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Abstract Coral reefs are among the most diverse and produc-
tive ecosystems in the world. Most research has, however,
focused on eukaryotes such as corals and fishes. Recently, there
has been increasing interest in the composition of prokaryotes,
particularly those inhabiting corals and sponges, but these have
mainly focused on bacteria. There have been very few studies
of coral reef Archaea, despite the fact that Archaea have been
shown to play crucial roles in nutrient dynamics, including
nitrification and methanogenesis, of oligotrophic environments
such as coral reefs. Here, we present the first study to assess
Archaea in four different coral reef biotopes (seawater, sedi-
ment, and two sponge species, Stylissa massa and
Xestospongia testudinaria). The archaeal community of both
sponge species and sediment was dominated by
Crenarchaeota, while the seawater community was dominated
by Euryarchaeota. The biotope explained more than 72 % of
the variation in archaeal composition. The number of opera-
tional taxonomic units (OTUs) was highest in sediment and
seawater biotopes and substantially lower in both sponge hosts.
No “sponge-specific” archaeal OTUs were found, i.e., OTUs
found in both sponge species but absent from nonhost biotopes.
Despite both sponge species hosting phylogenetically distinct

microbial assemblages, there were only minor differences in
Kyoto Encyclopedia of Genes and Genomes (KEGG) func-
tional pathways. In contrast, most functional pathways differed
significantly between microbiomes from sponges and nonhost
biotopes including all energy metabolic pathways. With the
exception of the methane and nitrogen metabolic pathway, all
energy metabolic pathways were enriched in sponges when
compared to nonhost biotopes.

Introduction

Of the two known prokaryotic domains of life, Archaea are the
least studied and understood. The archaeal domain was first
described by Woese and Fox (1978). Since then, it has under-
gone several taxonomic amendments. Several phyla have been
proposed, but a lack of consensus on some of the proposed phyla
persists. At present, the domain Archaea consist of the following
phyla: Crenarchaeota, Thaumarchaeota, Euryarchaeota,
Korarchaeota, and Nanoarchaeota. The Korarchaeota phylum
was based on 16S rRNA gene sequence amplification of data
from environmental sequence studies [3, 25]. Recently,
Brochier-Armanet et al. [8, 9] and Spang et al. [81] suggested
that mesophilic Crenarchaeota differed from hyperthermophilic
Crenarchaeota and proposed Thaumarchaeota (mesophilic
Crenarchaeota) as a new phylum. Huber et al. [40] proposed
the establishment of Nanoarchaeota as a new phylum based on
the low similarity of Nanoarchaeum equitans sequences with
known organisms; however, some other studies have suggested
that Nanoarchaeota is a fast-evolving lineage of the
Euryarchaeota phylum related to Thermococcales [7]. Other
recently proposed taxa include the Aigarchaeota [57] and
Geoarchaeota [45]. With the proposal of Thaumarchaeota as a
new phylum, Crenarchaeota became restricted to a single class:
Thermoprotei. This class is normally associated with extreme
environments (e.g., hot and acidic environments) [58].
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Thaumarchaeota, however, is still considered a Crenarchaeota
class in some rRNA gene databases.

At the time of their discovery, Archaea were thought to
exclusively inhabit extreme environments (high temperature,
salinity, and/or pressure). Recently, culture independent
methods have shown the domain to be much more wide-
spread; it has been found in a variety of habitats (tropical
and polar, terrestrial and aquatic, deep and shallow water)
[77, 92, 96]. Members of Archaea have also been found
inhabiting the tissues of various sponge species [62, 92], the
mucous of scleractinian corals [77], sediment [11, 18], and the
water column [20, 96].

Among the best known hosts of microbial communities
[88, 91], marine sponges, are also abundant and conspicuous
components of coral reef systems and play important functional
roles both in the benthos and water column. Sponges have been
shown to affect water column composition (filtration, secondary
metabolite emanation, and nutrient cycling including nitrifica-
tion) [5, 97]. Although sponges also feed on microbes [35, 49],
they harbor a remarkable variety of microbial endosymbionts
within their tissues. Microbes provide their sponge host with
nutrients, aid in metabolic waste processing, and provide protec-
tion against ultraviolet light [34, 39, 91]. Sponges, in turn, offer a
stable and nutrient-rich environment for microbes [36, 49].

Sponges have also been shown to host distinct microbial
communities when compared to other nonsponge hosts or
nonhost biotopes such as sediment or water [41]. Recent
studies [85, 93], however, have shown that organisms previ-
ously thought to be found exclusively in sponges have also
been found in nonsponge hosts or the nonhost environment.
The extremely low concentrations of these organisms though in
nonsponge samples had made them virtually impossible to
detect using previous conventional molecular techniques, such
as DGGE and clone libraries. It should be noted, however, that
the presence of these organisms in nonsponge samples may
also be the result of sponges releasing symbionts into the water
column or sediment during spawning/injury events [85].

The majority of studies have showed bacteria to be more
abundant than Archaea in marine sponges [48, 76, 86].
Twenty-six bacterial and two archaeal phyla were found in
sponges from distinct locations around the world to date [84].
However, there are exceptions; the archaeon Cenarchaeum
symbiosum dominates the Axinella mexicanamicrobial com-
munity representing more than 65 % of all prokaryotic cells
[62]. This predominance suggests that Archaea play a major
role in sponge metabolism. However, the exact roles of
Archaea in sponges and in sediment and seawater remain
largely unknown.

