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Abstract The sclerosponge Ceratoporella nicholsoni is a

hyper-calcifying high microbial abundance sponge. This

sponge has been observed at high densities throughout the

Caribbean in the mesophotic zone (30–150 m), as well as

cryptic environments in shallow (\ 30 m) depths. Given

the densities of this sponge, it could play an important role

in the cycling of inorganic and organic sources of carbon

and nitrogen at mesophotic depths. Additionally, there is

broad interest in this sponge as a tool for paleobiology,

paleoclimatology and paleoceanography. As a result, it is

increasingly important to understand the ecology of these

unique sponges in the underexplored Caribbean mesopho-

tic zone. Here we show that this sponge increases in

abundance from shallow depths into the mesophotic zone

of Grand Cayman Island. We observed no significant dif-

ferences in the stable isotope signatures of d15N and d13C

of sponge tissue between depths. A predictive model of

sponge diet with increasing depth shows that these sponges

consume dissolved organic matter of algal and coral origin,

as well as the consumption of particulate organic matter

consistent with the interpretation of the stable isotope data.

The taxonomic composition of the sclerosponge

microbiome was invariant across the shallow to meso-

photic depth range but did contain the Phylum Chloroflexi,

known to degrade a variety of dissolved organic carbon

sources. These data suggest that the depth distribution of

this sponge may not be driven by changes in trophic

strategy and is potentially regulated by other biotic or

abiotic factors.

Keywords Mesophotic � Sclerosponge � Microbiome �
Stable isotopes � Trophic ecology � Sponge

Introduction

It is well-known that cryptic spaces in coral reefs are a

crucial component of overall coral reef productivity (de

Goeij and van Duyl 2007; de Goeij et al. 2013, 2017).

These habitats may comprise up to 75–90% of total reef

volume in the Caribbean (Ginsburg 1983; de Goeij et al.

2017) and are known to be net sinks of dissolved organic

matter (DOM), and in particular dissolved organic carbon

(DOC). Cryptic spaces also play a significant role in overall

productivity of coral reefs and may improve adjacent coral

reef health (Slattery et al. 2013). The primary components

of cryptobenthic fauna in these habitats are sponges, pri-

marily encrusting species, and the study of cryptic sponges

has increased significantly in the last decade due to their

potential role as major ecosystem engineers through the

sponge loop (de Goeij et al. 2013; 2017). The ‘‘Sponge

Loop Hypothesis’’ proposes that sponges consume DOM

and produce large concentrations of cellular detritus, such

as choanocyte cells, that are subsequently consumed by

reef organisms.

The majority of these studies, however, have focused on

shallow coral reefs (\ 30 m), with far fewer studies on

Topic Editor Alastair Harborne

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00338-020-02008-3) contains sup-
plementary material, which is available to authorized users.

& Keir J. Macartney

kjm1049@wildcats.unh.edu

1 Department of Molecular, Cellular and Biomedical Sciences

and School of Marine Science and Ocean Engineering,

University of New Hampshire, Durham, NH 03824, USA

2 Department of BioMolecular Science, University of

Mississippi, Oxford, MS 38677, USA

123

Coral Reefs (2020) 39:1829–1839

https://doi.org/10.1007/s00338-020-02008-3

http://orcid.org/0000-0002-9461-0445
https://doi.org/10.1007/s00338-020-02008-3
http://crossmark.crossref.org/dialog/?doi=10.1007/s00338-020-02008-3&amp;domain=pdf
https://doi.org/10.1007/s00338-020-02008-3


mesophotic coral reef ecosystems (MCEs; 30–150 m)

where endemic communities of sponges can be found in

the lower mesophotic ([ 60 m) zone of the Caribbean

(Lesser et al. 2009; Slattery et al. 2011; Loya et al. 2016).

Once exception is a recent study by Lesser et al. (2020)

which showed that the encrusting sponge Halisarca caer-

ulea produces significantly less detritus at mesophotic

depths (* 50 m) compared to conspecifics at shallow

depths (* 10 m). Since the production of detritus is a

prerequisite for a functional sponge loop it demonstrated

the broader need to understand the trophic ecology of the

sponge fauna found in the low-light environment of MCEs,

which may mimic shallow water cryptic spaces, for our

overall understanding of the functional ecology of sponges

in MCEs.

One of the most understudied members of the sponge

community are sclerosponges. Sclerosponges are slow-

growing and deposit a calcium carbonate exoskeleton in

sequential layers over time, and recent studies have sug-

gested that the symbiotic prokaryotic microbiome of scle-

rosponges may have an important role in calcification

(Garate et al. 2017; Germer et al. 2017). Sclerosponges are

found throughout the tropics across a 1000 m depth range

and can live for centuries (Lang and Hartman 1975;

Benavides and Druffel 1986; Böhm et al. 1996; Swart et al.

