the 16S
rRNA gene were targeted and amplified using the primers
314F/ S-D-Bact-0785-a-A-21 (5’-CCTACGGGNGGCWGC
AG-3’/5-GACTACHVGGGTATCTAATCC-3’; Klindworth
et al. 2013) with added 5’ Nextera transposase adaptors
using the KAPA HiFi HotStart Ready Mix PCR Kit with
a T100 Thermal Cycler (Bio-Rad, Hercules, CA, United
States). The following PCR conditions were used: initial
denaturation at 95 °C for 3 min, 30 cycles of denaturation
at 98 °C for 20 s, annealing at 55 °C for 30 s, followed by
extension at 72 °C for 30 s. The final extension was car-
ried out at 72 °C for 1 min. PCR success was confirmed
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on an E-Gel™ (agarose gels at 2%), and the absence of
amplification was validated for the negative controls and
the extraction blank. PCR products were then cleaned with
NucleoMag NGS-Beads (bead volume at 0.9 times the total
volume of the sample, Macherey Nagel, Diiren, Germany)
using the VP 407AM-N 96 Pin Magnetic Bead Extractor
stamp (V&P Scientific, San Diego, CA, United States). For
the second PCR, the cleaned PCR products (1 pL each) were
amplified and labelled using the MiSeq Nextera XT DNA
library preparation kit (Illumina, San Diego, CA, United
States) with the same thermal cycling scheme limited to 8
cycles. PCR products were then analysed with the Fragment
Analyser Agilent 5300 using the DNF-910-33 dsDNA Rea-
gent Kit (35-1500 bp) protocol (Agilent Technologies, Santa
Clara, CA, United States) to confirm successful labelling of
the DNA fragments. Negative controls and extraction blanks
remained negative after this step. Pooling at equimolar con-
centration was performed with QIAgility 2 (Qiagen, Hilden,
Germany). The final pool was then cleaned with NucleoMag
NGSBeads, eluted in Milli-Q and the DNA concentration
was verified using Tapestation 4150 (Kit HSD 5000, Agilent
Technologies, Santa Clara, CA, United States). Paired-end
sequence reads were generated with an Illumina MiSeq v3
PE300 platform at BaseClear B.V. (Leiden, Netherlands).
FASTQ read sequence files were generated using bcl2fastq
version 2.20 (Illumina). Initial quality assessment was based
on data passing the Illumina Chastity filtering. Subsequently,
reads containing PhiX control signal were removed using an
in-house filtering protocol. In addition to this, reads contain-
ing (partial) adapters were clipped (up to a minimum read
length of 50 bps). The second quality assessment was based
on the remaining reads using the FASTQC quality control
tool version 0.11.8.

Sequencing analysis

The 16S rRNA amplicon libraries were analysed using
QIIME?2 (version 2019.7; Bolyen et al. 2019). Raw data were
imported yielding a demultiplexed ‘qza’ data file (artifact).
The DADA?2 plugin (Callahan et al. 2016) in QIIME 2 was
subsequently used to trim sequences (final length 400 nt).
The DADA? analysis yielded output archives containing an
OTU (at 100% sequence similarity and also known as ampli-
con sequence variant or ‘ASV’) table, denoising stats, and a
fasta file of representative sequences. The feature-classifier
plugin with the extract-reads method was then used with
the i-sequences argument set to silva-138-99-seqs.qza. This
was followed by the feature-classifier plugin with the fit-
classifier-naive-bayes method and the i-reference-taxonomy
method set to silva-138-99-tax.qza. Both silva-138 files can
be obtained from https://docs.qiime2.org/2020.8/data-resou
rces/?highlight=silva. The feature-classifier plugin was
then used with the classify-sklearn method and the i-reads
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argument was set to the representative sequences file gener-
ated by the DADA?2 analysis to produce a table with taxo-
nomic classifications for all OTUs. Finally, mitochondria,
chloroplasts, and Eukaryota were filtered out using the
QIIME?2 taxa plugin with the filter-table method. The OTU
and taxonomy tables were later merged in R (R Core Team
2022). All OTUs unclassified at Domain and Phylum level
were also removed. The OTU table is shown in Supplemen-
tary Data 2. Accession numbers of closely related organisms
to selected OTUs were obtained using the NCBI Basic Local
Alignment Search Tool (BLAST) (Altschul et al. 1990).
Sequences used in this study have been uploaded to the
NCBI ShortRead Archive (BioProject nr: PRINA865712).