Despite this uncertainty, it is generally accepted that
Archaea play an indispensable role in the transformation, deg-
radation, and recycling of nutrients and organic matter [49, 92].
Several studies [11, 96] have suggested that Archaea and more
specifically mesophilic Crenarchaeota, which use dissolved

inorganic carbon as a carbon source [64], may be similar to
or even surpass bacteria (β- and γ-proteobacteria) as mediators
of oceanic nitrification [11, 96]. Francis et al. [31] reported a
more widespread presence of ammonia-oxidizing Archaea
(AOA) than ammonia-oxidizing bacteria in both the water
column (Black Sea and Monterey Bay) and sediment (San
Francisco Bay and Bahía del Tóbari). In sponges, a recent
study [68] revealed the same pattern in four coldwater sponges.
Anaerobic Archaea belonging to the Euryarchaeota phylum
also seem to be the only organisms capable of performing
methanogenesis [90], which is the last step of carbon degrada-
tion and prevents the accumulation of organic compounds in
the environment [43].

Archaeal community composition and symbiont–sponge
relationships appear to be host dependent, for example, coral
hosts do not seem to establish specific associations with
Archaea since most of the archaeal sequences found in corals
are also present in the water column [71]. Sponges, in contrast,
have been shown to host distinct microbial communities when
compared to other nonsponge hosts or nonhost biotopes [41].
Identifying the role and composition of Archaea and other
microbes in different biotopes is thus essential in order to gain
a better understanding of the coral reef ecosystem and the role
of Archaea therein.

In the present study, we assessed the composition of
Archaea in four biotopes, two nonhost (sediment and seawater)
and two host (the sponge species Stylissa massa and
Xestospongia testudinaria) in four reef sites in the Kepulauan
Seribu reef system, Indonesia. Our goals were to (1) assess to
what extent sponges contain unique archaeal communities
when compared to communities of Archaea in the surrounding
environment (seawater and sediment), (2) identify closely re-
lated organisms to abundant operational taxonomic units
(OTUs) using Basic Local Alignment Search Tool (BLAST)
search, (3) construct a phylogeny of abundant OTUs in order to
assess to what extent biotopes host phylogenetically distinct
lineages, and (4) assess to what extent metabolic pathways
differ between Archaea in different biotopes.

Material and Methods

Study Site

The Jakarta Bay and Kepulauan Seribu coral reef system, also
known as Thousand Islands (hereafter referred to as JBTI), is
located to the northwest of Jakarta in the Java Sea (Fig. 1).
This reef system consists of 105 islands or cay-crowned reefs
[15] forming a coral island chain of about 80 km [67].
Thirteen rivers discharge into Jakarta Bay and represent im-
portant sources of organic and inorganic suspended matter
(domestic sewage) as well as chemical pollutants and other
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substances [67]. Organic matter concentrations, however, de-
cline strongly from in-to-offshore as do pollutant loads [14].

Sampling

Four sites (Belanda, Pulau Kelapa, Tidung Kecil, and Bokor)
were surveyed using SCUBA between July 26th and the 10th
of August 2011. At each site, samples were taken of sediment,
seawater, and the sponges S. massa and X. testudinaria. The
sediment samples were taken using the mini core method.
Minicores, consisting of the top 5 cm of sediment, were
collected using a plastic disposable syringe from which the
end had been cut in order to facilitate sampling [12]. The two
sponges studied are common reef sponges in the Indonesian
archipelago although they inhabit different habitats. Stylissa
massa (Carter, 1887) is a medium-sized orange colored
sponge that mainly occurs in very shallow water (0.5–3 m)
whereas the giant barrel sponge X. testudinaria (Lamarck,
1815) grows mostly in deeper waters (3–50 m). Specimens
were identified to species by NJ de Voogd. Cores of both
sponge species were sampled including segments of surface
and interior in order to sample, as much as possible, the whole

bacterial community. The seawater samples were collected by
filtering 1 l [6, 80] of seawater through a Millipore® White
Isopore Membrane Filter (GTTP04700, 47 mm diameter,
0.22 μm pore size). All samples were stored in 96 % EtOH
[13, 63] and kept at temperatures lower than 4 °C immediately
after collection. Once in the laboratory, samples were stored at
−20 °C until DNA extraction.

DNA Extraction and Pyrosequencing

We isolated PCR-ready genomic DNA from seawater, sedi-
ment, and sponge samples using the FastDNA® SPIN Kit
following the manufacturer’s instructions. This is an extrac-
tion method frequently used for this purpose [13, 17, 89].
Briefly, we prepared sediment samples by centrifuging each
one for 30 min at 4,400 rpm and 4 °C; the membrane filter
(seawater sample) and sponge samples were each cut into
small pieces. The whole membrane filter and 500 mg of
sediment and sponge were transferred to Lysing Matrix E
tubes containing a mixture of ceramic and silica particles.
The microbial cell lysis was performed in the FastPrep®
Instrument (Q Biogene) for 80 s at the recommended speed.

Fig. 1 Map of the study area (Jakarta Bay and Kepulauan Seribu coral reef system) showing the location of study sites sampled
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The extracted DNA was eluted into DNase/Pyrogen-Free
Water to a final volume of 50 μl and stored at −20 °C until
use. Pyrosequencing and sequence analysis were performed
using previously describedmethods [13, 60] with the exception
of the pick OTUs step where we used the recently developed
UPARSE clustering method and chimera check [24] and the
most recent Greengenes database (http://greengenes.
secondgenome.com/downloads/database/13_5) for OTU
picking and taxonomic assignment (see Online Resource 1
for a detailed description). In the most recent Greengenes
release, the recently adopted phylum Thaumarchaeota is still
considered a class of the Crenarchaeota phylum; in the present
study, we follow the Greengenes taxonomy. The sequences
generated in this study can be downloaded from the NCBI
SRA: Accession number SRP023167.

Identification of Closely Related Organisms and Phylogeny
of Abundant OTUs

Closely related organisms of numerically abundant OTUs
(≥100 sequences) were identified using the NCBI BLAST
command line “blastn” tool with the −db argument set to nt
[98]. BLAST was also used to obtain sequences for cultured
Archaea, which were included in a bootstrap consensus phylo-
genetic tree based on 1,000 replicate trees along with represen-
tative sequences belonging to all abundant OTUs; the tree was
made using the Mega5 Program (http://www.megasoftware.
net/; last checked 2012-11-20; [82] with the Nearest-
Neighbor-Interchange andGeneralized Time-Reversible model
[83] with Gamma distributed and invariant sites).