1998). One species of sclerosponge, Ceratoporella

nicholsoni (Fig. 1b), is commonly found within the reef

framework, overhangs and small caves of Caribbean MCEs

(Lang and Hartman 1975; Santavy et al. 1990; Vacelet

et al. 2015). Ceratoporella nicholsoni produces a thin layer

of siliceous spicule supported tissue over a dense aragonite

skeleton (Lang and Hartman 1975; Vacelet et al. 2015).

This species of sponge is commonly used for paleoceano-

graphic reconstructions as it produces its skeleton at iso-

topic equilibrium with surrounding seawater (Benavides

and Druffel 1986; Swart et al. 1998, 2002, 2010; Haase-

Schramm et al. 2003), but relatively little is known about

its general ecology, and trophic ecology in particular.

While C. nicholsoni can be found at depths shallower than

30 m deep in the reef framework, it is much more common

in MCEs below 30 m, where it grows openly on wall faces

and overhangs (Lang and Hartman 1975; Vacelet et al.

2015). This particular species is the most conspicuous of

the Caribbean sclerosponges (Lang and Hartman 1975;

Vacelet et al. 2015) and forms dense communities in the

low-light spaces of MCEs, in some cases comprising

25–50% of total cover in overhangs and small caves (Lang

and Hartman 1975). At depths below 70 m, this sponge and

Fig. 1 In-situ photos of A)

Agelas tubulata (photo: Liz

Kintzing), B) Ceratoporella
nicholsoni (photo: Keir

Macartney), C) Halisarca
caerulea (photo: Sabrina

Pankey) and D) Xestospongia
muta (photo: Michael Lesser. E)

Comparative bivariate plot of

Caribbean coral reef sponge

bulk d13C and d15N values

(mean ± SD) along a shallow

to mesophotic depth gradient

from published literature. All

data was binned to match the

binning of depths in this

publication. Data for X. muta
were taken from Morrow et al.

(2016), data for A. tubulata was

taken from Slattery et al. (2011)

and data for H. caerulea was

taken from Lesser et al. (2020)
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potentially other less common sclerosponge species may

contribute significantly to the emergent deep reef com-

munity and its structure (Lang and Hartman 1975; Swart

et al. 1998; Vacelet et al. 2015) by assuming the functional

role of scleractinian corals as reef. Since this sponge is

classified as a high microbial abundance (HMA) sponge

(Santavy et al. 1990), it is very likely utilizing DOM in its

diet (Yahel et al. 2003; de Goeij et al. 2013, 2017; Mueller

et al. 2014). As a result, these sponges may contribute to

DOM cycling (i.e., Sponge Loop) on MCEs.

As an HMA sponge the prokaryotic microbiome of

Ceratoporella nicholsoni likely plays a significant role in

its trophic ecology as reported for many HMA sponges

(Hentschel et al. 2012; Pita et al. 2018), and specifically its

ability to assimilate and translocate particulate organic

matter (POM) and DOM for growth. Recent research has

shown that detritus production is linked to the quantity of

the POM and DOM available, and consumption of these

resources relies on both the host and its microbiome (de

Goeij et al. 2013, 2017; Mueller et al. 2014; Rix et al.

2016; Lesser et al. 2020). Additionally, the microbiome in

many sponges is responsible for the production of sec-

ondary metabolites (Taylor et al. 2007; Hentschel et al.

2012; Pita et al. 2018), and given the slow growth of C.

nicholsoni, these compounds could be important in the

prevention of overgrowth by competitors. While previous

studies have analyzed the C. nicholsoni microbiome using

traditional media-based isolation techniques (Santavy et al.

1990), many sponge-associated microbes are noncultur-

able. The use of metagenetic techniques can increase both

the recovery and resolution of the C. nicholsoni micro-

biome, and its potential function. Here we utilize bulk

stable isotope techniques (SIA) and a diet reconstruction

model, as well as 16s rRNA amplicon sequencing and

predicted metagenomic content in order to characterize the

community composition, potential function and the trophic

ecology of these unique sponges at both shallow and

mesophotic depths in the Cayman Islands. We hypothesize

that this sponge will increase in abundance in the Grand

Cayman mesophotic zone, that its diet will be a reflection

of the available food resources and that its microbiome will

have broad metabolic potential, as observed in other

sponges.

Methods

Site description

Samples of the sclerosponge C. nicholsoni were collected

on reefs in the vicinity of the Kittiwake Anchor Buoy site,

Grand Cayman (Lat: 19.362756, Long: - 81.402437)

along a shallow to mesophotic (10–100 m) depth gradient

on Grand Cayman Island (Fig. S1). This site exhibits a spur

and grove structure with a sloping reef structure between

15–60 m, at which point reef topography turns into a ver-

tical wall. Additionally, based on data collected previously

at this site (Lesser et al. 2019) the concentrations

(lmol l-1) of POC and PON increase significantly as depth

increases into the mesophotic zone, while DOC and DON

decrease significantly as depth increases (Lesser et al.

