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How does heat stress affect
sponge microbiomes? Structure
and resilience of microbial
communities of marine sponges
from different habitats
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Carlos Angulo-Preckler4, Jason Biggs5, Conxita Avila2,3

and Cristina Garcı́a-Aljaro1*
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Barcelona, Spain, 2Institut de Recerca de la Biodiversitat (IRBio), Universitat de Barcelona,
Barcelona, Spain, 3Departament de Biologia Evolutiva, Ecologia i Ciències Ambientals, Facultat de
Biologia, Universitat de Barcelona (UB), Barcelona, Spain, 4Red Sea Research Center, King Abdullah
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Introduction: Sponges are key components of marine benthic communities,

providing many ecosystem functions and establishing close relationships with

microorganisms, conforming the holobiont. These symbiotic microbiotas

seem to be host species-specific and highly diverse, playing key roles in their

sponge host. The effects of elevated seawater temperature on sponges and

their microbiota are still poorly known, and whether sponges from polar areas

are more sensitive to these impacts respect to temperate and tropical species is

totally unknown.

Methods: We analyzed the microbiomes of different sponge species in their

natural habitat and after exposure to heat stress in aquaria by 16S rRNA

amplicon sequencing to (1) characterize the sponge microbiota covering a

latitudinal gradient (polar, temperate and tropical environments), and (2) asses

the effects of thermal stress on their microbial communities.

Results: Bacterial communities’ structure was different in the different sponge

species and also respect the surrounding seawater. The core microbiome is

maintained in most sponge species after a heat stress, although whether they

would recover to the normal conditions previous to the stress remains yet to be

further investigated. We observed increased abundances of transient bacteria

from unknown origin in sponge species exposed to heat stress.
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Discussion: Some of the transient bacteria may be opportunistic bacteria that

may benefit from the heat stress-associated dysregulation in the sponge by

occupying new niches in the holobiont. According to our results, sponges from

Antarctic waters could be more resilient than tropical and temperate sponges.

Both the microbiome composition and the changes produced by the heat

stress seem to be quite host species-specific, and thus, depend on the sponge

species. Under a global change scenario, the microbiomes of the tropical and

temperate sponges will probably be those suffering the most the heat stress,

and therefore the effects of global change may be dramatic for benthic

ecosystems since sponges are a fundamental part of them.
KEYWORDS

holobiont, heat shock, global warming, high microbial abundance, low microbial
abundance, metabarcoding
1 Introduction

Sponges (phylum Porifera) are among the most ancient

groups of metazoans (Bengtson, 1998; Feuda et al., 2017;

Simion et al., 2017), and are widely distributed along tropical,

temperate, and polar aquatic environments (Hooper and van

Soest, 2002). These organisms are key components of marine

benthic communities, providing ecosystem functions such as the

creation of three-dimensional habitats to a variety of animals,

giving shelter from predators, being source of food for

spongivorous species, and contributing to the nutrient cycling

(through the so-called benthic-pelagic coupling) due to their

filter feeding nature (Bell, 2008; Southwell et al., 2008; de Goeij

et al., 2013; Maldonado et al., 2015). Sponges often establish

close relationships with diverse groups of microorganisms,

including archaea, bacteria, microalgae, fungi, and viruses, that

live within them, forming a complex structured ecosystem,

called the sponge holobiont (Webster and Taylor, 2012;

Thomas et al., 2016; Dittami et al., 2021; Leray et al., 2021).

This symbiotic microbiota plays key roles in nutrient

assimilation, waste metabolism, vitamin synthesis, or

production of compounds with antifouling and defense

properties, among many other aspects of the sponge’s

physiology and ecology (Taylor et al., 2007; Hentschel

et al., 2012).

Marine sponge-associated microbial community has been

reported to be host species-specific and highly diverse, harboring

over 60 bacterial and four archaeal phyla (Lee et al., 2011;

Jackson et al., 2012; Schmitt et al., 2012a; Cleary et al., 2013;

Kennedy et al., 2014; Reveillaud et al., 2014; Thomas et al., 2016;

Moitinho-Silva et al., 2017a; Freeman et al., 2020). The sponge

microbiome generally consists of a core microbiome (microbial

species or amplicon sequence variants (ASVs) present in all

specimens of the sponge species) and a variable part (ASVs not
02
present in all specimens or present but at very different

abundances) (Schmitt et al., 2012b; Blanquer et al., 2013;

Astudillo-Garcıá et al., 2017). Despite the continuous flow-

through of seawater within sponges, they manage to maintain

a specific microbiome that is different and often more diverse

than the surrounding seawater (Taylor et al., 2004; Taylor et al.,

2007; Webster et al., 2010; Schmitt et al., 2012b; Taylor et al.,

2013; Horn et al., 2016; Thomas et al., 2016). Although how the

sponge selects and keeps certain microbial populations remains

still unclear, some studies suggest that a very specific recognition

system to discriminate symbiotic microbes may exist, with the

host’s immune system being involved (Hentschel et al., 2012;

Riesgo et al., 2014; Pita et al., 2018).

In terms of microbiota’s contribution to the sponge biomass,

sponges have been classified as either high microbial abundance

(HMA) or low microbial abundance (LMA) (Hentschel et al.,

2003; Gloeckner et al., 2014). HMA sponges harbor microbes’

densities 2-4 orders to magnitude higher than LMA sponges

(Webster et al., 2001; Hentschel et al., 2006; Hentschel et al.,

2012). The microbiome of HMA sponges is richer and more

diverse than that of LMA sponges, which is usually dominated

by a few taxa (Björk et al., 2013; Erwin et al., 2015; Moitinho-

Silva et al., 2017b). The dominant bacterial groups are also

different for LMA and HMA sponges. While LMA sponges are

usually dominated by Proteobacteria or Cyanobacteria, HMA

sponges are enriched in Chloroflexi, Actinobacteria, or

Acidobacteria, and usually harbor members of the phylum

Poribacteria (Giles et al., 2013; Simister et al., 2013; Moitinho-

Silva et al., 2017b). Despite the differences between HMA and

LMA sponges’ microbiomes, the core microbial functions in the

holobiont seem to be conserved independently of the HMA or

LMA nature of the sponge (Thomas et al., 2010; Fan et al., 2012).

Since the development of next generation sequencing

technologies in the late 1990s and early 2000s, the
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characterization of the microbiome diversity has grown

exponentially (Taylor et al., 2007; Thomas et al., 2016;

Webster and Thomas, 2016; Moitinho-Silva et al., 2017a;

Stevens et al., 2017; Pita et al., 2018) The most common

technique used to characterize microbial communities’

composition (e.g., Earth Microbiome Project) is 16S rRNA

gene amplicon sequencing. Even though sponges’ microbiomes

have been studied worldwide, most studies have focused on

tropical and temperate sponges, and less attention has been paid

to polar species. This is reflected in “The sponge microbiome

project” (Moitinho-Silva et al., 2017a), where the microbiomes

of 268 temperate and tropical sponge species were analyzed, but

no polar species were included. However, in recent years, the

microbiota of 31 Antarctic sponge species (or probably less since

some of them were only identified to genus level) have been

studied using 16S rRNA amplicon sequencing analysis (Webster

et al., 2004; Rodrıǵuez-Marconi et al., 2015; Cárdenas et al., 2018;

Cárdenas et al., 2019; Lo Giudice et al., 2019; Steinert et al., 2019;

Dıéz-Vives et al., 2020; Moreno-Pino et al., 2020; Papale et al.,

2020; Sacristán-Soriano et al., 2020; Ruocco et al., 2021; Cristi

et al., 2022; Happel et al., 2022). This is still a very small amount,

considering that the most recent estimates of sponge species

richness in the Southern Ocean and neighboring oceanographic

regions were of 400 species as published in the Biogeographic

Atlas of the Southern Ocean (Janussen and Downey, 2014).

Anthropogenic climate change has for long been known to

have detrimental effects on marine environments (Smale et al.,

2019; Cooley et al., 2022). For the last decades, along gradual

ocean warming, ocean acidification, deoxygenation, and sea level

rise, extreme events like heat waves have increased in frequency,

duration, intensity, and extension (Oliver et al., 2018; Collins

et al., 2019; Cooley et al., 2022). There is evidence that these heat

waves have caused massive mortality events on marine benthic

environments (Garrabou et al., 2009; Hereu and Kersting, 2016;

Rubio-Portillo et al., 2016; Hughes et al., 2017; Ereskovsky et al.,

2019; Garrabou et al., 2022). Although the sponge microbiome is

in general stable across geographical and temporal scales (Erwin

et al., 2012; Erwin et al., 2015; Cárdenas et al., 2019; Happel et al.,

2022), it can also be influenced by environmental perturbations

(e.g. Webster et al., 2008; Lesser et al., 2016; McDevitt-Irwin

et al., 2017). Some studies have addressed the effect of elevated

seawater temperature particularly on sponges, both on their

physiology and on their microbiota (Simister et al., 2012b;

Simister et al., 2012a; Vargas et al., 2021). While some sponges

exposed to thermal stress suffered from tissue necrosis and

bleaching (e.g. Bennett et al., 2017; Perkins et al., 2022), others

seem to be less vulnerable (e.g. González-Aravena et al., 2019).

Similarly, while warming produced changes and disruption on

the microbiota of some sponge species (e.g. Simister et al., 2012a;

Fan et al., 2013; Blanquer et al., 2016; Ramsby et al., 2018;

Rondon et al., 2020), others remained unaffected (Webster et al.,

2008; Erwin et al., 2012; Simister et al., 2012b; Strand et al.,

2017). Mostly, however, the effect of the temperature increase in
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the microbiota of the sponges remains to be further investigated.