Statistical Analysis

A square matrix containing the presence and abundances of all
OTUs per sample was imported into R [87] using the
read.table () function. Sequences not classified as Archaea
(e.g., bacteria or unclassified at the level of domain, 7,865
sequences) and OTUs with <5 sequences were removed prior
to statistical analysis. The OTU abundance matrix was
log10(x+1) transformed and a distance matrix constructed
using the Bray–Curtis index with the vegdist() function in
the vegan package [59] in R. The Bray–Curtis index is one
of the most frequently applied (dis)similarity indices used in
ecology [19, 50]. Variation in OTU composition among bio-
topes (S. massa and X. testudinaria, sediment, and seawater)
was assessed with Principal Coordinates Analysis (PCO)
using the cmdscale() function in R with the Bray–Curtis
distance matrix as input. We tested for significant variation
in composition among biotopes using the adonis() function in
vegan. In the adonis analysis, the Bray–Curtis distance matrix
of species composition was the response variable with biotope
as independent variable. The number of permutations was set
at 999; all other arguments used the default values set in the

function. Weighted averages scores were computed for OTUs
on the first two PCO axes using the wascores() function in the
vegan package.

Metagenome Analysis

In the present study, we use PICRUSt [47] to predict the
metagenome of each sample. PICRUSt is a bioinformatics tool
that uses marker genes, in this case 16S rRNA, to predict
metagenome gene functional content. These predictions are
precalculated for genes in databases including Kyoto
Encyclopedia of Genes and Genomes (KEGG) [42] and
Clusters of Orthologous Groups of proteins (COG). In the
present study, we used the KEGG database. Output of
PICRUSt consists of a table of functional counts, i.e., KEGG
Pathway counts by sample. Note that because of functional
overlap, some orthologs can be represented in multiple path-
ways. Since KOs can belong to several pathways, we used the
categorize_by_function.py script in PICRUSt to collapse the
PICRUSt predictions at the level of the individual pathways.
This table was in turn used as input for LEfSe [74]. Using
LEfSe, we tested data for statistical significance, biological
consistency, and effect size relevance among biotopes.
Graphical representations of LEfSe results are presented hier-
archically using cladograms with category, subcategory and
individual pathway designations (Online Resource 2), and
using barplots for selected functional individual pathways.

Results

The sequencing effort yielded 50,241 sequences, which were
assigned to 4,669 OTUs after quality control, OTU picking,
and removal of chimera. At the level of domain, 2,305 OTUs
remained unidentified, and 1,428 OTUs were assigned to the
bacteria domain; these were, however, not included in the
statistical analysis. The final dataset included 42,313 se-
quences and 936 OTUs of which 146 OTUs remained unclas-
sified at the phylum level.

All archaeal OTUs were assigned to two phyla,
Crenarchaeota and Euryarchaeota. In addition to this, OTUs
were assigned to 14 classes, 18 orders, 15 families, 12 genera,
and 3 species. Of these, the classes Thermoplasmata and
Thaumarchaeota, the orders E2 andCenarchaeales, the families
Marine group II and Cenarchaeaceae, the genera Cenarchaeum
and Nitrosopumilus, and the species Cenarchaeum symbiosum
were the most abundant. Thirty-three OTUs from 12,356 se-
quence reads were identified fromX. testudinariahosts while 27
OTUs from 10,580 sequence reads were identified from
S. massa hosts. With respect to the nonhost biotopes, 322
OTUs from 8,570 sequence reads were identified from seawater
samples while 724 OTUs from 10,807 sequence reads were
identified from sediment samples.
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BLASTwas used to find closely related organisms to all 37
abundant (≥100 sequences) OTUs (Table 1). The most abun-
dant OTU overall was OTU-1, assigned to the species
Cenarchaeum symbiosum and found predominantly in
S. massa hosts and represented by 10,473 sequences. This

OTU was also the only dominant symbiont found in S. massa;
the remaining 26 OTUs found in this sponge had less than 40
sequences each. OTU-1 was closely related to an organism
previously isolated from Phakellia fusca hosts in the South
China Sea.

Table 1 List of most abundant OTUs (≥100 sequences) including OTU-
numbers, number of sequences (reads), biotope where the OTUs were
found (group), their taxonomic affiliation, GenBank GenInfo sequence

identifiers (GI) of closely related organisms identified using BLAST and
sequence identity (Sq ident) of these organisms with our representative
OTU sequences

OTU Reads Group Phylum Class Order Family Genus Species GI Sq ident

1 10,473 Sm Crenarchaeota Thaumarchaeota Cenarchaeales Cenarchaeaceae Cenarchaeum Symbiosum 340764424 100

2 6,250 Xt Crenarchaeota Thaumarchaeota Cenarchaeales Cenarchaeaceae Nitrosopumilus 305691426 99.3

3 2,228 Xta Crenarchaeota Thaumarchaeota Cenarchaeales Cenarchaeaceae 445066213 96.5

4 1,601 Wt Euryarchaeota Thermoplasmata E2 Marine group II 220685393 100

5 1,659 Sd Crenarchaeota Thaumarchaeota Cenarchaeales Cenarchaeaceae 125381583 100

6 1,592 Wt Euryarchaeota Thermoplasmata E2 Marine group II 321159150 100

7 1,961 Sd Crenarchaeota Thaumarchaeota Cenarchaeales Cenarchaeaceae Nitrosopumilus 529279729 100