Statistical analyses
Diversity and higher taxon abundance

Diversity indices were obtained using the rarefy and diver-
sity functions from the vegan package in R (Oksanen et al.
2022). Evenness was calculated by dividing Shannon’s H’
by the log value of the number of OTUs in each sample. We
tested for significant differences in the relative abundances
of selected prokaryotic higher taxa, OTU richness, evenness,
Shannon’s H’ and Fisher’s alpha indices with habitat (reef
flat versus slope) and microbial abundance status (HMA ver-
sus LMA) as predictors with an analysis of deviance using
the glm function in R. For the diversity indices, we set the
family argument to ‘tweedie’ using the tweedie function
in R with var.power=1.5 and link.power=0 (a compound
Poisson—gamma distribution). For the relative abundances
of higher taxa, we set to family argument to quasibinomial.

Compositional analyses

Variation in composition was assessed with Principal
Coordinates Analysis (PCO) using the phyloseq package
in R (McMurdie and Holmes 2013) with the Bray—Curtis
distance. The count data were first rarefied using the rar-
efy_even_depth function in phyloseq with the sample.size
argument set to the minimum sample size (n=5748). We
tested for significant variation in OTU composition with
habitat (reef flat versus slope) and microbial abundance sta-
tus (HMA versus LMA) as predictors using the adonis func-
tion in vegan. The number of permutations was set at 999, all
other arguments used the default values set in the function.

Results

After quality control, the dataset consisted of 984,755
sequences and 7640 OTUs. In terms of sequences, the most
abundant phyla were Proteobacteria (396,825 sequences,
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3226 OTUs), Cyanobacteria (243,567 sequences, 512
OTUs), Chloroflexi (79,630 sequences, 679 OTUs) and Act-
inobacteriota (66,803 sequences, 421 OTUs). The 50 most
abundant OTUs are presented in Supplementary Data 3.
Evenness was significantly higher in HMA than LMA
sponges and higher in slope than reef habitat; there was no
significant interaction term (Fig. 2 and Table 1). OTU rich-
ness was significantly higher in HMA than LMA sponges
and there was a significant interaction term with richness
higher in LMA sponges from slope habitat than LMA
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sponges from reef flat habitat. Results of the Shannon’s H’
and Fisher’s alpha indices reflected those of Evenness and
OTU richness, respectively. Results for sponge species, sedi-
ment, and seawater are presented in Supplementary Fig. 2.
Overall, evenness was highest in sediment and relatively
high in seawater. There was also considerable variation in
OTU richness among sediment samples.

The relative abundances of Proteobacteria, Cyanobacte-
ria, and Bacteroidota were significantly greater in LMA than
HMA sponges, while the relative abundances of Chloroflexi
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Table 1 Results of GLM
analyses for diversity indices
and the relative abundances of
the eight most abundant phyla
and results of adonis analysis of
OTU composition
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Diversity and phylum relative abundance