Moreover, whether sponges from polar areas are more sensitive

to these impacts respect to temperate and tropical species is

totally unknown. The water temperature in Antarctic

environments is very stable all year round, whereas temperate

and tropical regions experience larger variations in seawater

temperature (Gonzalez-Acosta et al., 2006; Thébault et al., 2007;

Clarke et al., 2008; Lie and Lee, 2010). The adaptation of

organisms to the particular environmental conditions of their

region have led to organisms in the Antarctic regions to survive

in a narrow temperature range (stenothermal organisms),

compared to temperate and tropical organisms (Peck and

Conway, 2000).

Here, the microbiomes of different sponge species from their

natural habitat along with that of sponge specimens exposed to

heat stress experiments in aquaria were assessed by 16S rRNA

amplicon sequencing to (1) characterize the sponge species

microbiota covering a latitudinal gradient (polar, temperate

and tropical environments), and (2) asses the effects of

thermal stress on their microbial communities.
2 Materials and methods

2.1 Sample collection

A total of 88 specimens belonging to four demosponge species

living in similar shallow rocky benthic environments were

collected at three regions representative of polar, temperate, and

tropical coastal environments. Mycale acerata (LMA) (Sacristán-

Soriano et al., 2020; Happel et al., 2022) and Dendrilla antarctica

(LMA) (Koutsouveli et al., 2018; Dıéz-Vives et al., 2020), common

yellow sponges in hard bottom benthic environments from polar

(Antarctic) waters; and Agelas oroides (HMA) (Vacelet and

Donadey, 1977; Blanquer et al., 2013), a lobed orange sponge

present in temperate (Mediterranean Sea and Eastern Atlantic)

waters; and Acanthella cavernosa (LMA) (Coelho et al., 2018;

Cleary et al., 2019), a red spiky sponge present in tropical (Pacific

Ocean) waters. Both Antarctic sponges,M. acerata (n=28) and D.

antarctica (n=28) were collected at four different stations on

Deception and Livingston Islands (South Shetland Islands)

(Figure 1 and Table 1). The temperate species, A. oroides (n=25)

was collected at two different stations from the Western

Mediterranean coast (Costa Brava, Catalonia), while the Indo-

pacific sponge, A. cavernosa (n=25) was collected at two different

stations from Guam (Mariana Islands). Whole healthy sponge

specimens and 2 L of seawater adjacent to the animals were

collected manually by scuba diving at 10-25 m depths. Sponge

specimens were kept in independent plastic zip bags or screw cap

plastic containers filled with seawater and transported to the lab in

liquid N2 or ice, within 1-2 h. Sampling took place in Antarctica

(polar site) during the austral Summer of 2018, and 2019, while

sampling in the Mediterranean Sea (temperate site) took place in
frontiersin.org
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May 2018 and sampling in Guam (tropical site) took place in

April 2019 (Figure 1). Seawater temperatures at the moment of

collection were -1 to 4°C in the South Shetland Islands, 14-15°C in

the Mediterranean coast, and 28-29°C in Guam Island. A total of

29 specimens were used to assess the bacterial composition of the

holobiont and 59 were used to simulate the effect of a heatwave in

the microbiome. A summary of the number of samples used in the

different experiments are shown in Table 1.
2.2 Heat stress experimental design

For the temperature experiments, at each locality, 20 different

individuals of each species (M. acerata, D. antarctica, A.

cavernosa, and A. oroides) were placed in aquaria at three

different temperatures, including local seawater temperature, to

be used as control temperature (CT), and at two higher

temperatures [heat stress temperature (HST) and extreme heat

stress temperature (EHST), around 4-5°C and 6-10°C higher than

the CT, respectively]. Temperatures were chosen on each site

according to the increase predicted by the IPCC and other reports,
Frontiers in Marine Science 04
by duplicating the expected values and higher, and to the

aquarium possibilities available for us to carry out the

experiments on each place. Five more specimens of each species

were placed in the aquaria at the beginning of the experiment and

processed after 24 h to control for changes in the microbiota due

to the manipulation, transport, and placement in the aquaria

(aquaria adaptation control group). The experimental

temperatures are summarized in Table 1. Water temperature

was measured and controlled using a digital controller (Aqua

Medic T controller twin) connected to heating (Sera 50 W or 150

W) and/or cooling (Aqua Medic Titan 150) units. The system was

kept steady all along the experiment. Sponge specimens were kept

in compartmented tanks (volumes ranging between 24-112.5 and

480 L according to the organism sizes), with seawater circulating

through all the compartments, and were incubated for

approximately three weeks for the Antarctic, two weeks for

Mediterranean and one week for tropical sponge species.

Samples were incubated at different times because temperature

affects metabolism, and this is much fastest in the tropics and

slowest in Antarctica. Therefore, the experimental times were

adjusted to these different metabolisms.
A

B C

FIGURE 1

Sampling sites of the different regions. (A) Antarctic region (South Shetland Islands). (B) Mediterranean region. (C) sampling sites in Guam Island
(Mariana Islands). Sampling locations are marked with black dots at each sampling region.
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2.3 Total DNA extraction and PCR
amplification of 16S rRNA

All sponge specimens were washed with sterile seawater. An

amount of 250 mg of each sponge specimen was homogenized to

small pieces in a glass Petri dish with sterile scissors and blade.

DNA was extracted using FastDNA™ SPIN Kit for Soil (MP

Biomedicals, Illkirch, France). Extraction was performed

following manufacturer’s instructions. Isolation of bacterial

DNA from seawater collected from the surrounding

environment was performed using a concentration-filtration

method. One liter of each sample was filtered by vacuum

filtration through a 0.22 mm pore-size mixed ester cellulose

membrane. DNA from filter-retained bacteria was extracted

using the same DNA extraction kit. Each filter was fitted in a

5 ml flask so that the bacteria retaining side was exposed to

buffers and the beads in the first step of the kit’s protocol. The

DNA concentration was quantified by Qubit fluorometer

(Invitrogen). A negative control for all the extractions

were performed.
Frontiers in Marine Science 05
2.4 Illumina 16S rRNA amplicon
sequencing

Negative controls (blanks from the DNA extraction process,

as well as from the DNA amplification, and sterile seawater used

to wash the animals) as well as two different positive controls

(ABRF-MGRG 10 Strain Staggered Mix Genomic Material

(ATCC MSA-3002) , and ZymoBIOMICS Microbial

Community DNA Standard (D6306) were included in the 16S

rRNA amplicon sequencing. Sample sequencing was performed

in three runs using the Illumina MiSeq platform at the Genomics

Unit of Centre for Genomic Regulation Core Facilities (CRG,

Barcelona). The data is available at Mendely Data public

repository (DOI: 10.17632/9c6y62nv9z.1, DOI: 10.17632/

d67pjpc47g.1, DOI: 10.17632/fnjhzsybxj.1).

The V4 region was amplified fromDNA sample extracts using

the primers from the Earth Microbiome Project [515F (Parada

et al., 2016) (5’- GTGYCAGCMGCCGCGGTAA-3’) and 806R

(Apprill et al., 2015) (5’-GGACTACNVGGGTWTCTAAT-3’)]

The PCR was performed in 25 ml volume with 0.2 mM primer
TABLE 1 Samples, number of sponge specimens, experimental conditions and sampling sites coordinates of the different specimens.

Host species Natural
habitat

Aquaria
Experiments

Location
Coordinates

N CT HST EHST N

Mycale (Oxymycale) acerata
Kirkpatrick, 1907

5 0.7 ±
1.2

5.7 ±
0.7

9.8 ±
0.8

20 Cormoran Town, Whaler’s Bay,
Deception Island

-62.981666,
-60.554979

2 Polish Point, Livingston Island -62.661183,
-60.398817

1 Moore’s Peak, False Bay, Livingston
Island

-62.693056,
-60.338056

Dendrilla antarctica Topsent, 1905 3 0.5 ±
0.3

5.4 ±
0.4

9.7 ±
0.8

16 Fildes, Whaler’s Bay, Deception Island -62.987531,
-60.556302

4 Cormoran Town, Whaler’s Bay,
Deception Island

-62.981666,
-60.554979

5 Moore’s Peak, False Bay, Livingston
Island

-62.693056,
-60.338056

Agelas oroides
Schmidt, 1864

3 15.6 ±
0.2

20.1 ±
0.2

24.7 ±
0.3

12 Rostella Cove, Roses, Catalonia 42.243307,
3.227282

2 8 Es Caials Cove, Cadaqués, Catalonia 42.284554,
3.297230

Acanthella cavernosa Dendy, 1922 5 29.2 ±
0.6

32.6 ±
1.2

33.1 ±
1.2

11 Jade’s Shoals, Guam Island 13.453844,
144.661835

9 Western Shoals, Guam Island 13.450547,
144.664566

N, number of samples; CT, control temperature; HST, heat stress temperature; EHST, extreme heat stress temperature. Temperature indicated in Celsius degrees. Temperature indicated
as mean ± SD.
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concentration and KAPA HiFi HotStart ReadyMix (Roche).

Cycling conditions were initial denaturation of 3 min at 95°C

followed by 25 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for

30 s, ending with a final elongation step of 5 min at 72°C. After

this first PCR step, water was added to a total volume of 50 ml and
reactions were purified using AgenCourt AMPure XP beads

(Beckman Coulter). The first PCR primers contain overhangs

allowing the addition of full-length Nextera adapters with

barcodes for multiplex sequencing in a second PCR step,

resulting in sequencing ready libraries with approximately 450

bp insert sizes. To do so, five ml of the first amplification were used

as template for the second PCR with Nextera XT v2 adaptor

primers in a final volume of 50 ml using the same PCR mix and

thermal profile as for the first PCR but only 8 cycles. After the

second PCR, 25 ml of the final product was used for purification

and normalization with SequalPrep normalization kit

(ThermoFisher Scientific), according to manufacturer’s protocol.