8 801 Wt Euryarchaeota Thermoplasmata E2 Marine group II 383933392 100

9 881 Sd Crenarchaeota Thaumarchaeota Cenarchaeales Cenarchaeaceae Cenarchaeum Symbiosum 321159184 99.8

10 636 Sd Crenarchaeota Thaumarchaeota Cenarchaeales Cenarchaeaceae 310871774 98.4

11 729 Wt b

12 360 Wt Euryarchaeota Thermoplasmata E2 Marine group II 220685221 100

13 375 Wt Euryarchaeota Thermoplasmata E2 Marine group II 394999368 100

15 188 Wt Euryarchaeota Thermoplasmata E2 Marine group II 39546718 100

16 222 Xta Crenarchaeota Thaumarchaeota Cenarchaeales Cenarchaeaceae 445066211 96.5

17 267 Xta Crenarchaeota Thaumarchaeota Cenarchaeales Cenarchaeaceae Nitrosopumilus 305691432 96.8

18 261 Xta b

19 195 Sd Euryarchaeota Thermoplasmata E2 CCA47 364530814 99.8

20 139 Sd Crenarchaeota Thaumarchaeota Cenarchaeales Cenarchaeaceae 145651460 100

22 105 Sd Euryarchaeota Thermoplasmata E2 DHVEG-1 364527263 99.8

24 202 Sd Crenarchaeota MCG 145651451 99.5

28 174 Sda Crenarchaeota MBGB 389591832 100

29 107 Sd Euryarchaeota Thermoplasmata E2 408718821 99.8

39 100 Sd c 223031543 97.9

229 2589 Xt Crenarchaeota Thaumarchaeota Cenarchaeales Cenarchaeaceae Nitrosopumilus 305691431 99.5

236 202 Sd Crenarchaeota Thaumarchaeota Cenarchaeales Cenarchaeaceae 125381472 99.8

246 589 Wt Euryarchaeota Thermoplasmata E2 Marine group II 383933255 100

317 203 Xta Crenarchaeota Thaumarchaeota Cenarchaeales Cenarchaeaceae Nitrosopumilus 305691434 99.0

331 173 Xta Crenarchaeota Thaumarchaeota Cenarchaeales Cenarchaeaceae 445066213 96.5

399 374 Wt Euryarchaeota Thermoplasmata E2 Marine group II 83416103 100

594 197 Xta Crenarchaeota Thaumarchaeota Cenarchaeales Cenarchaeaceae Nitrosopumilus 305691432 100

1,016 125 Sd Crenarchaeota Thaumarchaeota Cenarchaeales Cenarchaeaceae 310871821 100

1,519 273 Sd Crenarchaeota Thaumarchaeota Cenarchaeales Cenarchaeaceae Nitrosopumilus 548783414 99.5

1,736 808 Sd Crenarchaeota Thaumarchaeota Cenarchaeales Cenarchaeaceae Nitrosopumilus 125381373 100

2,921 377 Sd Crenarchaeota Thaumarchaeota Cenarchaeales Cenarchaeaceae 529279806 99.8

3,207 200 Sd Crenarchaeota Thaumarchaeota Cenarchaeales Cenarchaeaceae Nitrosopumilus 125381446 100

4,233 641 Sd Crenarchaeota Thaumarchaeota Cenarchaeales Cenarchaeaceae Nitrosopumilus 529279817 99.5

a Represent an OTU only present in a particular biotope
b Represent an OTU unclassified at the domain level (not included in the analysis)
c Represent an OTU unclassified at the phylum level
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Only X. testudinaria and sediment hosted biotope-specific
abundant OTUs. Of the nine abundant OTUs inX. testudinaria,
seven were host-specific (3, 17, 18, 16, 317, 594, and 331);
with the exception of OTU 18 (unclassified), all the remaining
eight were assigned to the Cenarchaeaceae family. Of these,
five were assigned to the genus Nitrosopumilus. The most
abundant OTU was OTU-2, assigned to the genus
Nitrosopumilusand closely related to an organism isolated from
Xestosposgia muta hosts in Florida (Table 1).

In the sediment biotope, the recorded number of OTUs
(724) was almost twice as much as the sum of all OTUs from
the remaining three biotopes (382). Of the 724 OTUs, only 18
were considered abundant and only one of these was host-
specific (OTU-28); this was assigned to the Marine Benthic
Group B (MBGB) class. Themost abundant OTUwas OTU-7
assigned to the genus Nitrosopumilus and closely related to an
organism isolated from sediment samples collected in Oujiang
River, China.

In seawater samples, the most abundant OTU was OTU-4
assigned toMarine group II and closely related to an organism
isolated from water samples collected in Arabian Sea. With
the exception of OTU-11 (unclassified), all abundant OTUs in
seawater were identified as belonging to the Marine group II
family.

Higher Taxon Abundance

There were marked differences in the abundance of higher
archaeal taxa among biotopes (Fig. 2). The Euryarchaeota
were more abundant in nonhost biotopes than in sponge hosts.
The abundance of Euryarchaeota in sponge hosts is largely due
to the contribution of S. massawith four times more sequences
than X. testudinaria; only 0.2 % of the X. testudinaria se-
quences were assigned to the Euryarchaeota phylum. In con-
trast, the Crenarchaeota were much more abundant in sponge
hosts. The taxa Miscellaneous Crenarchaeotal Group (MCG;
Crenarchaeota) and YLA114 (Euryarchaeota) were virtually
all restricted to nonhost biotopes.

Of the 15 families found in this study, just two were
detected (>0.1 %) in sponge hosts: Cenarchaeaceae (98 %
S. massa and 99.8 % X. testudinaria) and Marine group II
(1.95 %S. massa and 0.2 % X. testudinaria). The relative
abundance of the most abundant OTU in each biotope was
highest in S. massa, where more than 97 % of sequences on
average belonged to a single OTU. For X. testudinaria,
just over 69 % of sequences on average belonged to a
single OTU. Dominance was lowest for the sediment
biotope where just over 14 % of sequences belonged to
a single OTU on average.