Df Deviance Resid.Df Resid.Dev F P

Evenness NULL 71 2.71

Habitat 1 0.40 70 2.31 20.14 0.0000%#*

Status 1 0.83 69 1.49 41.77 0.0000%**

Habitat:status 1 0.00 68 1.49 0.00 0.9684
Richness NULL 71 124.69

Habitat 1 25.55 70 99.15 22.23 0.00007%#*

Status 1 7.67 69 91.48 6.67 0.0120

Habitat:status 1 6.37 68 85.11 5.54 0.0215*
Shannon’s H’ NULL 71 9.68

Habitat 1 2.01 70 7.67 29.93 0.0000%%*%*

Status 1 2.34 69 5.33 34.91 0.0000%*%*

Habitat:Status 1 0.05 68 5.28 0.71 0.4012
Fisher’s alpha NULL 71 70.16

Habitat 1 14.85 70 55.31 23.96 0.00007%#*

Status 1 5.24 69 50.07 8.46 0.0049%%*

Habitat:status 1 3.52 68 46.55 5.68 0.0200%*
Proteobacteria NULL 71 1870.10

Habitat 1 3.27 70 1866.80 0.20 0.6537

Status 1 783.63 69 1083.20 48.65 0.00007%#*

Habitat:status 1 18.10 68 1065.10 1.12 0.2928
Cyanobacteria NULL 71 4139.50

Habitat 1 380.31 70 3759.10 12.68 0.0007##*

Status 1 1068.07 69 2691.10 35.62 0.0000%#*

Habitat:status 1 337.64 68 2353.40 11.26 0.0013%**
Chloroflexi NULL 71 7054.80

Habitat 1 7.80 70 7047.00 0.05 0.8206

Status 1 3545.80 69 3501.20 23.52 0.0000%#*

Habitat:status 1 139.90 68 3361.30 0.93 0.3387
Actinobacteriota NULL 71 2111.90

Habitat 1 2.85 70 2109.00 0.12 0.7336

Status 1 36.15 69 2072.90 1.48 0.2275

Habitat:status 1 24.26 68 2048.60 1.00 0.3220
NB1-j NULL 71 6960.70

Habitat 1 1411.10 70 5549.60 35.68 0.0000%**

Status 1 1754.83 69 3794.80 44.37 0.0000%**

Habitat:status 1 1.74 68 3793.00 0.04 0.8343
Bacteroidota NULL 71 1965.40

Habitat 1 139.57 70 1825.80 8.29 0.0053%**

Status 1 42591 69 1399.90 25.29 0.0000%**

Habitat:status 1 441 68 1395.50 0.26 0.6105
Acidobacteriota NULL 71 3526.00

Habitat 1 0.10 70 3525.90 0.00 0.9517

Status 1 2304.17 69 1221.70 86.83 0.0000%*%*

Habitat:status 1 124.95 68 1096.80 4.71 0.0335%*
Planctomycetota NULL 71 3317.20

Habitat 1 779.71 70 2537.50 26.39 0.00007%#*

Status 1 794.01 69 1743.40 26.87 0.00007%#*

Habitat:status 1 128.34 68 1615.10 4.34 0.0409*

The independent predictor variables were habitat (reef versus slope) and status (HMA versus LMA). The
interaction term (Habitat:Status) was included for each test. NULL referes to the deviance of the null model

Df, degrees of freedom; Resid.Df, residual degrees of freedom; F, F value; P, probability
0.01 < P<0.05, ** 0.001 < P<0.01, and *** P<0.001
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and Acidobacteriota were significantly greater in HMA
sponges. Cyanobacterial relative abundance was, further-
more, significantly greater in reef flat sponges, whereas the
reverse held for NB1-j, and Planctomycetota (Fig. 3 and
Table 1). Results for sponge species, sediment, and seawa-
ter are presented in Supplementary Fig. 3 highlighting the
considerable degree of variation among species. Proteobac-
terial abundance, for example, varied from 15.59% in X.
testudinaria to 99.78% in H. cymaeformis. Proteobacterial
abundance was, furthermore, higher in the reef slope inhab-
iting S. carteri, N. olemda, and L. primigenia than the reef
flat inhabiting C. singaporensis, or reef slope inhabiting P.
hoeksemai, P. orientalis, and T. swinhoei. Cyanobacterial

100 4

75 4

[0}

(&)

[

@© 50 -

©

[

>

e}

<
25
o) ]

relative abundance varied from 0.02% in P. hoeksemai to
63.89% in L. herbacea, both inhabitants of reef slope habi-
tat. Cyanobacterial relative abundance was also depleted in
the HMA sponges P. hoeksemai, P. nigricans, and X. van-
soesti in addition to the aforementioned H. cymaeformis.
Cyanobacterial relative abundance was relatively high in the
reef flat species N. chaliniformis, P. foliascens, C. singapo-
rensis, C. samarensis, and P. papyracea and the reef slope
species C. biru, H. fascigera, and C. basilana in addition
to the previously mentioned L. herbacea. Chloroflexi and
Acidobacteriota abundances were relatively high in the reef
flat inhabiting C. singaporensis, N. chaliniformis, and X.
vansoesti and reef slope inhabiting A. ingens, P. hoeksemai,

Phylum
Proteobacteria

. Cyanobacteria
Chloroflexi

. Actinobacteriota
NB1.j

. Bacteroidota
Acidobacteriota

. Planctomycetota

Flt-HM 1
Flit-LM
Slp-HM
Slp-LM A

Category

Fig. 3 Stacked barplots of the mean relative abundances of the eight
most abundant phyla for HMA (Flt-HM) and LMA (FIt-LM) sponges
from reef flat habitat, HMA (Slp-HM) and LMA (Slp-LM) sponges