2019).

Sample collection

Samples were collected in January 2019 by divers utilizing

mixed gas closed circuit rebreather systems and technical

diving procedures for collection deeper than 30 m while

open-circuit SCUBA was used to collect samples above

30 m. Whole sponges were removed from the substrate

using a hammer and chisel, brought to the surface in plastic

bags, transported in seawater to a wet laboratory and

immediately frozen at - 4 �C. Samples were transported to

the University of New Hampshire while frozen for further

analysis and stored at - 80 �C Samples were binned into

groups from 10–30 m (shallow) (n = 8), 31–60 m (upper

mesophotic) (n = 5) and 61–90 m (lower mesophotic)

(n = 9) where the seawater temperatures at approximately

the mid-point of each depth grouping was 27.12 �C at

22 m, 27.32 �C at 46 m and 27.49 �C at 76 m with tem-

peratures measured as described in Lesser et al. (2009).

Photosynthetically active radiation (PAR: lmol quanta

m-2 s-1) decreases significantly at this site as depth

increases into the mesophotic with irradiances at approxi-

mately the midpoint of each depth bin of 22 m = 263 lmol

quanta m-2 s-1, 46 m = 126 lmol quanta m-2 s-1, and

76 m = 61 lmol quanta m-2 s-1 with irradiances mea-

sured as described in Lesser (2018).

Sclerosponge surveys

Sclerosponge abundance and percent cover were measured

using replicate transects (n = 3) of 30 m length at depths of

37, 49, 67, 81 and 97 m, with1 m2 quadrats (n = 5) posi-

tioned at random points along each transect. Since scle-

rosponges are primarily found in more cryptic

environments (e.g., overhangs), these depths were chosen

based on the presence of relevant habitat. It was not pos-

sible to enumerate sclerosponges with any degree of

accuracy in the cryptic habitat at\ 30 m. Specifically,

each transect line began at an identified overhang where a 1

m2 quadrat was placed. Following that, a random number

generator was used to determine the next overhang to be

analyzed (i.e., using numbers from one to five if the ran-

dom number was ‘‘3’’ then the third overhang from the

transect origin was measured). For each transect, at all
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depths, the number of overhangs analyzed was n = 5. All

sclerosponges within each m2 quadrat were counted, and

the percent cover of these sclerosponges was estimated

using the point intercept method.

Stable isotope analysis

Samples of C. nicholsoni tissue were taken by using a

sterile razor to scrape tissue from the surface of the sponge.

Tissue samples were dried at 55 �C for 24 h before pul-

verizing into a powder using a mortar and pestle. Samples

of tissue were sent to the Marine Biological Laboratory

(Woods Hole, MA) for the bulk analysis of particulate C

and N as well as the natural abundance of the stable iso-

topes d15N and d13C. Prior to analysis samples were

acidified using 1N HCL. Samples were analyzed using a

Europa ANCA-SL elemental analyzer-gas chromatograph

attached to a continuous-flow Europa 20–20 gas source

stable isotope ratio mass spectrometer. The carbon isotope

results are reported relative to Vienna Pee Dee Belemnite

and nitrogen isotope results are reported relative to atmo-

spheric air and both are expressed using the delta (d)

notation in units per mil (%). The analytical precision of

the instrument is ± 0.1%, and the mean precision of

sample replicates for d13C was ± 0.4 % and d15N was ±

0.2 %. In order to avoid changes in d15N due to acidifi-

cation (Schubert and Nielsen 2000), non-acidified tissue

samples were sent to the Stable Isotope Laboratory at the

University of Miami’s Rosenstiel School of Marine Geo-

sciences. The d15N of non-acidified samples was deter-

mined using a Costech CN analyzer interfaced to a Thermo

Advantage V with d15N standards supplied from the

International Atomic Energy Authority (IAEA) (sensu

Mackenzie et al. 2015). Statistical analyses for differences

between depths for all SIA variables were conducted uti-

lizing ANOVA in R statistical software (version 3.4.2).

Any variables not meeting the assumptions of normality

were log transformed before analysis. The relative diet

contribution was assessed using the R package ‘‘SIAR4’’

(Parnell et al. 2010) sensu Lesser et al. (2020). Source

endmember values for algal DOM (d13C: - 15.42%, d15N:

0.80%), coral DOM (d13C: - 18.19%, d15N: 0.26%), and

coral reef POM (d13C: - 24.91%, d15N: 5.62%) were

taken from (van Duyl et al. 2011a, 2018) and values for

sponge derived detritus (d13C: - 19.54%, d15N: 2.56%)

were taken from (Lesser et al. 2020). For the effects of

depth in the mixing model both d13C and d15N stable iso-

tope values for Lobophora variegata (Slattery and Lesser

2014) and Montastraea cavernosa, Montastraea annularis

(now Orbicella annularis) and Agaricia agaricities (Lesser

et al. 2010; Muscatine et al. 1989; Muscatine and Kaplan

1994) were included as averaged source endmembers for

algal and coral DOM for their respective depths. The

source endmember data were taken from different sites in

the Caribbean and are consistent with the known variation

of these endmember isotope values throughout the region

and between depths (e.g., Lesser et al. 2020). The trophic

enrichment factor applied for d13C was 0.5 ± 0.5%, and

for d15N a trophic enrichment factor of 3.0 ± 0.5% was

applied sensu van Duyl et al. (2018) and Lesser et al.