Importance of Biotope in Structuring Composition

There was a highly significant difference in archaeal compo-
sition among biotopes (F3,12=10.39, P<0.001, R

2=0.722).
Variation among biotopes thus explained 72% of the variation
in archaeal composition. A PCO ordination (Fig. 3) of the first
two axes shows four distinct clusters representing samples
from the four biotopes. Although forming distinct clusters,
samples from sediment and seawater were closer to one an-
other in the ordination than either to the sponge samples. Axis
1 of the PCO ordination separates samples from nonhost
biotopes and both sponge hosts. Axis 2 separates samples
from S. massa and X. testudinaria hosts.

Less than 1 % of OTUs were found in all four biotopes
(6 of 936). Only 17.6 % of the sponge OTUs were shared
between S. massaand X. testudinariahosts (9 of 51); however,
these OTUs were also shared with seawater and sediment. No
OTUs were found in both sponge hosts that were not present
in either sediment or seawater. Only 14.9 % of the OTUs
(136 of 910) restricted to the nonhost biotopes were shared
between seawater and sediment, and the majority (123 of 136)
were not present in sponge hosts.

Phylogeny

In the phylogenetic tree (Fig. 4), there were two main clusters:
(1) a cluster consisting of OTUs belonging to the
Crenarchaeota phylum and (2) a cluster consisting of OTUs
belonging to the Euryarchaeota phylum. Inside the main
cluster of Euryarchaeota, the most abundant seawater OTUs
belonging to Marine Group II formed a small distinct cluster.
Inside the Crenarchaeota main cluster, X. testudinaria,
S. massa and some sediment OTUs clustered together to form
a cluster consisting of Cenarchaeaceaemembers. Some of the
sediment and X. testudinaria OTUs present in the
Cenarchaeaceae cluster grouped together to form a small
cluster of members of the thaumarchaeon Nitrosopumilus,
supported by high bootstrap value (82). OTUs found exclu-
sively or predominantly in X. testudinaria formed a distinct
and very well supported cluster (100).

Metagenome Analysis

Using LEfSe, we identified significant differences between
the different biotopes (Online Resource 2). Differences in the
top level functional categories between biotopes included
enrichment of the cellular processes in X. testudinaria, envi-
ronmental information processing in sediment, genetic infor-
mation processing, and human diseases in S. massa and or-
ganismal systems in seawater. Differences in functional
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subcategories between biotopes included enrichment of the
amino acid metabolism and metabolism of cofactors and
vitamins in S. massa; biosynthesis of other secondary metab-
olites, energy metabolism, and metabolism of terpenoids and
polyketides in X. testudinaria; carbohydrate metabolism, en-
zyme families, lipid metabolism and xenobiotic biodegrada-
tion; and metabolism in seawater and glycan biosynthesis and

metabolism in sediment. The relative abundance analysis of the
functional individual pathways (Fig. 5) gives some insight into
the differences observed among biotopes showing which indi-
vidual pathways generated the significant differences in the top
level functional categories and subcategories. Differences at this
level included enrichment of the citrate cycle (TCA cycle);
glycolysis/gluconeogenesis; ABC transporters; pentose and

Fig. 3 Ordination showing the
first two axes of the PCO analysis.
a Symbols represent samples from
seawater (Wt), sediment (Sd),
S. massa (Sm) and X. testudinaria
(Xt). Very small circles represent
OTUs <100 sequence reads. b
Numbers represent abundant
(≥100 sequence reads) OTUs
referred to in Table 1

Fig. 2 Mean relative abundance
of the most abundant archaeal
phyla, classes, orders and the
dominant OTU for samples from
seawater (Wt), sediment (Sd),
S. massa (Sm) and X. testudinaria
(Xt). Error bars represent a single
standard deviation. The dominant
OTU represents the mean
abundance for the single most
abundant OTU in each sample,
thus not necessarily the same
OTU
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glucuronate interconversions (carbohydrate metabolism);
isoquinoline alkaloid biosynthesis; methane metabolism
(energy metabolism), beta-alanine metabolism (metabolism of

other amino acids); aminobenzoate degradation; caprolactam
degradation; chloroalkane and chloroalkene degradation;
nitrotoluene degradation (xenobiotic biodegradation and

Fig. 4 Phylogenetic tree of the archaeal 16S rRNA gene sequences
recovered from the studied biotopes (seawater, sediment, S. massa and
X. testudinaria); bootstrap values lower than 50 % were omitted. The
number of each OTU is indicated as are GenBank GenInfo sequence

identifiers of cultured archeal sequences. OTUs are assigned to the
following clusters: Wt mainly found in seawater biotope, Sd found in
sediment biotope, Sm found in S. massa biotope and Xt found in
X. testudinaria biotope
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metabolism) and limonene and pinene degradation (metabolism
of terpenoids and polyketides) in nonhost biotopes and enrich-
ment of the aminoacyl–tRNA biosynthesis (genetic information
processing/translation); phenylalanine, tyrosine, and tryptophan

biosynthesis; valine, leucine, and isoleucine biosynthesis
(amino acid metabolism); basal transcription factors (genetic
information processing/transcription); oxidative phosphoryla-
tion; sulfur metabolism (energy metabolism); tetracycline