Flt-Sd

SIp-Sd
Slp-Wit

from reef slope habitat, sediment from reef flat (FIt-Sd) and slope
(Slp-Sd) habitats, and seawater from reef slope habitat (Slp-Wt)
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P. nigricans, T. swinhoei, and X. testudinaria. All of these,
with the exception of C. singaporensis, were classified as
HMA species. No Chloroflexi members were recorded in the
reef flat inhabiting species C. samarensis, H. cymaeformis,
P. foliascens, and P. papyracea or the reef slope inhabiting
species C. cervicornis, C. reinwardti, and L. herbacea. Act-
inobacteriota members were recorded in all biotopes with
the exception of H. cymaeformis, and in very low abun-
dances in C. samarensis, C. cervicornis, C. reinwardti and
L. herbacea. Actinobacteriotal relative abundance was high-
estin P. papyracea and sediment. Nb1-j members were only
recorded in P. hoeksemai, H. fascigera, C. singaporensis, L.
herbacea, L. chagosensis, L. primigenia, P. orientalis, and
seawater at very low abundances. Nb1-j relative abundance
was, by far, greatest in the sponge S. carteri. The difference
in Nb1-j relative abundance due to habitat and HMA status
is, thus, mainly due to this LMA species, which was only
recorded in slope habitat highlighting the limitations of the
present study. Seawater samples were characterised by high
relative abundances of Proteobacteria, Cyanobacteria, Act-
inobacteriota, and Bacteroidota, whereas sediment samples
had comparatively high abundances of Acidobacteriota and
Acidobacteriota.

Both reef habitat (F, ¢4=16.57, R?*=0.076, P <0.001)
and microbial abundance status (F, ¢5=38.03, R?=0.093,
P <0.001) were significant predictors of variation in OTU
composition as was the interaction term (F; ¢g=4.12,
R?’=0.048, P< 0.001). Reef habitat, thus, explained 7.6%
of the variation in OTU composition, while microbial sta-
tus explained 9.3% and the interaction term 4.8%. In the
PCO ordination (Fig. 4), the main axis separated water and
LMA sponge samples from reef slope habitat at low axis-1
values from sediment, LMA sponge specimens from reef
flat habitat, and HMA sponge specimens from both reef flat
and slope habitats. A PCO ordination showing all sponge
species is presented in Supplementary Fig. 4. One specimen
of T. swinhoei clustered separate from the other specimens
and closer to the LMA species from reef slope habitat. The
reef slope species L. herbacea, in turn, clustered with reef
flat sponge species. The second axis of variation separated
the reef flat species P. foliascens and P. papyracea from the
other reef flat sponge species.

The distribution of abundant OTUs differed markedly
between LMA sponges from reef flat and slope habitats
with few OTUs shared between both groups (Fig. 5). This
was particularly the case for abundant cyanobacterial OTUs,
which were often restricted to one or two reef flat species
(Supplementary Fig. 5). For example, the dominant cyano-
bacterial OTUs in reef flat sponges consisted of OTUs 3
(P. papyracea and P. foliascens), 12 (C. samarensis), 13
(N. chaliniformis), 20 (C. singaporensis), and 44 (C. sin-
gaporensis). All of these were classified to the Synechococ-
cus spongiarum group and were closely related (sequence
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similarities >99%) to sequences in GenBank obtained from
sponge species identified as Phyllospongia foliascens (as
Carteriospongia foliascens), Haliclona sp., Aplysina fulva,
Coelocarteria singaporensis, and Aplysina cauliformis.
Another OTU (OTU-78) classified to the S. spongiarum
group was relatively abundant in the reef slope inhabiting
A. ingens and had 100% sequence similarity to an organ-
ism in GenBank obtained from the sponge species Aplysina
cauliformis (Supplementary Data 3).

In line with the results for Cyanobacteria, several abun-
dant proteobacterial OTUs and a single abundant actinobac-
teriotal OTU were restricted to sponge species sampled from
reef flat habitat. As with the cyanobacterial OTUs, these
were also largely restricted to one or two sponge species,
namely, OTUs 25 (C. samarensis), 30 (H. cymaeformis),
33 (P. papyracea and P. foliascens), 46 (H. cartilaginea),
53 (P. papyracea and P. foliascens), 77 (H. cartilaginea),
109 (P. papyracea), and 112 (H. cartilaginea) (Supplemen-
tary Fig. 5). Several of these OTUs were closely related
(sequence similarity >98%) to organisms in GenBank
recorded from coral (Porites lutea) and sponge (Callyspon-
gia vaginalis, Carteriospongia foliascens, and Ircinia sp.)
host species. OTU-112, however, only had 94.6% sequence
similarity to an organism recorded in the sponge Tsitsi-
kamma favus (Supplementary Data 3).