Libraries were eluted and pooled for sequencing. Final pool

libraries were analyzed using Agilent Bioanalyzer or Fragment

analyzer High Sensitivity assay to estimate the quantity and check

size distribution, and were then quantified by qPCR using the

KAPA Library Quantification Kit (KapaBiosystems) prior to

sequencing with Illumina’s Miseq 2x300bp.
2.5 Bioinformatic analyses

Cutadapt was used to trim adapters, primers, barcodes and

leading Ns from sequencing reads. Sequences were processed to

amplicon sequence variants (ASV) using the default parameters

of the Dada2 workflow (Callahan et al., 2016). Firstly, quality

filtering and the trimming of sequences was set to 180 bp (for

forward reads) and 150 bp (for reverse reads) with a maximum

number of expected errors allowed per read set at two (EE = 2).

This parameter has been shown to be a better filter than simply

averaging quality scores (Edgar and Flyvbjerg, 2015). Filtered

sequences were dereplicated, the forward and reverse reads were

aligned and merged. The sequences from the three runs were

merged, chimeras were removed and an amplicon sequence

variant (ASV) table was obtained. Taxonomy was assigned to

the resulting ASVs using the SILVA SSU 138 reference database

and was imported to the phyloseq R package for microbiome

analyses. To obtain more accurate profiling of microbial

communities, the decontam (Davis et al., 2018) R package was

used to remove sequences derived from contaminating DNA

present in extraction or sequencing reagents. In addition,

chloroplast and mitochondrial reads were removed. The

sequences of most abundant ASV that could not be identified

at genus level were searched against GenBank database (rRNA
Frontiers in Marine Science 06
database for Archaea and Bacteria) using Blast tool from NCBI

(https://blast.ncbi.nlm.nih.gov/).
2.6 Data analyses

Alpha and beta diversity were analysed using the Phyloseq

(McMurdie and Holmes, 2013) and vegan (Oksanen et al., 2022)

R packages. For alpha diversity analysis, estimates of richness

(namely Chao1 index, which is an estimate based on the

abundance but affected by the number of ASVs appearing few

times), and diversity indices (Shannon, which indicates both the

richness but also considers the abundance of ASV, and Inverse

Simpson, which is mostly affected by the dominance of certain

ASVs in the sample) were calculated after rarefying the ASV

table. In temperature experiments, rarefaction was performed to

the different experimental groups ASV table for each target

species. One-way analyses of variance (ANOVA) were used to

assess differences in the alpha diversity indices across species

(Mycale acerata, Dendrilla antarctica, Acanthella cavernosa,

Agelas oroides), followed by HSD Tukey post-hoc test for

significant ANOVAs. Student’s t-test was used to detect

differences in the alpha diversity indices between the sponge

specimens of the two Antarctic locations (Deception Island and

Livingston Island) forM. acerata and D. antarctica, and between

the sponge specimens of the two Mediterranean locations (Roses

and Cadaqués) for A. oroides. One-way analyses of variance

(ANOVA) were used to assess differences in the alpha diversity

indices across aquaria experimental groups (natural habitat,

adaptation group, control temperature, heat stress

temperature, and high heat stress temperature) within each

sponge species, followed by HSD Tukey post-hoc test for

significant ANOVAs. The univariate statistics were performed

using SPSS Statistics v27 (IBM Corporation). For beta diversity

analysis, the number of reads of each ASV was previously

transformed to relative abundance, the Bray Curtis distance

was calculated, and samples were ordinated by non-linear

mult id imensional sca l ing (nMDS) . Microbia l core

communities were determined at the sponge species level,

defined as taxa shared (ASVs) by 100% of the sponge

specimens. Additionally, for those sponges collected at

different locations a separate core community was also

determined for each location.

Furthermore, SourceTracker2 package (Knights et al., 2011)

was used to determine the source of ASVs of sponge specimens

from different experimental groups. For this, the natural habitat

group, seawater, and aquarium water from the end of the aquaria

experiments were treated as “source”, whereas the aquaria

adaptation control group, control temperature (CT), heat
frontiersin.org
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stress temperature (HST) and extreme heat stress temperature

(EHST) groups from each sponge species were treated as

“sink” samples.
3 Results

3.1 Diversity of the sponge-associated
bacterial communities in their
natural habitat

A total of 2,947,270 reads were obtained after denoising and

quality filtering of the raw sequencing data of sponge specimens

collected from their natural habitat and their surrounding water.

Among these, after chloroplast and mitochondria removal,

2,583,832 reads (88%) affiliated to Bacteria, representing 5,183

ASVs, with an average of 80,744 reads per sample (ranging from

9,681 to 180,387 reads) (Table 2). A total of 689 ASVs were

recovered from M. acerata, 936 ASVs from D. antarctica, 2,071

ASVs from A. cavernosa, and 550 ASVs from A. oroides. Samples

of seawater recovered in the same area as the sponge specimens
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had 480 ASVs on average. The sponge species were in all cases

enriched for ASVs in relation to the surrounding seawater with

the exception of the Mediterranean environment, from where

755 ASVs were recovered from the water whereas 550 ASVs

were recovered from A. oroides.

Around 3% of the reads affiliated to domain Archaea

(ranging from 3 to 25,329 reads per sample), showing an

uneven distribution between the different sponge species. In

fact, only two of the studied species (A. oroides and D.

antarctica) and their corresponding seawater samples harbored

Archaea at an abundance higher than 1% of the total reads [A.

oroides (8.08-18.84% and D. antarctica from Livingston (1.12-

2.22%)]. In both cases, the archaeal community was dominated

with 99-100% abundance by a unique genus, Cenarchaeum in A.

oroides and “Candidatus Nitrosopumilus” in D. antarctica,

respectively. Both genera belong to the Nitrososphaeria class

in the Crenarchaeota phylum. Seawater associated to A. oroides

were dominated by Marine Group II archaea (52%),

“Candidatus Nitrosopumilus” (28%) , “Candidatus

Nitrosopelagicus” (11%) and Cenarchaeum (6%) genus, and

Marine Group III (4%). On the other hand, seawater
TABLE 2 Summary of reads, ASVs, and diversity of sponge species and water of the different geographic areas.

Sponge species N Average reads Total ASVs Core ASVs Chao1 Shannon InvSimpson

Merged by species

M. acerata 8 51,014 ± 9,459 689 14 170 ± 66 1.8 ± 0.4 2.4 ± 0.7

D. antarctica 8 41,250 ± 261,23 936 9 179 ± 47 3.5 ± 0.3 14.5 ± 5.7

A. oroides 5 130,001 ± 34,336 550 94 212 ± 8 3.9 ± 0.2 29.5 ± 9.3

A. cavernosa 5 133,296 ± 29,838 2071 65 500 ± 179 2.4 ± 0.4 5.0 ± 1.4

Merged by location

M. acerata DEC 5 44,905 ± 2,236 438 35 153 ± 60 1.7 ± 0.3 2.2 ± 0.3

M. acerata LIV 3 61,195 ± 7,374 434 43 199 ± 78 2.0 ± 0.6 2.8 ± 1.1

D. antarctica DEC 3 65,840 ± 14,814 478 36 205 ± 56 3.6 ± 0.3 16.7 ± 4.8

D. antarctica LIV 5 26,497 ± 18,943 573 19 163 ± 39 3.5 ± 0.4 13.1 ± 6.3

A. oroides ROS 3 142,586 ± 32,815 458 120 217 ± 4 3.8 ± 0.0 23.5 ± 1.9

A. oroides CAD 2 111,124 ± 37,075 294 147 203 ± 2 4.1 ± 0.2 38.5 ± 8.2

Seawater

M. acerata/
D. antarctica DEC
SW 1

94,819 374 NA 369 3.73
15.06

M. acerata LIV SW 2 76,731 ± 30,708 399 NA 282 ± 29 3.8 ± 0.1 15.7 ± 0.4

D. antarctica LIV SW 1 78,026 412 NA 377 3.70 13.00

A. oroides CAD SW 1 113,801 755 NA 698 4.88 57.54

A. cavernosa SW 1 89,115 456 NA 410 4.44 28.32

SW, seawater. The surrounding seawater of M. acerata DEC and D. antarctica DEC was the same. No seawater for A. oroides ROS specimens was available. Number of reads, as well as
Chao1, Shannon, and InvSimpson indices indicated as mean ± SD. NA, not aplicable; N, number of samples.
frontiersin.org

https://doi.org/10.3389/fmars.2022.1072696
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


De Castro-Fernández et al. 10.3389/fmars.2022.1072696
associated to A. cavernosa was dominated by the Marine Group

II (98%). Archaea were not included in further analyses.

The richness was significantly higher in the Tropical sponge

A. cavernosa (observed ASVs, 2071; and Chao 1 index, 500) than

in the other sponge species (p<0.001) (Table 2). It has to be

noted that more than 50% of these ASVs were found less than 10

times. A lower number of ASVs was observed for D. antarctica

(936), followed byM. (689), and A. oroides (550). A. oroides and

D. antarctica had the highest Shannon diversity index (3.9 and

3.4, respectively), followed by A. cavernosa (2.4) and M. acerata

(1.8) (Table 2). Statistically significant differences were observed

between M. acerata and the sponges D. antarctica, A. cavernosa

and A. oroides, and between A. cavernosa and the sponges M.

acerata, D. antarctica and A. oroides (p<0.001). This index

indicates both the richness but also considers the proportion

of ASV. In the case of the Inverse Simpson index, which is

mostly affected by the dominance of certain ASVs in the sample,

a similar trend was observed with the highest average value

Obtained for A. oroides (29.5), followed by D. antarctica (14.5),

A. cavernosa (5.0) and M. acerata (2.4) (Table 2). Statistically

significant differences were observed betweenM. acerata and the

sponges D. antarctica and A. oroides, between D. antarctica and

the sponge A. oroides, and between A. cavernosa and the sponges

D. antarctica and A. oroides. The effect of the sampling location
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on the richness and diversity indices was also investigated

showing no statistically significant differences among the

different sampling locations of the same species. (p>0.05). The

exception was the Chao1 index in A. oroides, which was higher

in the sponge specimens from Roses than in the sponge

specimens from Cadaqués (p=0.025) (Table 2).
3.2 Taxonomic composition and
structure of the sponge-associated
bacterial communities in their natural
habitat

The taxonomic composition of the bacterial communities at

phylum level is shown in Figure 2 and Supplementary Table 1.