Fig. 5 Mean relative abundance of gene counts for selected functional
individual pathways for samples from seawater (Wt), sediment (Sd),
S. massa (Sm) and X. testudinaria (Xt). Error bars represent a single
standard deviation. The individual pathways shown include the following
KEGG categories: a ABC transporters, b transporters, c two-component
system, d aminoacyl-tRNA biosynthesis, e DNA repair and recombina-
tion proteins, fDNA replication proteins, g basal transcription factors, h
Phenylalanine, tyrosine, and tryptophan biosynthesis, i valine, leucine,
and isoleucine biosynthesis, j citrate cycle (TCA cycle), k glycolysis/

gluconeogenesis, l isoquinoline alkaloid biosynthesis, m pentose and
glucuronate interconversions, n methane metabolism, o oxidative phos-
phorylation, p sulfur metabolism, q beta-alanine metabolism, r limonene
and pinene degradation, s tetracycline biosynthesis, t pantothenate and
CoA biosynthesis, uporphyrin and chlorophyll metabolism, vubiquinone
and other terpenoid-quinone biosynthesis,w aminobenzoate degradation,
x atrazine degradation, y caprolactam degradation, z chloroalkane and
chloroalkene degradation, aa nitrotoluene degradation and ab toluene
degradation
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biosynthesis (metabolism of terpenoids and polyketides); pan-
tothenate and CoA biosynthesis; porphyrin and chlorophyll
metabolism; ubiquinone and other terpenoid-quinone biosyn-
thesis (metabolism of cofactors and vitamins); atrazine degra-
dation; and toluene degradation (xenobiotic biodegradation and
metabolism) in sponge biotopes.

Discussion

Higher Taxon Abundance

In line with previous studies [48, 60], only two archaeal phyla
(Euryarchaeota and Crenarchaeota) were detected in our
samples. Crenarchaeota were the most abundant phylum in
all biotopes except seawater. Several studies have found
sponges to be exclusively associated with Crenarchaeota
[73, 88, 92]. Some other studies, however, observed
Euryarchaeota in some sponge species albeit in low abun-
dances [39, 48]. In sponge samples, most sequences belonged
to the Thaumarchaeota class. Mesophilic Crenarchaeota
(Thaumarchaeota) have been shown to be important players
in geochemical cycles [8, 96]. Previous studies linked a
high abundance of Thaumarchaeota to peaks in nitrifica-
tion in the water column of the Dutch coastal North Sea
and subsequent reduction of ammonia and accretion of
nitrite concentrations [61, 96]; Thaumarchaeota may play
a similar role in JBTI. The fact that the reefs of JBTI are
subject to elevated levels of pollution [67] means that
organisms capable of nitrifying toxic ammonia (NH3) to
nitrate (NO3

−) may play a crucial role in maintaining a
healthy coral reef environment [4, 72].

As expected, given the highly selective nature of sponges
[35], the number of OTUs found in nonhost biotopes was
substantially higher than in sponge hosts. In contrast, Lee
et al. [48] found a less diverse archaeal community in Red
Sea seawater samples than in X. testudinaria. This difference in
archaeal composition between seawater and X. testudinaria in
both regions may reflect geographic differences. However,
methodological differences (mainly in sample preservation
before extraction and in the hypervariable region and universal
primers selected) may also be at least partially responsible for
the differences in archaeal composition between both studies.

Stylissa massa shared a higher percentage of OTUs with
nonhost biotopes than X. testudinaria (77.8 and 39.4 % re-
spectively). Among other things, this may indicate a higher
permeability of S. massa to incorporate environmental archae-
al OTUs or more pronounced antimicrobial activity by
X. testudinaria. Xestospongia species have previously been
shown to produce compounds with antimicrobial activity [51]
as has S. massa [70]. However, antimicrobial activity has been
only demonstrated for bacteria and fungi [70, 99]; no
antiarchaeal activity has been reported in sponges.

The majority of OTUs found in seawater samples were
assigned to the phylum Euryarchaeota (68.7 %). However,
in contrast to Lee et al. [48], where nearly all archaeal reads
from seawater samples were classified as Euryarchaeota, in
the present study, almost 30% of the seawater sequences were
assigned to Crenarchaeota, and of those, 94.6 % belongs to
the class Thaumarchaeota. In line with our study, Qian et al.
[65] reported a dominance of Euryarchaeota in the upper
layers (2 and 50 m) of Red Sea waters. Other studies
[22, 53], however, found Crenarchaeota to be the dominant
phylotype in seawater samples. Almost all Euryarchaeota
classes have methanogenic taxa [58]. In this study, besides
the numerous Thermoplasmata class (196 OTUs 7,846 se-
quences), two other archaeal taxonomic classes known as
methanogens were found: Methanobacteria (17 OTUs, 62
sequences) and Methanomicrobia (5 OTUs, 12 sequences).
The predominance of the Thermoplasmata class in seawater
indicates that methanogenesis and methane oxidation are im-
portant processes in this biotope. The results of our PICRUSt
and LEfSe analysis support this hypothesis and showed sig-
nificant enrichment of the methane metabolism pathway in
seawater. The detection of methanogenic Archaea in oxic
environments is not new. Despite being generally believed to
be produced exclusively by strictly anaerobic Archaea, meth-
ane has been found to be supersaturated in oxygenated surface
waters [33, 69]. This phenomenon has been called the “ocean
methane paradox” [44], and several explanations have
emerged in the literature [33, 44, 52, 54].

Marine group II (Thermoplasmata/E2) was the most abun-
dant family (62.9 % of all sequences) in seawater. Only 1.95,
0.21, and 0.44 % of S. massa, X. testudinaria, and sediment
sequences on average were assigned to this family. Wemheuer
et al. [94] previously reported Thermoplasmata as the third
most abundant archaeal class in seawater samples collected in
the North Sea. DeLong and Pace [21] noted that E2 was
predominantly found in marine plankton, and Holmes et al.
[39] reported the presence ofMarine Group II in three sponges
from the Timor Sea, Australia (Axechina raspailioides,
Reniochalina stalagmitis, and Ptilocaulis sp.). According to
Baker et al. [2], Marine Group II may also be active players in
the recycling of organic carbon and nitrogen. One hundred
and forty-six OTUs remained unclassified at the phylum level.
All of these potential novel taxa were found in sediment and/
or seawater indicating that these are rich biotopes that require
more intense research.