In contrast to the above, the cyanobacterial OTUs, 1, 5,
19, 31, 41 and 60 were consistently abundant in several reef
slope species, namely, C. basilana, C. biru, C. cervicornis,
C. reinwardti, H. cartilaginea, H. fascigera, L. chagosen-
sis, L. primigenia, N. olemda, P. orientalis, and S. carteri
(Supplementary Fig. 5). OTU-1 was also present in reef flat
species and OTUs 31 and 60 (but not 19 and 41) in the
reef flat specimen of H. cartilaginea. Likewise, OTUs 9,
15, 28, 35, 57, 91, and 92, all classified to Proteobacteria,
were relatively abundant in the same sponge species with
the exception of P. orientalis. All of these OTUs had very
high sequence similarities (>99%) to organisms in GenBank
obtained from seawater and a single OTU (15) to an organ-
ism obtained from the coral Astrangia poculata (Supple-
mentary Data 3). Most of these OTUs were absent from reef
flat species in addition to the reef slope species A. ingens,
L. herbacea, P. hoeksemai, P. nigricans, T. swinhoei and X.
testudinaria (Supplementary Fig. 5).

With respect to Cyanobacteria, the order Synechococca-
les dominated most reef flat and slope sponges in addition
to HMA and LMA sponges (Supplementary Figs. 6 and 7).
The order Cyanobacteriales, however, was also relatively
abundant in the sponge species H. cartilaginea (Prochloron
sp.) and sediment (Xenococcus sp.) sampled from reef flat
habitat and L. herbacea sampled from reef slope habitat. The
dominant OTU (OTU-10 classified to the genus Hormos-
cilla) in L. herbacea accounted for>50% of all sequences
and was not recorded. It had 100% sequence similarity to an
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Fig. 4 Ordination showing the first two axes of the principal coor-
dinates analysis (PCO) of OTU composition. Symbols are colour
coded and represent samples of HMA (Flt-HM) and LMA (Flt-LM)
sponges from reef flat habitat, HMA (Slp-HM) and LMA (Slp-LM)
sponges from reef slope habitat, sediment from reef flat (Flt-Sd) and

organism obtained from a microbial mat (Supplementary
Data 3).

Discussion

Coral reef habitat and microbial abundance status were
both significant predictors of variation in sponge-associated
prokaryotic composition. We also identified substantial vari-
ation in diversity, higher taxon abundance, and composition
among sponge species, sediment and seawater. Differences
in diversity were more apparent with the evenness than the
richness component. Evenness was highest in HMA sponge

0.2

slope (Slp-Sd) habitats, and seawater from reef slope habitat (Slp-Wt)
as shown in the legend on the right side of the figure. Grey symbols
represent weighted averages scores for OTUs. The symbol size is pro-
portional to group abundance (number of sequence reads)

species including several Haplosclerid species in addition
to the Tetractinellid 7. swinhoei. Evenness was lowest in
H. fascigera, N. olemda, and L. herbacea. In the calcareous
species, evenness was higher in P. orientalis than L. primi-
genia. In previous studies (Cleary et al. 2020, 2021), we
showed that evenness was consistently higher in HMA than
LMA species. Overall, our results with respect to micro-
bial abundance status align with several previous studies
(Cleary et al. 2019, 2020, 2021; Erwin et al. 2015; Ribes
et al. 2015; Moitinho-Silva et al. 2017; Schmitt et al. 2011).
HMA sponges from reef flat and slope habitats also clustered
together, in contrast to LMA sponges. All HMA sponges
were also enriched with Chloroflexi and Acidobacteriota,
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Fig. 5 Relative abundances of the most abundant OTUs (shown
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taxa previously found to predict HMA status (Moitinho-
Silva et al. 2017; Schmitt et al. 2011).