The bacterial communities of M. acerata were dominated by

Proteobacteria (86±7%), specifically class Gammaproteobacteria

(79±9%), independently of the sampling location. D. antarctica

was also dominated by Proteobacteria (62±13%), with

Alphaproteobacteria constituting 35±13% of the bacterial

community, followed by Bacteroidota (29±11%) and

Gammaproteobacteria (27±15%), also independently of the

sampling location. A. oroides was dominated by the phylum

Chloroflexi (37±9%), which was practically absent in the other

sponge species and the surrounding seawater, followed by

Gammaproteobacteria (22±4%), in both sampling locations.

Finally, A. cavernosa was dominated by Cyanobacteria (47

±14%), followed by Planctomycetota (27±7%), which was

present at <1% on average in the other sponge species and

seawater, and Gammaproteobacteria (20±22%).

The bacterial community of the seawater from the different

locations where the sponges were collected was dominated by

Proteobacteria (63±8%), followed by Bacteroidota (27±6%)

(Figure 2). Class Alphaproteobacteria was in all seawater

s amp l e s e q u a l o r m o r e a b u n d a n t t h a n c l a s s

Gammaproteobacteria. Specifically, seawater surrounding M.

acerata hosted a bacterial community dominated by

Proteobacteria (67±6%) and Bacteroidota (30±5%),

independently of the sampling location. The seawater

surrounding D. antarctica in Livingston Island had a

community dominated by Proteobacteria (66%) and

Bacteroidota (31%). Seawater surrounding A. cavernosa

specimens hosted a bacterial community dominated by

Proteobacteria (50%) (with Alphaproteobacteria as the most

abundant (37%) versus Bacteroidota (20%), Cyanobacteria

(17%), and Gammaproteobacteria (12%). Finally, seawater

around A. oroides (temperate sampling region), was enriched

in Proteobacteria (61%), Bacteroidota (24%), Cyanobacteria

(5%) and Campylobacterota (5%).

The majority of ASVs could not be affiliated to the genus

taxonomic rank, and therefore they were affiliated at a higher

taxonomic rank. The complete taxonomic affiliation from genus

to class is shown in Supplementary Figures 3. Notably, the ten
FIGURE 2

Taxonomic affiliation of ASVs detected in sponge species and
seawater in their natural habitat at Phylum level. DEC, Deception
Island; LIV, Livingston Island; ROS, Roses; CAD, Cadaqués; GUA,
Guam; SW, seawater. Numbers on the right axis indicate sample
replicates.
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most abundant ASVs from each sponge species were distributed

unevenly in the other sponges (Figure 3). For example, M.

acerata most abundant ASVs were affiliated to the family

EC94 with an abundance of 69% altogether. In this species, 4%

of the reads could not be affiliated at a lower taxonomic rank

below Bacteria kingdom. In D. antarctica, the most abundant

ASVs were an unidentified ASV affiliated to an unidentified

genus of class Alphaproteobacteria (>13%), Polaribacter (>12%),

an unidentified ASV affiliated to the family SAR116 clade (10%),

followed by Burkholderia-Caballeronia-Paraburkholderia (3%),

two unidentified ASVs affiliated to family Nitrincolaceae and

family S25-593, respectively, Kistimonas and the NS4 marine

group (all of them at relative abundance <3%). Among the ten

most abundant ASVs detected in A. cavernosa Cyanobium was

the most abundant (40%), followed by an unidentified ASVs

affiliated to family Pirellulaceae (23%), and ASVs affiliated to

Ralstonia (13%) and Synechococcus (6%). In A. oroides, again the

most abundant ASVs at a relative abundance higher than 5%

were not shared with the other species or were practically absent.

These included mostly unidentified genera from different

families or classes (family A4b (>14%), Sva0996 marine group

(6%), clade KI89A (5%), class TK17 (7%), PAUC43f marine

benthic group (3%), class TK30 (5%), and family

Caldilineaceae (2.5%)).

This distinct bacterial communities’ structure observed

between the different sponge species and between the

surrounding water and the corresponding sponges was also
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visualized by non-metric multidimensional scaling (nMDS) of

Beta-diversity (Bray-Curtis) coefficients (Figure 4). The samples

clustered together according to the sponge species. The Antarctic

sponges M. acerata and D. antarctica were closer between them

than the other sponge species, but without overlapping each

other. All sponge species were distant from seawater in the

multidimensional space, except fromM. acerata specimens from

Livingston, that exhibited overlap with the group formed by

Antarctic seawater samples.
3.3 Core bacterial communities of the
sponges in their natural habitat

The core bacterial community ofM. acerata from Deception

Island was composed of 35 ASVs, and that from Livingston

Island of 43 ASVs (Table 2). Considering all replicates from both

locations together, the core community of M. acerata was

restricted to 14 ASVs. It must be noted that although the most

abundant bacterial taxa in all M. acerata replicates was a

unidentified genus from the EC94 family, with relative

abundance ranging 68-78%, this genus was represented by a

total of 27 ASVs, none of which was shared by 100% of the

replicates. ASVs 1 and 3 (both affiliated to the EC94 family) were

the two most abundant ASVs in M. acerata specimens in

average. These ASVs showed the highest identity to different

Nitrosomonas spp using Blast against GenBank rRNA database

[Supplementary Table 3 (Table 1)]. AllM. acerata replicates had

at least one of these ASVs. ASVs 1 and 3 were also present in

seawater samples, whereas ASV47 (also affiliated to the EC94

family) was only present in one seawater sample. Nevertheless,

they were up to 1000-2000 times more abundant in the sponge

specimens than in seawater. The most abundant ASVs shared by
FIGURE 4

Non-linear multidimensional scaling representation of the
different sponge species from the different geographic areas and
sampling locations and their surrounding water. DEC, Deception
Island; LIV, Livingston Island; GUA, Guam; ROS, Roses; CAD,
Cadaqués; SW, seawater.
FIGURE 3

Heatmap representation of the abundance of the 10 most
abundant ASVs of the different sponge species with its
taxonomic affiliation at the lowest taxonomic rank. Their
presence in all sponge species is shown.
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100% of the replicates of the sponge were affiliated to SAR11 Ia

clade and Polaribacter (around 2% on average). Both were more

abundant in seawater’s community than in the sponges’

communities: around ten times more abundant for the genus

affiliated to SAR11 Ia clade, and around two times for

Polaribacter. The other ASVs in M. acerata core community

were less abundant than 1% on average.

The core bacterial community of D. antarctica from

Deception Island included 36 ASVs, and that from Livingston

Island, 19 ASVs. Considering all specimens from both locations,

the core community of D. antarctica was composed of 9 ASVs.

The five most abundant ASVs on average were affiliated to a

unidentified genus of the SAR116 clade, Polaribacter, a

unidentified genus of the NS4 marine group, a unidentified

genus of the OM43 clade, and a unidentified genus of the

Nitrincolaceae family. These unidentified ASVs showed the

highest identity to genera Thalassobaculum, Kordia, Rivicola,

and Maribrevibacterium from GenBank DB, respectively

[Supplementary Table 3 (Table 1)]. SAR116 clade was not

present in the seawater samples, the ASVs associated to a

unidentified genus of the Nitrincolaceae family was equally

abundant in the sponge specimens and seawater (~1% on

average), and the other three were six to nine times more

abundant in the sponge specimens compared to seawater.

The core bacterial community of the tropical sponge A.

cavernosa included 65 ASVs. The five more abundant ASVs in

the core bacterial community represented on average around

80% of the whole bacterial community. These ASVs affiliated to

the genus Cyanobium, a unidentified genus of the Pirellulaceae

family (showing the highest identity to genus Botrimarina from

GenBank DB) [Supplementary Table 3 (Table 1)], Ralstonia

genus and Synechococcus genus. All these five ASVs were present

in the seawater community, with relative abundances under

0.5%, except for ASV34 (Synechococcus genus), which

represented the 14% of the seawater community.

The core bacterial community of the temperate sponge A.

oroides included 94 ASVs. Four out of the five more abundant

ASVs on average (with abundances 4-7% of the community)

belonged to bacteria in the Chloroflexi phylum. Specifically,

these bacteria belonged either to class TK17, family A4b or class

TK30 (showing the highest identity to genera Litorilinea,

Ornatilinea and Ammoniphilus, respectively, from GenBank

DB) [Supplementary Table 3 (Table 1)]. The third most

abundant bacterial taxa in the core community of A. oroides

was the KI89A clade (4.7% average relative abundance),

belonging to the oligotrophic marine Gammaproteobacteria

(OMG) group. These ASVs were either absent in the seawater

bacterial community (class TK30, KI89A clade), or were 1000-

2000 times more concentrated in the sponge specimens than in

the seawater (class TK17, family A4b).

There were four ASVs (ASV 1, 2, 18, 112) that were shared

among the four sponge species studied although not present in

100% of the replicates. The taxa assigned to them were a
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unidentified genus of the EC94 family, a unidentified genus of

the SAR11 Ia clade, Ralstonia, and a unidentified genus of family

Cryomorphaceae. These unidentified ASVs showed the highest

identi ty to genera Nitrosomonas , Pelagibacter and

Phaeocystidibacter, from GenBank DB) (Supplementary

Table 1). The ASVs relative frequencies varied among the

different sponge species being ASV 1 dominant in M. acerata

(39%), with respect to the other sponge species (0.01-0.02%).

