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Abstract

Archaea play crucial roles in a number of key ecological processes including nitrification
and methanogenesis. Although several studies have been conducted on these organisms,
the roles and dynamics of coral reef archaeal communities are still poorly understood,
particularly in host and nonhost biotopes and in high (HMA) and low microbial abun-
dance (LMA) sponges. Here, archaeal communities detected in six distinct biotopes,
namely, sediment, seawater and four different sponge species Stylissa carteri, Stylissa
massa, Xestospongia testudinaria and Hyrtios erectus from the Spermonde Archipelago,
SW Sulawesi, Indonesia were investigated using 454-pyrosequencing of 16S rRNA genes
(OTU cut-off 97%). Archaeal communities from sediment and sponges were dominated
by Crenarchaeota, while the seawater community was dominated by Euryarchaeota. The
biotope explained almost 75% of the variation in archaeal composition, with clear separa-
tion between microbial assemblages from sediment, X. testudinaria and H. erectus
(HMA). In contrast, samples from seawater and both Stylissa species (LMA) showed con-
siderable overlap in the ordination and, furthermore, shared most abundant OTUs with
the exception of a single dominant OTU specifically enriched in both Stylissa species.
Predicted functional gene content in archaeal assemblages also revealed significant dif-
ferences among biotopes. Different ammonia assimilation strategies were exhibited by
the archaeal communities: X. testudinaria, H. erectus and sediment archaeal communities
were enriched for glutamate dehydrogenase with mixed specificity (NAD(P)*) pathways,
while archaeal planktonic communities were enriched for specific glutamate dehydroge-
nase (NADP") and glutamate synthase pathways. Archaeal communities in Stylissa had
intermediate levels of enrichment. Our results indicate that archaeal communities in dif-
ferent biotopes have distinct ecophysiological roles.
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Introduction

The Archaea domain consists of five phyla: Cre-
narchaeota, Thaumarchaeota, Euryarchaeota, Kor-
archaeota and Nanoarchaeota, and several new phyla
have been proposed [Diapherotrites (pMC2A384),
Parvarchaeota, = Aenigmarchaeota (DSEG), Nano-
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haloarchaeota, Aigarchaeota; Rinke et al. 2013]. Although
originally believed to be restricted to extreme environ-
ments, the domain is now known to be present in a wide
range of ecosystems under varying environmental condi-
tions (Hoppert et al. 2013). In tropical marine environ-
ments, mesophilic Crenarchaeota (Thaumarchaeota) and
Euryarchaeota are the most frequently found phyla (Pires
et al. 2012; Polonia et al. 2013; Yin et al. 2013). The
recently described Thaumarchaeota phylum is the most
ubiquitous (Offre et al. 2013) and can be abundant in aer-
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obic terrestrial and marine environments (soil, sediment,
seawater, hot springs, hydrothermal vents, marine
sponges; Reigstad et al. 2008; Wang et al. 2009; Tourna
et al. 2011; Dang et al. 2013; Polodnia ef al. 2013), whereas
Euryarchaeota are found predominantly in seawater and
to a lesser extent in sediment (Wemheuer et al. 2012).

In addition to being abundant members of the vast
marine microbial community, Archaea are also impor-
tant players in processes including the geochemical
cycling of carbon, nitrogen and sulphur (Offre et al.
2013). For oligotrophic coral reefs, this cycling activity,
and particularly the nitrogen cycle, is of crucial impor-
tance to degrade organic matter and maintain high lev-
els of primary production (Schottner et al. 2011). The
importance of nitrogen for organisms and ecosystems is
critical; nitrogen is an essential component of proteins,
nucleic acids and cell wall constituents and limits mar-
ine ecosystem primary productivity (Francis et al. 2007).
Despite the increasing number of archaeal studies, the
geochemical cycling of nitrogen is still less understood
in Archaea than in Bacteria. Archaea are involved in
nitrification, denitrification and nitrogen fixation (Offre
et al. 2013). Denitrification, however, has only been
detected in halophilic (e.g. Haloferax denitrificans) or
extreme thermophilic (e.g. Pyrobaculum aerophilum)
Archaea, very few of which are cultivable (Offre et al.
2013). The first observation of nitrification in Archaea
was reported by Konneke et al. (2005). These authors
reported the detection of a chemolithoautotrophic
archaeon, which aerobically oxidized ammonia to nitrite
(Nitrosopumilus maritimus). This finding was unexpected
given that until then lithotrophic bacteria were thought
to be virtually the only microbes involved in nitrifica-
tion (Offre et al. 2013). Currently, Archaea are thought
to play a critical role as ammonia oxidizers. Due to
their low tolerance to high NHj; concentrations, ammo-
nia-oxidizing Archaea (AOA) are believed to be able to
out-compete their bacterial counterparts in ocean waters
(Radax et al. 2012).

Few studies have analysed archaeal composition or
putative functions in coral reef biotopes and even less
have studied the influence of environmental variables on
those factors. In this study, we assessed the composition
and function of Archaea in six biotopes including four
host (Stylissa carteri, Stylissa massa, Xestospongia testudina-
ria and Hyrtios erectus) and two nonhost (seawater and
sediment) biotopes. For the functional analysis, we chose
to focus on a single nutrient cycle, the nitrogen cycle, one
of the most perturbed nutrient cycles (Offre et al. 2013).
We, furthermore, compared the composition of Archaea
and enrichment of genes involved in the nitrogen metab-
olism in four biotopes (S. massa, X. testudinaria, seawater
and sediment) from the Spermonde reef to a different
coral reef system, the Kepulauan Seribu reef system.