With respect to our hypothesis that the very high light
intensities of the shallow water reef flat environment favour
a distinct prokaryotic profile, our results suggested that this
effect was particularly pertinent to LM A sponge species with
several reef slope sponge species housing consistent sets of
abundant cyanobacterial and proteobacterial OTUs, whereas
reef flat species were dominated by different, highly abun-
dant cyanobacterial or proteobacterial OTUs. The cyano-
bacterial OTUs and several proteobacterial populations,
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Wt). The OTU symbols are colour-coded according to prokaryotic
phylum classification. The circle size of the OTU is proportional to
the mean percentage of sequences per category as indicated by the
symbol legend in the upper right corner of the figure

e.g. those classified as SAR11, which were abundant in reef
slope sponges were also highly similar to organisms previ-
ously sampled from seawater. These OTUs may represent
bacterial food particles consumed by the sponges. Mal-
donado and Young (1998) previously observed phagocytosis
and digestion of cyanobacteria and heterotrophic bacteria
in specimens of the sponge species Aplysina fistulans and
Ircinia felix.

In contrast to the LMA sponge species in reef slope habi-
tat, the reef flat species C. singaporensis, C. samarensis, N.
chaliniformis, P. foliascens, and P. papyracea all contained
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highly abundant cyanobacterial OTUs, all of which were
classified as Synechococcus spongiarum. These sponge spe-
cies belong to three different taxonomic orders (Poeciloscle-
rida, Haplosclerida and Dictyoceratida) and also are very
different in outer morphology (sub-hemispherical, branching
and flabellate), however, they were all locally very abun-
dant and some were observed overgrowing other reef organ-
isms. Coelocarteria singaporensis is known to form dense
aggregations in the intertidal zone (Indonesia, Singapore,
and Micronesia), where the fistules of the main body even
emerge out of water (Hajdu and Lobo-Hajdu 2002; Lim et al.
2008). Callyspongia samarensis is a poorly-known species,
but was recently reported to prevail and overgrow corals
in shallow lagoon areas, where coral cover was relatively
low due to blast fishing (Cabaitan et al. 2016). Phyllospon-
gia papyracea and P. foliascens are phototropic species,
which thrive in shallow water lagoonal habitats and they
can acquire up to 50% of their energy from their cyanobacte-
rial symbionts (Abdul Wahab et al. 2020, Pineda et al. 2016;
Wilkinson, 1988).

Erwin and Thacker (2008a) observed Synechococcus
spongiarum members across a range of sponge taxa and
environments from temperate to tropical. Simister et al.
(2012), furthermore, identified Synechococcus spongiarum
as the largest sponge specific cluster. It is also one of the
most widespread (Burgsdorf et al. 2015). In a study of two
sponge species, Aplysina fulva and Neopetrosia subtriangu-
laris, Erwin and Thacker (2008b) demonstrated experimen-
tally that shading adversely affected the growth of A. fulva,
but not N. subtriangularis. Both sponge species were, fur-
thermore, shown to be heterotrophic at low irradiances and
phototrophic at high irradiances. They also identified mul-
tiple S. spongiarum clades in both species; specific clades
were, however, only observed in single sponge species.

In a study of the sponge species Ircinia fasciculata, asso-
ciated with higher light environments, and Ircinia variabilis,
associated with lower light environments, Erwin et al. (2012)
showed that both were dominated by a novel S. spongiarum
clade. Ircinia fasciculata had more of the dominant symbi-
ont and had more stored energy from photosynthesis in the
form of glycogen granules. Both species, furthermore, had
the dominant symbionts interacting with host archeocytes,
but I. variabilis presumably derived less nutritional benefit
due to lower cyanobacterial photosynthetic activity.

In S. spongiarum clades, Burgsdorf et al. (2015) observed
enrichment of DNA modification and recombination genes,
but reduced levels of genes involved in signal transduction,
cell wall biogenesis, and inorganic ion transport. They, fur-
thermore, suggested that S. spongiarum exploited a novel
mechanism to evade sponge predation by the absence of
genes involved in residue synthesis characteristic of the O
antigen of free-living Synechococcus species. Finally, in
the sponge Chondrilla australiensis, Usher et al. (2005)

confirmed vertical transfer of S. spongiarum from adult
to larval sponge stages. This, however, does not preclude
potential horizontal symbiont transfer.

For example, using transplantation experiments, Britstein
et al. (2020) observed horizontal transfer of Ca. Synechoc-
occus feldmannii although they were unable to identify the
source; similar sequences were not recorded in seawater or
sediment samples suggesting that it may be part of the rare
biosphere. Given the filtering ability of the sponge, how-
ever, it should be able to select for even extremely rare com-
ponents of the environment. Other modes of transfer may
include transport via animal vectors such as nudibranchs,
which were shown to transfer microbes to sponges during
feeding (Wecker et al. 2015). A previous study of the Ca.
S. feldmannii genome, furthermore, revealed adaptations
to both symbiotic and free-living stages (Burgsdorf et al.
2019).