(2020).

DNA Isolation and 16 s rRNA amplicon sequencing

To obtain microbial genomic DNA, C. nicholsoni tissue

was removed from the calcareous skeleton using a sterile

razor with care taken to avoid inclusion of CaCo3 debris

from the skeleton into the sample. Approximately

200–300 mg of tissue were removed. Sponge DNA was

isolated using a Qiagen DNeasy PowerSoil extraction kit

with the manufacture’s protocol modified as follows.

Sponge tissue was added to the PowerSoil bead tubes with

5 ll of Proteinase K (20 mg/ml stock in 10% SDS) and

2 ll of RNAse (Qiagen) before incubation at 55 �C for

18 h. After incubation, PowerSoil Kit Solution 1 was

added, and samples subsequently underwent a bead beating

step using a Qiagen Tissue Lyser for 5 min at 50 Hz. The

Qiagen DNeasy PowerSoil kit standard instructions were

followed post-bead beating to produce DNA samples.

Microbial DNA was amplified using the polymerase

chain reaction (PCR) with primer sets targeting the uni-

versal prokaryotic 16S rRNA gene. Degenerate primers

designed to amplify the hypervariable region V3–V4 of the

16S rRNA gene were used and included a forward primer

515F (50-GTGYCAGCMGCCGCGGTAA; Parada et al.

(2016)) and reverse primer 806R [50-GGACTACN-

VGGGTWTCTAAT; Apprill et al. (2015)]. Fluidigm lin-

ker sequences CS2 (50-ACACTGACGACATGGTTC-

TACA) and CS2 (50-TACGGTAGCAGAGACTTGGTCT)

were added to the 50 end of both forward and reverse pri-

mers to facilitate Illumina MiSeq. The 16S rRNA gene

PCR consisted of a 25 ll reaction with 12.5 ll AmpliTaq

Gold 360 Master Mix (Applied Biosystems), 1.0 ll GC-

enhancer, 0.5 ll 515F (10 lM) and 0.5 ll 806R (10 lM),

2.0 ll of DNA template (40–60 ng) and 8.5 ll nuclease

free water (Integrated DNA Technologies, Coralville,

Iowa). Reactions were performed using the following

protocol: initial denaturation for 10 min at 95 �C, 30 cycles

of 95 �C for 45 s, 50 �C for 60 s, and 72 �C for 90 s,

followed by a 10 min extension at 72 �C. The PCR prod-

ucts were then electrophoresed on a 1% agarose gel. The

16S rRNA PCR amplicons containing Fluidigm linkers

were sequenced on an Illumina MiniSeq System employing

V2 chemistry (2 9 150 bp reads) at the University of

Illinois at Chicago (UIC) Research Resources Center’s

Sequencing Core. The amplicon sequence variants (ASVs)
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were inferred and tabulated across sclerosponge samples

using ‘‘DADA2’’ (Callahan et al. 2016) using an estab-

lished bioinformatic pipeline (Lesser et al. 2020).

Analyses of the microbial communities of C. nicholo-

soni were done utilizing the R package ‘‘PhyloSeq’’

(McMurdie and Holmes et al. 2015) in R sensu (Lesser

et al. 2020). Samples with fewer than 10,000 counts were

filtered from the ASV count table. Additionally, ASVs

detected in more than two samples and had at least 10

occurrences across samples were retained during the fil-

tering process. The samples were then rarefied in order to

account for sampling effort. To test alpha diversities, the

Shannon richness index was used. Ordination plots were

produced based on Bray–Curtis distances using nonmetric

multidimensional scaling (NMDS) (Stress value = \
0.0001). To assess compositional differences at varying

taxonomic scales, the rarefied ASV count table was con-

solidated by rank using the PhyloSeq ‘‘tax_glom’’ function

and then raw counts were transformed to center log rations

using the ‘‘transform’’ function (CLR) from the R package

‘‘microbiome’’ (Callahan et al. 2016). Compositional dif-

ferences between depths were tested using PERMANOVA

with the Adonis function from the R package ‘‘vegan’’.

Any differences observed during post hoc testing at phylum

level for taxa between depths were tested using ANOVA

and Tukeys HSD. Raw 16S rRNA reads were submitted to

the NCBI Sequence Read Archive under BioProject

accession number PRJNA555077.