The second most abundant shared ASV was ASV 18 in A.

cavernosa (14%), being detected in the other sponges at lower

relative abundances (with up to 4000 times lower relative

abundance in A. oroides). The other left ASVs were present at

lower frequencies (<2% in all of the sponge species). All except

ASV1 were found ubiquitously in the surrounding seawaters,

except ASV1, which was only found in the seawater sample from

Deception Island at very low relative abundance (0.03%).
3.4 Effect of heat stress

The results of the effect of a heat wave on the bacterial

communities of the sponge species are shown in Table 3 and

Supplementary Table 2. In all four species, the reads from the

adaptation control specimens mainly matched those of the

natural habitat group (M. acerata 91.8%, A. cavernosa 61.6%,

and A. oroides 82.8%), with lower percentage in D. antarctica,

46.6% (Table 3). At the end of the experiments, the percentage of

sequences that were tracked to the natural habitat specimens had

decreased in all cases. In the specimens exposed to extreme heat

stress temperature, the source of the highest percentage of reads

was the aquarium seawater in all cases. The experimental groups

maintained at CT were those with a higher percentage of

sequencing tracking the natural habitat specimens, although

only M. acerata retained most sequences of the natural habitat

specimens at CT condition. Taking into consideration the

increasing temperatures, the percentages of shared sequences

decreased as the temperature increased (p<0.05 in all

comparisons of HST vs. CT, and EHST vs. CT, except for D.

antarctica HST vs. CT).

In order to assess the effect of temperature in the

communities’ biodiversity, the richness of observed species and

Shannon index were analyzed (Figure 5). A general decrease

trend in the observed species richness and Shannon diversity

index with the increasing temperature was observed for the

tropical A. cavernosa and the temperate A. oroides. This trend

was reversed for the Antarctic sponges, although in the case of

M. acerata the diversity of the EHST experimental group was

between HST and CT experimental groups. The diversity of the

sponge specimens in their natural habitat was higher than the

corresponding experimental group mimicking the natural

conditions (CT) in the case of D. antarctica (p<0.05 for

Shannon index difference) and lower in the case of A.

cavernosa (p<0.05 for Shannon index difference). The diversity
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in natural habitat and CT sponge specimens was comparable in

M. acerata (p>0.05 for Shannon index difference) and the same

was observed in A. oroides (p>0.05 for Shannon

index difference).

The diversity changes observed in the different experimental

conditions were also assessed taxonomically (Figure 6). Changes

were observed in the most abundant phyla among the different

experimental groups. The phylum Proteobacteria decreased in

M. acerata exposed to low heat stress (HST) compared to the

other experimental groups. Instead, Bacteroidota increased inM.

acerata exposed to HST (28±9%) compared to the natural

habitat group, and slightly decreased at the extreme heat stress

(EHST). Additionally, an enrichment in Campylobacterales was

observed (14±2%), compared to the other experimental groups,

where it was practically absent. Cyanobacteria decreased in M.

acerata exposed to experimental temperatures and was almost

absent in the EHST group.

In D. antarctica exposed to both heat stresses the abundance

of Proteobacteria increased compared to the natural habitat

group. Additionally, the proportion of Gamma- versus

Alphaproteobacteria was inversed in all experimental groups

compared to the natural habitat group. Bacteroidota was less

abundant in the three experimental groups than in the natural

habitat group. Firmicutes represented 25±17% of the bacterial
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community on average in CT sponge specimens but was

practically absent in the other groups’ communities.

In A. oroides, Proteobacteria phylum was less abundant in

the sponge specimens of the heat stress experiment than in the

natural habitat group. Moreover, while in the natural habitat

communities’ class Gammaproteobacteria was more abundant

than class Alphaproteobacteria, this relationship was reversed in

the communities of the three experimental groups. The three

experimental groups were enriched in Bacteroidota compared to

the natural habitat group, but HST and EHST sponge specimens

were less enriched than CT. The phylum Chloroflexi represented

37±9% of the bacterial community of the natural habitat group

in A. oroides but was practically absent in the communities of the

experimental groups. Firmicutes was more abundant in the CT

group than in the natural habitat group. HST group was more

enriched in bacteria from this phylum than CT, and in EHST

group, the abundance of Firmicutes was even higher than

in HST.

In A. cavernosa, the communities from the groups exposed

to the three experimental temperatures were enriched in

Proteobacteria compared to the natural habitat sponge

specimens’ communities. Also, while in the natural habitat

communities, class Gammaproteobacteria was more abundant

than class Alphaproteobacteria, this relationship was reversed in
TABLE 3 Average contribution of reads (%) of the possible sources to the microbiome of the different sponge species experimental groups
detected in the aquaria exposed at different temperatures.

Natural
habitat

SW Natural
habitat

SW Control
group SW CT SW HST SW EHST Unknown

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

M. acerata Control 91.8 6.0 4.1 4.1 1.0 0.6 0.3 0.2 0.3 0.2 0.5 0.3 1.9 1.9

M. acerata CT 71.9 24.0 1.9 2.7 3.0 2.7 18.2 21.4 2.4 2.1 1.9 0.9 0.7 0.5

M. acerata HST 12.6 10.1 0.2 0.2 2.8 1.9 22.6 15.6 50.8 20.7 3.3 1.4 7.7 1.8

M. acerata EHST 15.3 6.3 0.2 0.4 27.3 5.4 5.2 2.7 1.1 0.4 49.6 7.7 1.2 0.4

D. antarctica Control 46.6 28.1 8.7 5.3 3.4 6.4 0.7 0.9 0.4 0.5 17.6 21.5 22.7 24.1

D. antarctica CT 25.3 8.9 0.9 0.2 0.8 0.3 38.6 16.3 0.4 0.4 19.4 6.1 14.5 25.5

D. antarctica HST 19.4 6.2 3.0 2.3 1.1 0.9 0.8 0.5 4.4 4.4 55.6 7.6 15.7 5.9

D. antarctica EHST 9.3 5.7 2.5 1.3 0.6 0.8 6.9 14.1 1.5 2.4 61.6 10.0 17.6 8.5

A. oroides Control 82.8 7.5 6.1 4.9 6.1 7.4 0.2 0.1 0.3 0.1 0.3 0.1 4.3 2.3

A. oroides CT 6.9 3.0 3.3 2.2 4.1 3.7 9.6 5.6 15.9 13.0 6.9 5.2 53.3 20.6

A. oroides HST 2.2 1.1 2.1 1.3 3.3 1.8 1.7 0.8 25.2 8.8 35.5 10.6 30.0 8.1

A. oroides EHST 1.4 1.3 0.7 0.8 0.4 0.3 0.2 0.1 1.2 0.6 68.1 2.9 27.9 3.5

A. cavernosa Control 61.6 29.1 0.1 0.1 0.4 0.3 1.5 1.9 5.6 10.7 4.5 6.6 26.3 18.8

A. cavernosa CT 12.7 7.5 0.1 0.0 0.8 0.2 1.5 0.8 1.6 0.9 4.3 3.3 79.0 6.6

A. cavernosa HST 1.1 0.7 0.1 0.0 0.4 0.2 1.9 0.6 48.2 6.8 11.8 3.1 36.6 3.4

A. cavernosa EHST 0.6 0.5 0.2 0.0 0.8 0.4 5.3 1.4 18.7 5.2 38.3 2.3 36.1 2.3

SW, seawater; CT, control temperature; HST, heat stress temperature; EHST, extreme heat stress temperature; SD, Standard deviation.
frontiers
in.org

https://doi.org/10.3389/fmars.2022.1072696
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


De Castro-Fernández et al. 10.3389/fmars.2022.1072696
D

A B

C

FIGURE 5

Alpha-diversity measurements of the bacterial communities of sponge specimens in aquaria experiments at the different experimental
temperatures (CT, control temperature, HST, heat stress temperature, EHST, extreme heat stress temperature) compared to the natural habitat
specimens: (A) M. acerata from Deception Island; (B) D. antarctica from Deception Island; (C) A. oroides from Cadaqués and Roses; (D) A.
cavernosa from Guam. AQ, aquarium experiments. * p-value <0.05.
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the communities of the three experimental groups in A.

cavernosa. Bacteroidota showed and increase trend with the

heat stress from lower than 1% in CT and natural habitat up to

38% in the EHST experimental group. Cyanobacteria was

markedly less abundant in A. cavernosa in aquaria

experiments compared to the natural habitat, being almost

absent at A. cavernosa EHST group. The bacteria belonging to

Planctomycetota were less abundant in A. cavernosa HST

experimental group compared to the other groups. Firmicutes

was more abundant in the CT group than in the natural habitat

group and even more in the HST group. Nevertheless, in EHST

group, the presence of Firmicutes was similar to CT.

Other phyla that were present in the natural habitat group

but were not in the aquaria experimental groups were

Acidobacteriota, Gemmatimonadota, and Actinobacteriota.

Conversely, Desulfobacterota was more abundant in the

communities of CT than natural habitat group, and its

presence was higher in HST and even higher in EHST

experimental groups. At genus level changes were also

observed between the different experimental groups. If we

focus on the core communities of the sponge species, the most

abundant core taxa were maintained in the different

experimental groups in the Antarctic sponges although with
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changing relative proportions (Figure 7). Nevertheless, some

genera were practically lost from the core communities in all the

experimental conditions such as Oceanicoccus, SAR92 clade,

Sulfitobacter, Rubritalea, in D. antarctica, or Arenicella,

Rubidimonas, Ralstonia, Lutibacter and Winogradskyella in M.

acerata, among others.