Gao et al. (2014) previously showed that healthy and dis-
eased specimens of the sponge Phyllospongia foliascens (as
Carteriospongia foliascens) from the Red Sea coast hosted
highly distinct bacterial communities. Healthy specimens
housed lower diversity communities dominated by Cyano-
bacteria, Bacteroidetes and Proteobacteria with the most
abundant OTUs assigned to S. spongiarum followed by
Nitrosococcus, Donghicola (Rhodobacteraceae), and the
JTB23 group (Proteobacteria). Unhealthy specimens, in
contrast, housed more diverse communities enriched with
Planctomycetes members and other cyanobacterial taxa (Riv-
ularia, Calothrix, Oscillatoria, and Phormidium). Here, P.
foliascens was also dominated by S. spongiarum followed
by an abundant OTU assigned to the Rhodobacteraceae. As
in the study of Gao et al. (2014), the abundance of S. spon-
giarum in the sponge Aplysina cauliformis also declined in
specimens affected by a disease known as Aplysina red band
syndrome (Olson et al. 2014).

The highly dominant S. spongiarum OTUs found in
reef flat sponge species in the present study accounted
for between 32 and 49% of all sequences. Less abundant
S. spongiarum OTUs were observed in reef slope taxa, for
example, the HMA sponges X. testudinaria and A. ingens,
but were most abundant in A. ingens at 12%. The reef flat
habitat from which the sponge specimens were sampled in
the Spermonde was shallow and warm with high irradiance
levels compared to reef slope habitat. Recently, Curdt et al.
(2022) studied the impact of light availability on S. spongia-
rum abundance and host performance of the sponge Lenden-
feldia chondrodes using a controlled aquarium experiment.
They showed that S. spongiarum abundance changed with
light conditions, affecting sponge growth. Lack of light, fur-
thermore, prevented sponge growth and led to the expulsion
of all cyanobacteria by the end of the experiment. Higher
light conditions, in contrast, allowed rapid sponge growth
and high cyanobacterial densities. Furthermore, exposure to
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high levels of photosynthetically active radiation, initiated
an increase in lutein levels, a protein, which absorbs UV
radiation and protects symbionts and host from UV-related
damage.

The high relative abundance of S. spongiarum in N. cha-
liniformis in the present study contrasts with another study
in the Maldives (Cleary et al. 2021), where total cyanobac-
terial abundance was only around 5%. Noteworthy is that
these samples were not collected from reef flat habitat, but at
depths of 10-12 m. In a study of C. singaporensis in control
and low pH seep sites, Morrow et al. (2015) showed that the
percentage of Synechococcaceae increased from 35% at con-
trol sites to 70% at seep sites. This result aligned with other
studies, which observed increased abundances of Synecho-
coccaceae members in low pH environments suggesting that
they conferred an advantage in helping their host to adapt
to these otherwise adverse conditions (Cleary et al. 2013,
2018; Morrow et al. 2015). Along these lines, Britstein
et al. (2020) observed remarkable stability in the microbi-
ome of the sponge Petrosia ficiformis during the acquisition
of Candidatus Synechococcus feldmannii (Burgsdorf et al.
2019). The main functions acquired were photosynthesis,
genes involved in carotene production, and oxidative stress
tolerance. These suggest a role of the symbiont in protecting
itself and possibly its host from harmful radiation.

Although most sponges in the present study were enriched
with Synechococcaceae members including a clear trend
of elevated abundances of S. spongiarum in LMA sponge
hosts from reef flat habitat, there were some exceptions. In
contrast to the other reef flat species, the LMA Haliclona
cymaeformis and HMA X. vansoesti did not house abundant
cyanobacterial OTUs. The dominant OTUs in X. vansoesti
were classified to the Acidobacteriota and Chloroflexi phyla,
both of which are HMA indicator taxa (Moitinho-Silva et al.
2017). Haliclona cymaeformis, in turn, was dominated by
a single OTU (OTU-30), classified to the Nitrosococcaceae
family and AqS1 genus. Unfortunately, only a single speci-
men was sampled. In a previous study (Cleary et al. 2019)
of H. cymaeformis from Taiwan, its prokaryotic community
was dominated by OTUs assigned to the EC94 (Betapro-
teobacteriales) and AqS1 genera in similar proportions fol-
lowed by OTUs classified to the SAR86 clade and another,
less abundant, OTU classified to the AqS1 genus. The pre-
sent study, thus, does confirm the predominance of symbi-
onts belonging to the AqS1 genus in the microbiome of H.
cymaeformis.