Importance of Biotope in Structuring Composition

The PCO ordination and phylogenetic tree revealed marked
compositional differences among the four biotopes. The four
biotopes studied here thus host compositionally and phyloge-
netically distinct communities of Archaea. In contrast to our
study, Lee et al. [48] failed to distinguish differences in
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archaeal composition among sponge species, although they
did find compositional differences between sponges and
seawater.

Metagenome

The contribution of sponge symbionts to the health, perfor-
mance, and survival of their host is well known [32, 86].
According to Freeman et al. [32], around 50 % of sponge
energy requirements are fulfilled by microbial processes. This
is supported by our metagenomic results, which showed a
significant enrichment of almost all functional individual
pathways associated to the energy metabolism in
X. testudinaria, namely, oxidative phosphorylation, carbon
fixation, and sulfur metabolism. Although sponges acquire
part of their nutritional requirements through filter feeding,
some species rely mainly on their microbial community to
fulfill their energy and carbon needs. For example, Aplysina
cauliformis and Neopetrosia subtriangularis obtain about
77 % of their carbon needs from their microbial cells as
opposed to only 27 % for Niphates erecta [32]. The higher
abundance of enzymes encoding for carbon fixation in
X. testudinaria indicates that this sponge species primarily
relies on high microbe densities to acquire carbon. Stylissa
massa, in contrast, may not rely so heavily on microbial
symbiosis and obtains a higher part of its carbon from the
filtered particulate organic matter, although this remains to be
demonstrated. In addition to providing supplemental nutrition,
X. testudinariaarchaeal symbionts may also play an important
role in detoxifying sponge tissues and metabolizing toxic by-
products such as hydrogen sulfide through sulfur oxidation, as
has been shown by Hoffmann et al. [37] and Radax et al. [68]
for sulfur-oxidizing bacteria.

Nitrogen and methane metabolism were significantly
enriched in seawater. Methane metabolism encompasses
methanogenesis and methane oxidation; normally in the archae-
al domain, both processes occur under strict anaerobic condi-
tions [58]. Based on this, one would expect that these processes
to be much more prevalent in sediment than in oxic seawater. In
the present study, the significant enrichment of the methane
metabolism pathway together with the predominance of OTUs
assigned to methanogenic classes in seawater biotopes can be
the result of physical transport from anoxic sediment [33, 69] or
attachment of methanogens to microanoxic environments pres-
ent in the water column such as fecal pellets, photoautotrophs,
or marine snow particles [33, 52]. As happens in aerated soils
[1], the methanogens present in JBTI seawater may also be able
to survive under oxic conditions and become active only under
favorable conditions. Moreover, Thaumarchaeotawere recently
associated with an aerobic process of methane production.
Nitrosopumilus maritimus seems to be involved in
methylphosphonic acid (MPn) biosynthesis which, in turn, is
used by aerobic bacteria as a source of phosphorus to produce

methane [54]. Although there were no Nitrosopumilus among
the most abundant water OTUs, the number of Nitrosopumilus
sequences in this biotope was not negligible (826 sequences).

The predominance of the archaea l ammonia
monooxygenase subunit genes (AmoA) when compared to
their bacterial counterparts in marine water and sediment
biotopes is well known [31, 96] and suggests an important
role of Archaea in global nitrogen cycling. In the present
study, the nitrogen metabolism pathway was significantly
enriched in seawater, which is surprising due to the low
abundance of Thaumarchaeota in water when compared to
sponge biotopes. Some studies have found nitrogen metabo-
lism related functions enriched in different sponge species
when compared to seawater samples [28]; however, these
findings concern the entire prokaryotic community.

The sponge symbiotic relationship with photosynthetic
microorganisms is well known [5, 26, 86, 95]. This consor-
tium occurs more frequently in oligotrophic waters; sponges
benefit from photosymbiotic derived nutrients while photo-
synthetic microbes benefit from metabolic end-products syn-
thesized by sponges. Indeed, some sponge species obtain
almost 50 % of their nutritional requirements from their pho-
tosynthetic symbionts [32, 95]. Cyanobacteria have been the
photosymbiont more commonly reported in sponge hosts
[26, 27]. Here, sponge archaeal communities were enriched
in the function of porphyrin and chlorophyll metabolism
associated with photosynthesis. Some Archaea are able to
convert light into chemical energy via ATP synthesis [38].
These Archaea can be especially important to S. massawhich,
living in shallowwater, may suffer from exposure to air during
low tide and concomitant elevated UV exposure. The associ-
ation with these symbionts may enable S. massa to deal with
these stresses.

The higher expression of citrate cycle (TCA cycle) and
glycolysis/gluconeogenesis pathways in archaeons living in
nonhost biotopes appears to indicate that aerobic respiration is
the primary carbon assimilation and energy generation pro-
cess for these organisms.

Nutrient availability inside sponges is necessarily different
when compared to nutrient availability in seawater or sedi-
ment; these differences can lead to the adoption of distinct
nutritional strategies by the archaeal community, as shown by
the higher relative abundance of transporters in nonhost bio-
topes. These transporters are involved in nutrient acquisition
being responsible for the transport of sugars, lipid, proteins,
nitrogen, and others substrates across microbial membranes.
The high expression of these transporters can be more impor-
tant in water or sediment biotopes where the competition for
nutrients is greater and its availability lower. These trans-
porters can confer an important competitive advantage max-
imizing the archaeon nutrient uptake ability. Fan et al. [28]
recently showed ABC transporters to be more abundant in
sponge symbionts when compared to planktonic microbes;
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however, their study included both archaeal and bacterial
microbiomes. In the present study, ABC transporters were
most abundant in the sediment biotope as was the top level
functional category “environmental information processing.”
ABC transporters were also more abundant in S. massa than
seawater or X. testudinaria. The higher expression of ABC
transporters in S. massa suggests that this sponge is a
relatively nutrient poor environment when compared to
X. testudinaria.