The dominant taxa in the microbial communities of M.

acerata natural habitat group were also hosted by the sponge

specimens exposed to CT, HST and EHST (Figure 7A). The

mean relative abundances in the 5 CT replicates were as follows:

unidentified genus of family EC94 (67±22%), genus

Endozoicomonas (2±5%). The unidentified genus of Family

EC94 and genus Endozoicomonas were less abundant in CT

sponge specimens with respect to natural habitat sponge

specimens. In HST experimental group, family EC94

represented 12±9% of the bacterial community, while genus

Endozoicomonas was 2±1%. Regarding EHST experimental

group, unidentified genus of family EC94 represented 16±7%

of the bacterial community, and Endozoicomonas, 0.1±0.1%.

Concerning the dominant taxa in M. acerata exposed to

HST the dominant taxa were, after family EC94, genus

Pseudarcobacter (8±4%), genus Colwellia (8±3%), genus

Crocinitomix (7±4%), family Marinifilaceae (6±6%), and genus
FIGURE 6

Taxonomic affiliation of ASVs at Phylum level in sponge species in their natural habitat and in the aquaria exposed at different temperatures (CT,
control temperature, HST, heat stress temperature, EHST, extreme heat stress temperature). DEC, Deception Island; MED, Roses and Cadaqués
origin; GUA, Guam; SW, seawater. Numbers on the right axis indicate sample replicates. AQ, aquarium experiments.
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Psychrobium (5±5%). All these taxa were present in the

aquarium water, being 2-3 times less abundant in the water,

except for genus Crocinitomix, which was almost equally

abundant. In the EHST group bacterial communities, the most

abundant taxa were genus Colwellia (27±3%), which was also the

dominant taxa in the EHST aquarium water, family

Rhodobacteraceae (15±7%), genus Pseudoalteromonas (5±2%),

and genus Polaribacter (5±2%). All these taxa were practically

absent in the natural habitat group sponges.

Concerning the most abundant taxa, the range of

abundances in D. antarctica in the 5 CT replicates were as

follows: genus Polaribacter (14±2%), unidentified genus of class

Alphaproteobacteria (7±7%), clade SAR116 (6±8%), and

unidentified genus of family Nitrincolaceae (1±1%)

(Figure 7B). Genus Polaribacter was less abundant in CT

sponge specimens with respect to natural habitat sponge

specimens. Class Alphaproteobacteria and SAR116 clade had

half relative abundance in CT sponge specimens than in the

natural habitat sponge specimens. Family Nitrincolaceae was

more than 10 times less abundant in CT sponge specimens than

in natural habitat sponge specimens. Similarly, these taxa were

present in the HST sponge specimens’ communities, with similar

abundances to CT sponge specimens, with the exception of

Polaribacter (6±2%). The abundances of these taxa in the

microbial communities of the sponge specimens exposed to
Frontiers in Marine Science 14
EHST were lower than in HST sponge specimens, except for

family Nitrincolaceae, which was more abundant in EHST

sponge specimens.

The dominant taxon in D. antarctica HST group

communities was group Burkholderia-Caballeronia-

Paraburkholderia (34±5%), almost absent in the aquarium

water. In the EHST group bacterial communities, the most

abundant taxon was also group Burkholderia-Caballeronia-

Paraburkholderia (29±17%). The relative abundance of

Burkholderia-Caballeronia-Paraburkholderia was similar in the

aquarium water communities and in EHST sponges. Genus

Burkholderia-Caballeronia-Paraburkholderia were practically

absent in the natural habitat group sponges.

In A. oroides, some genera were found in all experimental

groups such as the class TK17 and Sva0996 marine group

(Figure 7D). HST sponge specimens kept core taxa such as

family A4b, class TK30, or clades KI89A and SAR202 in most of

the specimens, which were lost in EHST sponge specimens. The

mean abundances in the 5 CT replicates were as follows: family

A4b (0.2±0.2%), KI89A clade (0.2-0.1%), class TK17 (0.04

±0.03%), and class TK30 (0.1±0.041%). These had lower

abundances in the microbial communities of the sponge

specimens exposed to HST, and even lower in EHST.

The dominant taxa in A. oroides HST group communities

were genus Fusibacter (23±6%), family Clostridiaceae (15±5%),
D
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C

FIGURE 7

Heatmap representation of the abundance of the 10 most abundant genera from the core sponge communities of each sponge species in the
different aquaria experimental groups exposed to different temperatures (CT, control temperature, HST, heat stress temperature, EHST, extreme
heat stress temperature) and natural habitat: (A) M. acerata from Deception Island; (B) D. antarctica from Deception Island; (C) A. oroides from
Cadaqués and Roses; (D) A. cavernosa from Guam. AQ, aquarium experiments.
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family Marinifilaceae (13±7%), order Peptostreptococcales-

Tissierellales (5±2%), and genus Halodesulfovibrio (4±1%). In

the EHST group bacterial communities, the most abundant taxa

were family Clostridiaceae (40±7%), genus Halodesulfovibrio (7

±3%), order Peptostreptococcales-Tissierellales (6±2%), and

group Clostridia vadinBB60 (5±0.6%). Only two of the

dominant taxa of the bacterial communities in HST and EHST

experimental groups were present in the natural habitat group:

family Clostridiaceae and genus Halodesulfovibrio, with

abundances <0.01% on average.

In the tropical sponge A. cavernosa, most taxa were still

present in CT sponge specimens although at lower abundance,

but lost in HST and EHST groups such as the unidentified genus

of Family EC94, Filomicrobium or Blastopirellula, or lost mostly

at the highest temperatures (in EHST group), such as

Synecococcus and Cyanobium. Still, the dominant taxa of the

sponge species’ core microbiota were present in HST sponge

specimens (Figure 7C). The range of abundances in the 5 CT

replicates were as follows: genus Cyanobium, 1±1%, family

Pirellulaceae, 2±1%, genus Ralstonia, 5±5%, and genus

Synechococcus, 0.3±0.1%. These had lower abundances in the

microbial communities of the sponge specimens exposed to

HST, and even lower in EHST.

The dominant taxa in A. cavernosa HST group communities

were family Clostridiaceae (14±6%), family Flavobacteriaceae (7

±2%), genus Ruegeria (6±2%), genus Winogradskyella (6±1%)

and family Rhodobacteraceae (5±0.6%). In the EHST group

bacterial communities, the most abundant taxa were family

Flavobacteriaceae (17±3%), genus Ruegeria (15±2%), family

Clostridiaceae (8±3%) and genus Muricauda (3±2%). All the

dominant taxa of the bacterial communities in HST and EHST

experimental groups were present in the natural habitat group,

except for genera Winogradskyella and Muricauda. The

abundances in the natural habitat group of the experimental

groups dominant taxa were <0.7%.

The number of ASVs shared between the sponge specimens

from natural habitat and those exposed to CT, HST and EHST

for each sponge species are shown in Table 4. As shown, the

number of ASVs shared between natural habitat specimens and

those exposed to HST and EHST decreased notably with the

increasing temperature specially for the temperate A. oroides and

the tropical A. cavernosa sponge species.
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4 Discussion

Sponges, which are important components of benthic

environments both in biomass and in abundance, host species-

specific microbial communities that can also be very abundant

and diverse. In this study, we have described the microbiome of

four sponge species from three different environments (polar,

tropical and temperate) and examined the heat stress effect on

the abundances and diversities of their bacterial communities.

The effects of warming on the microbiome of sponges have been

previously reported to be different for different sponge species

(e.g. Fan et al., 2013; Lesser et al., 2016; Ramsby et al., 2018).

The microbiome of the four sponge species studied here has

been analyzed also in previous works, although using different

methodologies. The diversity and composition of the microbiota

of the four studied species are comparable to those previously

reported in the literature (Webster et al., 2004; Gerçe et al., 2011;

Ribes et al., 2012; Björk et al., 2013; Blanquer et al., 2013; Ribes

et al., 2015; Erwin et al., 2015; Ribes et al., 2016; Steinert et al.,

2016; Cárdenas et al., 2018; Coelho et al., 2018; Cárdenas et al.,

2019; Cleary et al., 2019; Dıéz-Vives et al., 2020; Papale et al.,

2020; Sacristán-Soriano et al., 2020; Ruocco et al., 2021; Happel

et al., 2022). Nevertheless, there are some remarkable differences

that must be noted. Similar Shannon and Inverse of Simpson

indices have been reported for M. acerata from other Antarctic

Peninsula spots (Cárdenas et al., 2019; Sacristán-Soriano et al.,

2020), while a higher Shannon index was reported for the

microbiome of M. acerata from the distant Terra Nova Bay

(Ross Sea, Antarctica) (Papale et al., 2020). However, Papale and

colleagues amplified V1-V2 hypervariable regions from 16S

rRNA gene, while our study and the other works cited

amplified V4 or V4-V5 regions. Recent work showed high

variability in the Shannon diversity index of M. acerata’s

microbiome along the Western Antarctic Peninsula (0.65-3.79;

Happel et al., 2022). The diversity found here in D. antarctica is

comparable to that found previously (Dıéz-Vives et al., 2020),

both regarding observed ASVs and Shannon index in Deception

Island, but they found variability in diversity, with higher values

of Shannon index (up to 5) in specimens from the neighbor King

George Island (South Shetland Islands, Antarctica). In our study

we have not detected significant changes in M. acerata or D.

antarctica collected from either Livingston Island or Deception
TABLE 4 Number of ASVs shared between natural habitat sponge specimens and those from aquaria exposed to control temperature (CT), heat
stress temperature (HST) and extreme heat stress temperature (EHST) in the different sponge species.