Metagenomic functional abundances were predicted

using ‘‘PICRUSt2’’ v2.1.0–b (https://github.com/picrust/

picrust2/wiki) (Langille et al. 2013; Langille 2018). The

16S rRNA ASVs inferred by DADA2 were aligned with

‘‘HMMER’’ (Eddy 2008) and then placed in a reference

tree provided by PICRUSt2 using ‘‘EPA–ng’’ and

‘‘GAPPA’’ (Barbera et al. 2019). Gene family numbers

were predicted for 16S rRNA as well as KEGG functions

(i.e., EC and KO accessions) using Hidden State Prediction

(‘‘castor’’) based on 16S rRNA ASV abundances and

phylogenetic proximity to reference taxa with available

genomes. In order to minimize error in gene content pre-

diction due to poor matches to available genomes, any

ASVs receiving Nearest-Sequenced-Taxon-Index (NSTI)

scores below two were removed from subsequent analyses.

Abundances of biological pathways encoded by micro-

biomes were then predicted using MinPath (Ye and Doak

2009). Abundances of KEGG genes of interest and all

pathways from ‘‘MetaCyc’’ inferences were assessed for

differences between depth zones using ANOVA on relative

abundances normalized to the total reads in the sample.

KEGG genes of interest were selected to assess carbon and

nitrogen metabolism, secondary metabolite production and

indications of stress, such as genes encoding for heat shock

proteins.

Results

Sclerosponge surveys

Both percent cover (ANOVA: F4,14 = 82.33, P\ 0.0001)

and abundance per m-2 (ANOVA: F4,14 = 100.01,

P\ 0.0001) of C. nicholsoni significantly increased with

depth from the upper mesophotic zone (31–60 m) to the

lower mesophotic zone (61–90 m) (Fig. 2). At lower

mesophotic depths sponges were both more abundant and

had significantly greater percent cover than those found in

the upper mesophotic zone (Tukey’s HSD, P\ 0.05), and

were qualitatively larger than their shallow-water coun-

terparts inferred based on fewer individuals per m m-2 but

increased percent cover.

Stable isotopes

There were no significant differences between the scle-

rosponge tissue d13C (ANOVA: F2,19 = 0.061, P = 0.941),

d15N (ANOVA: F2,19 = 1.4907, P = 0.25) or C:N ratios

(ANOVA: F2,19 = 0.912, P = 0.418) as a function of depth

(Fig. 1e, Table S1). A non-significant enrichment

between * 0.5–1.0% was found for acidified samples

(Table S2), similar to previous results (Kolasinski et al.

2008). We used the results from non-acidified samples for

all downstream analyses. The SIAR4 diet reconstruction

shows high variability in source contributions to scle-

rosponge diets and there were no significant differences

between depths in the reconstructed diets (Fig. 3,

Fig. 2 Depth dependent mean abundance (± SE) and percent cover

(± SE) per m2 of benthic substrate for Ceratoporella nicholsoni in the

Grand Cayman mesophotic zone. Post hoc multiple comparison

testing reveals depths with common superscripts are not significantly

different from each other (Tukey’s HSD, P\ 0.05) for both mean

abundance and mean percent cover

Coral Reefs (2020) 39:1829–1839 1833
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Table S3). There is, however, a larger contribution of

benthic derived DOM in C. nicholosoni, with coral and

algal DOM contributing approximately 40–70% to the total

diet compared to POM. And there is an increase in both

algal and coral DOM in the diet of these sponges as depth

increases into the mesophotic zone (Fig. 3, Table S3),

while live and detrital POM contributes approximately

20–50% to the diet which decreases with increasing depth

(Fig. 3, Table S3).

16s rRNA metabarcoding and predictive functional

profiling

A total of 805,756 16S rRNA MiniSeq read-pairs were

initially recovered from sequencing. After merging and

quality trimming with DADA2, 692, 894 read-pairs

remained.

These ranged from 37,833 to 19,217 with a mean of

30,125 ± 3,720 reads per sample. A total of 858 unique

ASVs were initially recovered, but ASVs unique to a single

sample or with fewer than 5 total observations were

removed from the dataset, resulting in a total of 412 unique

ASVs for downstream analyses.

The multidimensional analysis of the Beta diversity

using Bray–Curtis distance matrixes showed no significant

difference between microbial community ASV composi-

tion between depth zones (PERMANOVA: F2,19 = 0.893,

P = 0.54) (Fig. 4). Both phyletic composition (PERMA-

NOVA: F2,19 = 1.597, P = 0.063) and class level compo-

sition (PERMANOVA: F2,19 = 0.901, P = 0.578) did not

differ significantly between depths With the exception of

the Phylum Dadabacteria, no significant differences in

overall phyletic abundance between depth zones were

found in C. nicholsoni (Fig. S2). There were significant

differences between depths in the Dadabacteria (PER-

MANOVA: F2,19 = 5.13, P = 0.015) (Fig. S2), for which

higher total counts were observed in mesophotic compared

to shallow depths (Tukeys HSD\ 0.05). In the micro-

biomes of sampled C. nicholsoni 84% of the reads belong

to ASVs of the following 5 phyla; Chloroflexi

(32%, ± 5%, mean ± SD), Thaumarcheaota

(16% ± 5%), Proteobacteria (15%, ± 3%), Acidobacteria

(12%, ± 4%) and Actinobacteria (9%, ± 2%) (Fig. S3).