A draft genome of AqS1, from the sponge Amphimedon
queenslandica, contained genes involved in sulfur oxidation,
carbon monoxide oxidation, inorganic phosphate assimila-
tion, coenzyme A synthesis, and the synthesis of several B
vitamins (Gauthier et al. 2016). Gauthier et al. (2016) also
identified a single clustered, regularly interspaced, short,
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palindromic repeat (CRISPR) in the genome of AqS1 and
showed it to be enriched in ankyrin-repeat containing pro-
teins. CRISPRs are an important means of controlling the
introduction of foreign DNA and are found in a wide range
of prokaryotic organisms (Makarova et al. 2011). Finally,
AqgS1 was enriched in ankyrin-repeat containing proteins,
which promote host-microbe symbiotic interactions. In
addition to the above, H. cymaeformis is distinct in having
an obligate symbiotic association with the filamentous red
alga Ceratodictyon spongiosum. Halichondria cartilaginea
also lives in association with a filamentous alga, namely the
green alga Cladophoropsis vaucheriiformsis. These sponges
can easily be confused and although H. cymaeformis is
known to be very abundant in shallow water habitats in Aus-
tralia (Trautman et al. 2000), H. cartilaginea was observed
forming dense sponge aggregations in the reef flat habitat
and not H. cymaeformis. It is thought that photosymbiotic
sponges are more common in the intertidal, because these
sponges are not able to filter feed during air exposure and
therefore depend on their autotrophic symbionts. Also, pho-
tosymbionts might provide protection in highly illuminated
environments by producing UV absorbing mycosporine-
like amino-acids (Steindler et al. 2002). These compounds
are also produced by cyanobacteria upon exposure to UV
radiation.

One exception to the impact of habitat on LMA species
concerned L. herbacea, which clustered close to sediment
samples and was dominated by a cyanobacterial OTU clas-
sified to Hormoscilla-S104-45. In addition to S. spongiarum,
Hormoscilla S104-45 is another major sponge clade (Usher
2008). Hormoscilla S104-45, also known as Hormoscilla
spongeliae, was previously classified as Oscillatoria sponge-
liae. Cleary et al. (2024), in Taiwan, and other studies (Flatt
et al. 2005; Ridley et al. 2005) also identified Hormoscilla as
a dominant component of the prokaryotic communities of L.
herbacea. Lamellodysidea herbacea is well-known as a pho-
totrophic sponge with a broad geographical distribution and
has been found across varying, often shallow water, habitats
including reef flats and lagoons (Faisal et al. 2021). Big-
gerstaff et al. (2017) observed rapid growth of L. herbacea
in apparent response to sedimentation in line with previous
results, (Powell et al. 2014) while de Voogd et al. (2009)
found it to be associated with areas of relatively high rubble
and turf algal cover in NE Borneo, Indonesia. Biggerstaff
et al. (2017), furthermore, cited mechanisms of sediment
clearance and photoacclimation to turbidity as mechanisms
enabling it to proliferate under perturbed environmental con-
ditions. In Taiwan, L. herbacea was observed in shallow
water, low turbidity, pool habitat (Cleary et al. 2024) and,
although recorded in the reef slope in the present study, it
is typically associated with shallow water habitats (Faisal
et al. 2021).
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Conclusion

In the present study, both reef habitat and microbial abun-
dance status proved significant predictors of variation in
sponge-associated prokaryotic composition. There was, fur-
thermore, a pattern of increased cyanobacterial abundance in
reef flat sponges with particular enrichment of OTUs classi-
fied as S. spongiarum although there were some exceptions
to this pattern. The results of the present study suggest that
specific clades of S. spongiarum may help certain sponge
species to survive and thrive in otherwise inhospitable, shal-
low reef flat habitats, which are often subject to intense UV
radiation and temperature fluctuations. This may, further-
more, help to explain the markedly different composition of
sponge communities in shallow reef flat versus slope habi-
tat. Future experimental studies including translocation, and
shading experiments, however, are needed to confirm this
observation.
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