Natural Habitat-AQ_CT Natural Habitat-AQ_HST Natural_AQ_EHST

M. acerata 212 178 184

D. antarctica 126 147 171

A. oroides 183 117 107

A. cavernosa 456 215 182
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Island. The microbiome of A. oroides from our study harbored

less bacterial richness (ASVs) than reported before from a

nearby location (243±28 vs. 521±275), but similar Shannon

indices (3.9±0.2 vs. 4.3±0.4) (Ribes et al., 2015). Concerning A.

cavernosa, the bacterial community in our specimens was richer

compared to previously reported results of the same species from

Taiwan (Cleary et al., 2019), although our specimens had a

similar Shannon index (2.2-3.2 vs. 2.9-4.3). Slight variations may

be caused by the amplification of different 16S hypervariable

regions. While we amplified the V4 hypervariable region, they

amplified V3-V4 region.

The composition of the microbial communities observed in

our specimens agrees with their previous HMA-LMA

classification. The notably higher diversity indices (particularly

the Inverse Simpson index) in A. oroides with respect to the

other sponge species, agrees with the classification of this species

as HMA. Moreover, according to (Giles et al., 2013; Simister

et al., 2013), LMA sponges host microbiomes dominated by

Proteobacteria or Cyanobacteria, while HMA sponges host

Chloroflexi or other phyla as dominant (Moitinho-Silva et al.,

2017b). In our work, among the LMA sponges, M. acerata, and

D. antarctica were dominated by Proteobacteria, A. cavernosa by

Cyanobacteria, while the HMA A. oroides was dominated by

Chloroflexi. The presence of bacteria affiliated to phylum

Poribacteria only in A. oroides microbiome and its absence in

the other sponge species or the seawater samples adds evidence

to the assignment of HMA status to this sponge species

(Moitinho-Silva et al., 2017b). An unidentified genus affiliated

to the gammaproteobacterial family EC94 was the dominant

taxon of M. acerata’s bacterial microbiome, confirming what

was observed in previous studies (Cárdenas et al., 2019;

Sacristán-Soriano et al., 2020; Ruocco et al., 2021; Happel

et al., 2022). This bacterial group has been reported to be

dominant in the microbiome of other LMA sponges (Jackson

et al., 2013; Jeong et al., 2015; Cárdenas et al., 2019; Happel et al.,

2022) and of some corals (Yang et al., 2013; Gonzalez-Zapata

et al., 2018). Recent research of the EC94 group suggested that

these bacteria became sponge symbionts quite early in the

evolutionary history and re-classified them as a new order,

“Candidatus Tethybacterales” (Taylor et al., 2020). These EC94

bacteria are heterotrophs and can use various carbon, nitrogen,

and sulfur sources (Taylor et al., 2020).

In a previous study in which the composition of the

microbiota of four Antarctic sponges (including D. antarctica)

was analyzed, a larger species intra-variability was found in the

microbiome composition compared to the other sponge species

studied (Sacristán-Soriano et al., 2020). Our results agree with

this large inter-individual variability. The presence of the Phyla

Proteobacteria and Bacteroidetes, accounting for most of the

bacterial community in this species, has been reported before

(Dıéz-Vives et al., 2020; Sacristán-Soriano et al., 2020). The most

abundant ASV on average were an unidentified genus and one

affiliated to family SAR116 clade, both affiliated to class
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Alphaproteobacteria. The role of the SAR116 clade in sponges

is still unknown with the small number of cultured

representatives but a significant role in the sulfur cycle has

been reported (Roda-Garcia et al., 2021).

The microbiome of the temperate sponge A. oroides has been

described as dominated by Chloroflexi phylum (Ribes et al.,

2012; Björk et al., 2013; Blanquer et al., 2013; Ribes et al., 2016),

except for one study that found Proteobacteria as the main

phylum (Ribes et al., 2015). Bacteria belonging to the dominant

Chloroflexi clades in A. oroides microbiome (Anaerolineae,

Caldilineales, and SAR202) are involved in dissolved organic

matter degradation. Specifically, clades Anaerolineae and

Caldilineales have a wide gene repertoire in carbohydrates

degradation, and SAR202 in amino acid degradation. Bacteria

from SAR202 are also capable of cofactor production and

therefore this HMA sponges characteristic phylum is thought

to provide nutrients to the host, and also participate in nutrient

cycling in the benthic ecosystem (Bayer et al., 2018; Campana

et al., 2021). It is worth noting that while A. oroides studied in

“The sponge microbiome project” had SAR202 as the most

abundant Chloroflexi clade (Moitinho-Silva et al., 2017a),

bacteria from class Anaerolineae were the dominant

Chloroflexi in our A. oroides specimens.

The microbiome of A. cavernosa was dominated by one

Cyanobacteria genus (Cyanobium), except for one specimen,

enriched in a Gammaproteobacteria genus (Ralstonia). The

microbiome of this tropical sponge has been reported before

to be dominated by Proteobacteria or Acidobacteriota (Steinert

et al., 2016; Coelho et al., 2018; Cleary et al., 2019). Differences in

irradiance due to seasonal change or depth have been suggested

to influence sponge-associated microbial communities, with

some phototrophic symbionts being less abundant with depth

(Morrow et al., 2016) or being absent in winter (Alex et al.,

2012). Cyanobacteria from the Cyanobium genus have been

reported from other marine sponges (Regueiras et al., 2017;

Pagliara et al., 2021), but not from previously studied A.

cavernosa specimens. However, bacteria from the same order,

Synechococcales, were reported (Steinert et al., 2016; Coelho

et al., 2018). Chemical extracts from Cyanobium strains have

been reported to display cytotoxicity (Costa et al., 2015; Pagliara

et al., 2021). Bacteria from genus Ralstonia have been found to

be autotrophic ammonia oxidizers (Calvó et al., 2004). This

genus has been previously reported in other sponges and

macroalgae too (Florez et al., 2019).

Gradual ocean warming and more frequent heat wave

episodes, along with other phenomena associated to

anthropogenic climate change, have detrimental effects on

benthic communities (Smale et al., 2019; Cooley et al., 2022).

Environmental stress may cause imbalance of the microbial

communities of sponges and other benthic components,

disrupting or changing the holobiont’s functions, and

ultimately affecting the whole ecosystem (Pita et al., 2018;

Ramsby et al., 2018; Rondon et al., 2020; Rubio-Portillo et al.,
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2021; Vargas et al., 2021). Since responses to heat stress seem to

be related to the sponge host species, we assessed the effect of

heat stress and extreme heat stress in aquarium experiments on

the four sponge species analyzed previously, which are

important components of the benthos at different latitudes,

and therefore, adapted to different climate conditions.

According to our results, the microbiome of the sponges was

quite stable despite the manipulation of the sponge specimens

and after 24 h in the aquaria. The exception was D. antarctica,

with its microbiome being the most altered at control adaptation

aquarium group specimens. An “aquarium effect”, described as

the changes in the microbiome of the Control Temperature (CT)

experimental group compared to the natural habitat sponge

specimens, was observed for all sponge species with varying

degrees, being the microbiome ofM. acerata the most conserved,

with more than 70% of the sequences of the natural habitat

control group, followed by D. antarctica (25%).

Differences were also found in the response of each sponge

species’ microbiome to the heat stress experiments, being again

the microbiomes of the Antarctic sponges, M. acerata and D.

antarctica, those maintaining a higher percentage of reads when

exposed to increasing temperatures (up to 20% for D. antarctica)

compared to the tropical species. The microbiome of D.

antarctica was highly altered at control specimens, but a fifth

of the microbiome exposed to heat stress seemed to be

maintained through the experiment, including the most

abundant core taxa from the natural habitat sponge

specimens. Both for the tropical A. cavernosa and the

Mediterranean, A. oroides (up to 2% for A. oroides), the

SourceTracker results suggest there was a shift in the

microbiomes by the end of control temperature exposure in

the aquarium experiment, with most sequences coming from

unknown sources. The microbiomes exposed to heat stress also

experienced a shift, modifying the proportions of rare or less

abundant bacteria, but mostly becoming more similar to the

microbiome found in the water in A. oroides. Concerning

bacterial diversity, the microbiomes of the tropical and

temperate sponge species lost diversity when exposed to a heat

stress. However, while in A. oroides the highest diversity is found

in the natural habitat specimens, in A. cavernosa, the diversity in

the natural habitat group is lower than in the experimental

groups (Figure 5). Contrastingly, the bacterial community

associated with M. acerata became more diverse after heat

stress exposure. We suggest warming boosted the activity of

previously scarce or inactive bacteria that could not be detected

previously due to the detection limit of the technique. Extreme

heat stress seemed to dysregulate the microbiome leading to

dysbiosis, and diversity was lost. The diversity in D. antarctica

microbiome was similar in the sponges from natural habitat,

HST and EHST, but was significantly lower in CT sponge

specimens (p<0.05).

The changes in diversity were also reflected in changes in

taxonomy. A shift in A. oroides microbiome occurred at sponge
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specimens exposed to CT even at phylum level (Figure 6).

Changes at phylum level could also be observed in D.

antarctica and A. cavernosa exposed to CT (“aquarium

effect”), but not in M. acerata (Figure 6). Phyla Bacteroidota

and Firmicutes were more abundant in the heat stress specimens

in all sponge species, except for D. antarctica. Firmicutes was

reported to also increased in diseased deep water Geodia barretti

(Luter et al., 2017) and Bacteroidota abundance increased in heat

stressed Antarctic sponge Isodictya kerguelenensis (Rondon

et al., 2020) and diseased Lubomirskia baicalensis (Kulakova

et al., 2018). Proteobacteria was more abundant after heat stress

in D. antarctica and A. cavernosa, and less abundant after heat

stress in M. acerata and A. oroides. Campylobacterota were

enriched in HSTM. acerata. Cyanobacteria was less abundant in

A. cavernosa. Planctomycetota was less abundant after HST in A.

cavernosa. Chloroflexi was practically absent in A. oroides

exposed to HST.