Xenobiotic biodegradation and metabolism was one of the
functional subcategories significantly enriched in seawater
biotopes. Some of the functional individual pathways with a
high relative abundance in this biotope were aminobenzoate,
caprolactam, chloroalkane and chloroalkene, and nitrotoluene
degradation. However, some functional individual pathways
of this functional subcategory were found in high relative
abundance in sponge biotopes and particularly in S.massa,
namely, atrazine and toluene degradation. These organic com-
pounds are used in a vast number of industries (metal, paint,
textile, wood, and chemical) and also in agriculture
(herbicides) and are considered important environmental con-
taminants. These enter the aquatic environment largely
through agricultural and industrial runoff [55]. These findings
suggest that communities of Archaea may be relevant xeno-
biotic degraders and act as bioremediators in polluted envi-
ronments. The high relative abundance of enzymes involved
in xenobiotic degradation in S. massa when compared to
X. testudinaria may be the result of both species occupying
distinct habitats; the shallow distribution of S. massa may
make it more subject to anthropogenic pollutants than
X. testudinaria. With the degradation of these xenobiotic
compounds, archaeal symbionts obtain carbon, nitrogen, and
energywhile promoting the removal of toxic compounds from
the sponge host tissue. Proteins thought to be involved in the
degradation of aromatic compounds were previously found in
the sponge species Cymbastela coralliophila, Rhopaloeides
odorabile, and Cymbastela concentrica [28]. Despite not be-
ing a xenobiotic, limonene may also be considered an envi-
ronmental contaminant. Limonene degradation was enriched
in nonhost biotopes. Limonene is a monoterpene produced
both biogenically and anthropogenically; it is used industrially
in metal, electronic, printing, and paint industries as a substi-
tute for other solvents (chlorinated or hydrocarbons). In aquat-
ic environments, this compound presents high acute toxicity
to some aquatic organisms (fish and daphnia) and may
bioaccumulate [29].

Sponge symbionts have been shown to produce antibiotic
compounds with a protective function against potential sponge
pathogens and competitors [30, 86]. Here, sponge archaeal
communities were enriched in the function of tetracycline bio-
synthesis; an antibiotic with antibacterial activity toward patho-
genic microorganisms. Additionally, S. massa symbionts
showed high expression of human diseases and more

specifically infectious diseases subcategories (bacterial, viral,
and parasitic) and significant enrichment in amoebiasis and
tuberculosis individual pathways. Several studies have linked
sponge-isolated compounds with the treatment of human dis-
eases [79]. It has been assumed that these compounds are
synthesized not by the sponge itself but by their symbionts
[30, 86]. Several studies have reported marine sponge second-
ary metabolites with antibacterial activity against
Mycobacterium tuberculosis [16, 66] and antiamoebic proper-
ties against amoebic parasites [46, 56]. These results suggest
that S. massa is a potential source of secondary metabolites with
activities against vectors of human diseases.

Stylissa massa symbionts were also significantly enriched
with pathways associated with amino acid metabolism (bio-
synthesis of valine, isoleucine, leucine, phenylalanine, tyro-
sine, and tryptophan) and metabolism of cofactors and vita-
mins. Besides being building blocks for proteins, amino acids
are also considered precursors for the production of secondary
metabolites [10, 23]. For example, leucine seems to induce
bacitracin synthetase while tryptophan induces the
dimethylallyltryptophan production in ergot alkaloid biosyn-
thesis (Haavik and Froyshov and Krupinski et al. reviewed in
[23]). This can be a justification for the higher expression of
genes encoding the biosynthesis of amino acids in sponge
biotopes where secondary metabolite production is higher.
Pathways associated with the biosynthesis of other secondary
metabolites were significantly enriched in X. testudinaria. S.
massa seems also to rely more on their archaeal symbionts for
the acquisition of very important compounds as vitamins and
cofactors than on their filter-feeding activity. For example,
vitamin B12, which needs to be acquired by sponges, is also
an important cofactor in theWood–Ljungdahl pathway, which
is a mechanism used by sulfate reducers and methanogens to
convert carbon compounds to organic carbon [75, 78].

Our study is the first to assess archaeal composition in
different sponge hosts, seawater, and sediment in a coral reef
environment. As such, we provide novel insights into the
distribution of Archaea. OTU composition differed signifi-
cantly among biotopes, and there were marked differences in
the number of OTUs found in each biotope. The sediment
biotope in particular harbored the greatest number of OTUs
and a phylogenetically diverse archaeal community. Our phy-
logenetic tree, furthermore, provides evidence that sponges
host phylogenetically distinct archaeal assemblages. The
abundant OTUs from X. testudinaria formed a distinct and
well supported cluster in our phylogenetic tree. Several sig-
nificant differences were observed in functional pathways
between archaeal communities of both sponge species and
between nonhost archaeal communities. The major differ-
ences in functional pathways were, however, between sponge
and nonhost biotopes. The results of our PICRUSt and LEfSe
analysis suggested that phylogenetically distinct archaeal
communities tend to perform specific roles in biotopes
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occupying the same physical environment. Our results also
suggested different nutritional strategies in nonhost and
sponge Archaea and a clear interdependence between sponge
hosts and archaeal symbionts in terms of nutrient acquisition.
With the exception of the methane and nitrogen metabolic
pathways, all energy metabolic pathways were enriched in
sponges when compared to nonhost biotopes. This indicates
the importance of nonhost and sponge biotopes in structuring
archaeal community composition. It also suggests that
Archaea from nonhost and sponge biotopes may play com-
plementary roles in important ecosystem functions such as
nutrient cycling. Further studies are needed to assess the
importance of sponge and other archaeal communities in
nutrient dynamics and other ecosystem functions in coral reef
environments.
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