Within the Chloroflexi phylum, classes ‘‘TK17’’ and De-

halococcoidia made up 12% ± 3% and 10% ± 4% of the

total microbiome respectively (Fig. 5, S4). Within the

Thaumarcheota, the Nitrososphaeria comprise 15% ± 4%

of the total microbiome (Fig. 5, S4). The Proteobacteria are

dominated by the Gammaproteobacteria and the Al-

phaproteobacteria, comprising 7% ± 2% and 4% ± 1%,

respectively, of the total microbiome. Within the Aci-

dobacteria, dominant classes include the Acidobacteriia

(3% ± 2% of total microbiome) and ‘‘Subgroup 9’’

(4% ± 2% of total microbiome). The Actinobacteria are

almost exclusively composed of the class Acidimicrobiia,

which is 8% ± 3% of the total microbiome of C. nichol-

soni (Fig. 5, S4). The Shannon-Alpha diversity of all

sponges ranged between 4.78 and 3.42 but there were no

significant differences between depths (ANOVA:

F2,19 = 0.282, P = 0.758) (Fig. S5).

Functional profiling between depths was accomplished

with PICRUSt2. The mean NSTI score was 0.41 ± 0.061

(mean ± SD) and ranged between 0.31 and 0.54. There

were significant differences in mean NSTI scores between

Fig. 3 Bayesian diet reconstruction of Ceratoporella nicholsoni
diet along a shallow to mesophotic depth gradient showing the mean

percent contribution of each food source to the C. nicholsoni diet

Fig. 4 Multidimensional analysis of the b-diversity estimates using

Bray–Curtis distance matrices of ASV composition for Ceratoperlla
nicholsoni microbial community composition between depths. The

95% confidence interval (CI) ellipses are drawn to show the depth

groupings
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depths (ANOVA: F2,19 = 5.931, P = 0.009), with shallow

samples returning higher scores (0.47) compared to the

lower and upper mesophotic samples (Tukey’s HSD =

\ 0.05). The analysis returned 238 MetaCyc pathways and

4051 unique KO genes. Of the 238 pathways, only pathway

‘‘GLYCOGENSYNTH-PWY’’ (glycogen biosynthesis I

(from ADP-D-Glucose)) had significant enrichment in the

pathway for shallow depths compared to lower mesophotic

depths (ANOVA: F2,19 = 0.971, FDR adjusted P = 0.022).

KEGG genes of interest (Table S1) were tested for dif-

ferences between depths and while no significant differ-

ences were found (ANOVA: FDR adjusted P[ 0.05), all

genes of interest (Table S4) were present in the inferred

metagenome of the samples.

Discussion

The percent cover surveys of C. nicholsoni in Grand

Cayman follow a similar pattern to the percent cover

observed for C. nicholsoni in Discovery Bay, Jamaica

described by Lang and Hartman (1975). Our study shows

C. nicholsoni occupies approximately 25 to 35% of rele-

vant habitat space (i.e., wall overhangs and small caverns)

between the depths of 67 to 97 m, making it one of the

dominant members of the community on Grand Cayman

lower mesophotic reefs. This pattern of distribution is

similar to those seen in non-calcareous siliceous sponges

on open habitat space in the mesophotic throughout the

Caribbean (Lesser 2006; Lesser et al. 2009, 2019; Slattery

and Lesser 2015; Lesser and Slattery 2018). That distri-

bution is influenced by food availability, both DOM and

POM, but nitrogen-rich POM that increases in quantity

with depth is believed to be essential for the development

and maintenance of increasing sponge biomass with

Fig. 5 Average relative abundance (percentage) at the Class level for the community composition of the Ceratoporella nicholsoni microbiome

along a shallow to mesophotic depth gradient
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increasing depth. (Lesser 2006; Trussell et al. 2006; Lesser

et al. 2009; Lesser and Slattery 2018; Slattery et al. 2011;

Slattery and Lesser 2015; Morrow et al. 2016). As scle-

rosponges are considered low-light species, found primar-

ily in the reef framework at depths shallower than 50 m

(Lang and Hartman 1975; Vacelet et al. 2015), and below

large overhangs and caverns in the lower mesophotic (Lang

and Hartman 1975) the factors that influence emergent

sponge distributions may not regulate sclerosponge distri-

butions. Here we addressed whether the trophic ecology of

these sponges is similar to that of open reef sponges where

food quality and quantity play an important role in the

ecological depth distributions of sponges throughout the

Caribbean (Lesser and Slattery 2018; Lesser and Slattery

2018).