The dominant taxa of the core microbiota were still present

in the sponge specimens exposed to heat stress in all the four

studied species. Nevertheless, different responses were observed

among them. Both Antarctic sponges (M. acerata and D.

antarctica) seem to host a microbiome that is more resistant

to heat stress. After exposure to heat and extreme heat stress, not

only the dominant core taxa were still present, but their relative

abundance was notable. In A. cavernosa and A. oroides, the

dominant taxa were present at very low abundances in heat

stress exposed sponge specimens and were virtually absent in

extreme heat stress sponge specimens. The exposure to heat

stress caused important changes in the microbiomes at phylum

level in many studies although not in all of them. Examples of

sponge holobionts that have reported to be resistant to heat

stress are found among tropical sponges (e.g. Simister et al.,

2012a; Lesser et al., 2016) but there are also evidences of

resistance in a polar deep sea sponge (Strand et al., 2017).

The most abundant taxon in the microbiome of the

Antarctic sponge M. acerata, the EC94 group, was still present

at the specimens at the end of both the heat stress and extreme

heat stress experiments. We can presumably argue that the

functions that this group develops within the holobiont may

also be maintained even when exposed to stressful conditions.

The microbiome of sponge specimens exposed to heat or

extreme heat stress experienced a shift in composition, that

was more or less prominent depending on the sponge species.

There were some taxa, presumably opportunistic, that seemed to

benefit from the heat stress-associated dysregulation in the

sponge by occupying new niches in the holobiont, and other

taxa already present at natural habitat sponge specimens that

increased in abundance with temperature. In general, the most

abundant taxa in the microbiome of heat stress sponge

specimens were different for each sponge species. However,

some taxa were shared among stressed species, such as

bacteria from the family Marinifilaceae, more abundant in

heat stressed M. acerata and A. oroides, or the family
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Clostridiaceae, more abundant in the microbiome of A. oroides

and A. cavernosa. Genus Marinifilum (Bacteroidota, family

Marinifilaceae), and also genus Fusibacter (Firmicutes), which

was also more abundant in heat stressed A. oroides specimens,

were among the dominant taxa in the microbiome of necrotic

Rhopaloeides odorabile (Fan et al., 2013). An ASV affiliated to

family Marinifilaceae increased in abundance in the sponge

Leucetta chagosensis exposed to pH 7.8, 30°C in comparison to

those specimens exposed to present day conditions (Posadas

et al., 2021). In our experiment with M. acerata, the specimens

exposed to heat stress had higher abundances of genera

Colwellia, Crocinitomix, Pseudarcobacter, and Psychrobium.

Genus Colwellia (Gammaproteobacteria) was found to be

much more abundant in injured specimens than it was in

healthy specimens (Rondon et al., 2020). This genus was

present in healthy M. acerata in previous studies (Ruocco

et al., 2021). It is a denitrifying bacterium and produces

natural compounds (Ruocco et al., 2021). Members from

families Colwelliaceae and Flavobacteriaceae (Bacteroidota)

were more abundant in injured specimens (Rondon et al.,

2020), and were reported to be disease-related in necrotic and

stressed sponge specimens (Simister et al., 2012a; Fan et al.,

2013). They were associated with disease and stress in corals

(Gajigan et al., 2017). Genera Crocinitomix (Flavobacteriales,

Bacteroidota) and Colwellia were reported from other Antarctic

benthic invertebrates such as sea anemones or soft corals

(Webster and Bourne, 2007; Murray et al., 2016). Genus

Psychrobium increased in abundance in the microbiota of

marine bivalves after a viral infection (de Lorgeril et al., 2018)

and after exposure to nanoplastics (Auguste et al., 2020). One

bacterial genus that was more abundant in the M. acerata

exposed to extreme heat stress than in the other groups in our

study was genus Pseudoalteromonas. Strains from this genus

have been found in other species ofMycale (Lau et al., 2005), and

have been reported to have a great biotechnological potential,

specially regarding cold-active enzymes (Borchert et al., 2017).

On the other hand, a strain from Pseudoalteromonas agarivorans

has been reported to be a pathogen of the tropical sponge R.

odorabile (Choudhury et al., 2015).

In heat stress exposed D. antarctica, we observed an increase

in the group Burkholderia-Caballeronia-Paraburkholderia

(Gammaproteobacteria). ASVs affiliated to this group were

among the most abundant in the microbiome of the coral

Acropora hyacinthus (Kriefall et al., 2022). Contrastingly, in

heat stressed A. cavernosa, we observed an increase in members

of several bacterial families (Clostridiaceae, Flavobacteriaceae,

Rhodobacteraceae) and two genera (Rueger ia and

Winogradskyella). Genus Clostridium (family Clostridiaceae,

Firmicutes) can be found in healthy Xestospongia muta

specimens (Leal et al., 2022), and order Clostridiales in

Leucetta chagosensis after experimental exposition to “present

day” seawater temperature and pH conditions (Posadas et al.,

2021). Moreover, class Clostridia was more abundant in diseased
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than in healthy corals (reviewed in Mouchka et al., 2010). Phyla

Firmicutes and Bacteroidota were reported to be more abundant

in diseased sponge specimens (Luter et al., 2017). Orders

Flavobacteriales (Bacteroidota) and Rhodobacterales

(Proteobacteria) were reported to be more abundant in various

coral species exposed to stressors (reviewed in McDevitt-Irwin

et al., 2017), as well as in sponge species such as Isodictya

kerguelenensis (Rondon et al., 2020) and Lubomirskia baicalensis

(Kulakova et al., 2018). Previous literature has found an

important contribution of Operational Taxonomic Units

(OTUs) from order Flavobacteriales to the pool of OTUs

associated to coral diseases and stress (Gignoux-Wolfsohn and

Vollmer, 2015). Bacteria from order Rhodobacterales

(Alphaproteobacteria) have been reported to be fast growing

and opportunistic (Teeling et al., 2012), have been found in both

healthy and stressed corals (Meron et al., 2010; Sharp and

Ritchie, 2012) and have the potential to bloom when new

niches are available under stress periods (Welsh et al., 2017).

Order Rhodobacterales was more abundant in the microbiome

of the sponge Leucetta chagosensis experimentally exposed to

warming and acidification scenarios (Posadas et al., 2021).

Photoheterotrophic members of the Rhodobacteraceae family

were more abundant in Neopetrosia compacta exposed to

acidification and warming scenario. Those were suggested to

provide heat tolerance to the sponge (Posadas et al., 2021). It also

was more abundant in Isodictya kerguelenensis exposed to heat

stress (Rondon et al., 2020). Genus Rhodobacter (family

Rhodobacteraceae) was more abundant in diseased than in

healthy corals (reviewed in (Mouchka et al., 2010)). Similarly,

the Rhodobacteraceae family increased fourfold in coral white

syndrome lesions compared to healthy tissues (Pollock et al.,

2017; Rosales et al., 2020) and are implicated in Stony Coral

Tissue Loss Disease that is currently affecting Caribbean reefs.

Bacteria affiliated to genus Winogradskyella has been described

from various sponge species. Species of this genus have been

reported to produce antibiofilm compounds (Pinnaka et al.,

2013; Schellenberg et al., 2017; Rizzo et al., 2021). Ruegeria

(family Rhodobacteraceae) species were found to increase in

abundance in diseased tissues of several Mediterranean corals

collected during a marine heat wave (Rubio-Portillo et al., 2021).

Ruegeria sp. was found to increase in corals exposed to stress

conditions and was proposed to be a microbial bio-indicator of

marine invertebrate diseases. This bacterium may be able to

protect corals from pathogenic Vibrio spp. by growth inhibition

(Miura et al., 2019; Rosado et al., 2019). Apart from genus

Fusibacter and family Marinifilaceae, the microbiome of heat

stressed A. oroides was enriched in family Clostridiaceae, order

Peptostreptococcales-Tissierellales, and genera Halodesulfovibio.

Genus Halodesulfovibrio has been found in corals and species

from this genus seem to have antimicrobial properties (Shivani

et al., 2017; Chen et al., 2021).

Despite all the differences observed between studies it must

be noted that observed differences may be influenced by the use
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of different methodologies, e.g. DNA extraction method,

amplification primers targeting different 16S rRNA regions,

sequencing platform, or bioinformatic pipeline. Sampling and

experimental design should also be considered at comparisons.

Overall, we can say that the core microbiome is maintained in

most sponge species after a heat stress, although whether they

would recover to the normal conditions previous to the stress

remains yet to be further investigated. Although the core bacteria

may or may not change, it is clear that there is a change in

transient bacteria appearing new species from unknown origin,

some of which may be opportunistic pathogens finding this

opportunity to grow after a dysbiosis occurs. According to our

results, sponge species from Antarctic waters could be more

resilient than tropical and temperate sponge species, and

perhaps their recovery after the heat stress would be possible.

Changes produced by an extreme heat stress however do not seem

to be reversible for the sponge microbiomes in any of the sponge

species tested. Remarkably, both the microbiome composition and

the changes produced by the heat stress seem to be quite host

species-specific, and thus, depend on the sponge species, being

always different from the seawater. Therefore, we may conclude

that although there are some general trends, heat stress will affect

differently the different sponge species, as well as the different

bacterium species, and thus we may see winners and losers when

temperature increases high enough in the near future. Global

change is impacting significantly in marine environments and the

effects are particularly evident for sessile invertebrate species,

which often exhibit narrow ranges of thermal tolerance. For all

these reasons, tropical and temperate sponge species will probably

be those suffering the most the heat stress. Consequently, the

effects of global change may be dramatic for benthic ecosystems

since sponges are a fundamental part of them.
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