The stable isotopes of C. nicholsoni do not reveal any

significant depth-dependent changes (Fig. 1e) in trophic

strategy, which is contrary to previous studies of sponges

where stable isotopic signatures in the mesophotic show

clear patterns of enrichment with depth, and often transi-

tions from photoautotrophy to heterotrophy (Slattery et al.

2011; Morrow et al. 2016; Lesser et al. 2020). Previous

studies have shown significant increases in d15N between

shallow and mesophotic depths (Fig. 1e) in Xestospongia

muta (Fig. 1d), Agelas tubulata (Fig. 1a) and Halisarca

caerulea (Fig. 1c) indicating a shift from photoautotrophic

resources to heterotrophic resources such as bacterio-

plankton, which are more abundant in the mesophotic

(Lesser 2006; Lesser et al. 2019, 2020). The emergent

sponges X. muta and A. tubulata also showed significant

increases in d13C (Fig. 1e) which in X. muta has been

hypothesized to be the result of the decrease of photoau-

totrophic cyanobacteria in the microbiome as depth

increases (Morrow et al. 2016). The encrusting and gen-

erally cryptic sponge H. cearulea did not have a significant

decrease in d13C (Fig. 1e) in a study by Lesser et al.

(2020), which is similar to the patterns observed for C.

nicholsoni, and potentially due to the low-light environ-

ments they are found in.

The close grouping of the isotopic signatures from C.

nicholsoni (Fig. 1e, Table S1) indicates that contributions

to their diet from their microbiome and the consumption of

DOM and POM in these sponges are similar throughout

their depth distribution. The values for these sponges d13C

(* - 18%) are slightly higher than those typically found

in marine phytoplankton (- 19 to - 24%) but within the

typical range for DOM (- 16 to - 23%) (Fry 2006;

Slattery et al. 2011; van Duyl et al. 2011, 2018; Lesser

et al. 2020). The d15N (* 4.5%) of the sampled scle-

rosponges is similar to the range for both bulk POM and

DOM (1–6%) (Fry 2006; Slattery et al. 2011; van Duyl

et al. 2011, 2018; Ren et al. 2012). Taken together, it

appears this sponge is dependent primarily on DOM as a

carbon source, as observed in the diet reconstruction, but

does consume picoplankton as do many HMA sponges (de

Goeij et al. 2017; McMurray et al. 2018). The d13C and

d15N values for this sponge are similar to open reef HMA

sponges from shallow waters (Fig. 1e) (Freeman and

Thacker 2011; van Duyl et al. 2011, 2018; Morrow et al.

2016; Lesser et al. 2020). The diet reconstruction for the

sclerosponges indicates a reliance on DOM (60–70%) from

benthic primary producers with the remainder of the diet

made up of live and detrital POM. While there is a large

amount of variation in the diet reconstruction model

(Table S3), it supports the stable isotope results, and its

interpretation. However, this sponge does appear to con-

sume more detrital matter and POM (Fig. 3) compared to a

diet reconstruction from H. caerulea (Lesser et al. 2020)

which is likely a reflection of this sponge’s unique

microbial community and the nutrient cycling processes

found within that community. For instance, we do not

know whether the microbiome of C. nicholsoni is involved

in the uptake of DOM and its re-synthesis and translocation

to the host as amino acids as observed in other sponge

species (Fiore et al. 2013, 2015; Shih et al. 2020). It should

be noted that the diet reconstruction (Fig. 3) is based on

endmember values from other taxa or geographic areas, but

no direct feeding measurements were made in this study

and none are available from the literature for scle-

rosponges. Feeding studies should be done to validate the

diet reconstruction model presented here.

The amplicon sequencing of 16s rRNA provides some

insights into the metabolic functions and nutrient cycling in

the sponge holobiont. The microbial community and the

dominant taxa found in C. nicholsoni are similar to other

prokaryotic microbiome communities in the Demospongiae

(Thomas et al. 2016; Bayer et al. 2018; Pita et al. 2018).

Interestingly, the Chloroflexi are the most abundant phyla

in these sclerosponges, with higher abundances then

observed in other HMA sponge microbiomes (Thomas

et al. 2016; Pita et al. 2018). Specifically, in the order

Agelasida, where C. nicholsoni is classified, Chloroflexi are

often found in high abundances in sponges, generally

between 10–29% (Bayer et al. 2018). The metagenomes of

Chloroflexi from sponges show wide metabolic diversity

that includes the ability to fix carbon under aerobic an

anaerobic conditions, conduct ammonia and nitrite uptake,

as well as other precursors for multiple biochemical path-

ways including amino acid biosynthesis (Bayer et al. 2018)

which could subsequently be translocated to the host (sensu

Shih et al. 2020). In particular, complex carbohydrate

degradation pathways have been reported in Chloroflexi,

and other members of the prokaryotic microbiome of

sponges, which may enhance their ability to utilize the

DOM pool on coral reefs (Slaby et al. 2017; Bayer et al.

2018). Bayer et al. (2018) also found that the Chloroflexi
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have the genomic potential for degradation of DOM, both

its recalcitrant and labile forms. Additionally, the presence

of Thaumarcheota in C. nicholsoni is not surprising as it is

the most abundant archaeal phyla in HMA sponges (Tho-

mas et al. 2016; Pita et al. 2018). Recent research on the

Thaumarchaeota has shown that this phylum may be a

keystone microbial taxa in some sponges, where it has the

ability for ammonia oxidation (e.g., Engelberts et al. 2020).

The functional inference provided by the PICRUSt2

analysis of the prokaryotic microbiome supports the

potential of these sponges to use multiple complex carbon,

nitrogen and sulfur cycling pathways. Weighted NSTI

scores serve as a method of testing the reliability of such

predictions (Langille et al. 2013), which calculates dis-

similarity between available reference genomes and the

predicted metagenome. The NSTI scores in this study were

high, with a mean score of 0.41 and shallow scores being

the highest, at 0.47, compared to 0.37 for upper mesophotic

and 0.38 for lower mesophotic samples. These particular

scores are relatively high compared to previous PICRUSt

analyses on sponge samples, being twice as high as those

analyzed by Cleary et al. (2015). Higher NSTI scores

generally result in lower predictive accuracy, but a recent

study by Fiore et al. (2020) showed that despite moderate

NSTI values (0.15–0.32), a PICRUSt analysis of the

sponge Xestospongia muta, showed a strong correlation

between the functional profiles of its metatranscriptome

and the functional predictions for both coverage and

abundance. This suggests that functional analyses such as

PICRUSt2 may still provide meaningful predictions, even

in some poorly characterized communities (i.e., sponge

microbiomes).

The only significant difference between depths for both

MetaCyc pathways and selected KEGG genes was the

glycogen synthesis pathway, which was enriched in shal-

low samples relative to the lower mesophotic. However,

multiple pathways and KEGG genes related to nitrogen,

carbon, sulfur and phosphorous cycling were found to be

abundant (Table S4), with the exception of photoau-

totrophic pathways. Genes for polyketide synthase and

non-ribosomal peptides synthesis were also found, indi-

cating the sponge microbiome has the capability for

chemical defense of this sponge, potentially for prevention

of predation or allelopathic interactions with faster growing

competitors (Pawlik 2011; Trindade-Silva et al. 2013;

Slattery et al. 2016; Gutleben et al. 2019). The Chloroflexi

also have the potential to participate in sponge chemical

defense (Gutleben et al. 2019), and their high abundances

may provide this slow-growing sponge secondary

metabolites to prevent overgrowth by competitors for

space. These chemical compounds may be present at all

depths, based on the predictive functional profiling, which

would indicate that this sclerosponge does not require an

increase in chemical defenses along the depth gradient.

Such a finding would imply that predation or competitive

allelopathic interactions are similar at all depths, unlike

previous observations of varying chemical defenses in

sponges from the shallow to mesophotic zone (e.g., Slattery

et al. 2016).

Conclusions

Here we have shown that the sclerosponge, C. nicholsoni,

similar to observations of sponge communities on coral

reefs in the Caribbean (Lesser and Slattery 2018), does

show an increase in percent cover and abundance into the

mesophotic zone but that its microbiome community is

invariant along the shallow to mesophotic depth gradient.

The abundance of this sponge, and the metabolic diversity

of its microbiome, at mesophotic depths suggests that this

sponge may play a previously underappreciated role in

DOM cycling in these deep, low-light habitats. Addition-

ally, it appears that this sponge does not change its trophic

strategy with depth based on the stable isotope analyses

and diet reconstruction model, which is contrary to previ-

ous studies on sponges, and some scleractinian corals, in

the mesophotic. Factors such as its preference for low-light

habitats and the energetic requirements (i.e., ion pumping)

of calcification may be why this sponge exhibits an unex-

pected pattern in its trophic ecology compared to siliceous

demosponges in the Caribbean. Other factors such as sed-

imentation (given their preference for overhangs and ver-

tical walls in the mesophotic), competition or mesophotic

reef geomorphology (vertical wall versus slopes) could

regulate this sponge’s distribution as suggested by Lang

and Hartman (1975). In particular, direct feeding studies on

this sponge will be necessary for validating the diet

reconstruction and isotope signatures presented here. Given

the continuing interest in this sponge as an indicator spe-

cies for paleobiology, paleoclimatology and paleoceanog-

raphy, understanding its ecology and potential roles it plays

on coral reefs at all depths will be critical for understanding

the dynamics of MCEs.
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