Both, the Spermonde and Kepulauan Seribu reefs, suffer
from anthropogenic disturbance but to different degrees.
The anthropogenic disturbances to which these coral
reefs are exposed are related to the population densities
of the proximate cities. The Spermonde reef system is sit-
uated adjacent to the city of Makassar, a city of more than
2 million inhabitants (Renema 2010) and the Kepulauan
Seribu reef system is adjacent to the city of Jakarta, one of
the most densely populated conglomerations on earth
with more than 12 million inhabitants (Renema 2010).
Much of the inshore reefs adjacent to the city of Jakarta
have long disappeared or are in a highly degraded state
(Cleary et al. 2014), whereas inshore reefs proximate to
Makassar still have relatively high coral cover (A. R. M.
Polénia, D. F. R. Cleary, N. J. de Voogd, W. Renema, B.
W. Hoeksema, A. Martins & N. C. M. Gomes,
unpublished).

Marine sponges are abundant and ecologically impor-
tant components of coral reefs (Diaz & Riitzler 2001) and
have been shown to harbour exceptionally high micro-
bial densities, which can make up from 35% to 40% of
sponge biomass (Hentschel et al. 2002, 2012; Taylor et al.
2007). However, sponge species can differ substantially
in the abundance of their microbial symbiont communi-
ties (Kamke et al. 2010). ‘High microbial abundance’
(HMA) sponges putatively rely more heavily on their
elevated number of micro-organisms to acquire energy
than ‘low microbial abundance” sponges (LMA), which
rely more heavily on their high pumping rates (Weisz
et al. 2007). The roles of coral reef microbial communities
inhabiting these distinct sponges, however, remain
unclear, particularly in Archaea. Sponge prokaryotic
diversity is, in most cases, dominated by bacterial spe-
cies (Taylor et al. 2007; Fan et al. 2012). In some sponge
species, however, Archaea are the dominant group. The
microbial communities of Axinella mexicana and Inflatella
pellicula, for example, are dominated by Archaea (Pres-
ton et al. 1996; Jackson et al. 2013).

Using 454-pyrosequencing of 165 rRNA genes (OTU
cut-off 97%) and predictive functional analysis (pPIcRUSt),
we aimed to assess to what extent: (i) Archaeal commu-
nities in HMA and LMA sponges differed composition-
ally from those in nonhost biotopes (seawater and
sediment); (ii) biotopes hosted phylogenetically distinct
lineages; (iii) nitrogen metabolic pathways differed
among Archaea from different biotopes.

Materials and methods

Study site

All sampling took place in the Spermonde Archipelago,
South Sulawesi, Indonesia. This Archipelago consists of
160 fringing, barrier and patch reefs (de Voogd et al.
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2006; Fig. 1) situated adjacent to the city of Makassar.
Its proximity to a city of more than 2 million inhabit-
ants (Renema 2010) leaves these coral reefs exposed to
anthropogenic disturbances including river discharge
(sedimentation, agricultural runoff), oil spills, destruc-
tive fisheries, tourism and coral mining (de Voogd &
Cleary 2007).

Sampling

Four sponge species, sediment and seawater were col-
lected in different reef sites surveyed using SCUBA in
August 2012. Different reef sites were used to better
characterize the archaeal community of the Spermonde
reef as a whole. The reef sites Lae Lae, Samalona, Kud-
ingkareng Keke, Bone Baku and Langkai were sampled.
At each site, one sample of each biotope (if present)
was taken, namely, sediment, seawater, the LMA
sponges Stylissa carteri and S. massa (order Halichondri-
da: family Dictyonellidae) and the HMA sponges X.
testudinaria (order Haplosclerida: family Petrosiidae)
and H. erectus (order Dictyoceratida: family Thorecti-
dae). Only S. carteri was collected in Bone Baku, and
this sponge was not found at Langkai and Lae Lae.
Because of this, we took two S. carteri samples at Kud-
ingkareng Keke. Samples of S. massa, X. testudinaria,
sediment and seawater from the Kepulauan Seribu reef
system were sampled in August 2011 (Poldnia et al.
2013). The sediment samples were taken using the mini
core method. Mini-cores, consisting of the top 5 cm of
sediment, were collected using a plastic disposable syr-
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inge from which the end had been cut to facilitate sam-
pling (Capone et al. 1992). Cores of all sponge species
were sampled including segments of surface and inte-
rior to sample, as much as possible, the whole archaeal
community (Pires et al. 2012; Polénia et al. 2013). The
seawater samples were collected by filtering 1 L (Bowen
et al. 2012) of seawater through a Millipore® White Iso-
pore Membrane Filter (0.22 um pore size). All samples
were stored in 96% EtOH (Cleary ef al. 2013) and kept
at temperatures lower than 4 °C immediately after col-
lection. 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,
sediment and sponge samples using the FastDNA®
SPIN Kit (MP Biomedicals) following manufacturer’s
instructions. This is an extraction method frequently
used for this purpose (Cleary et al. 2013; Costa et al.
2013). Briefly, 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 parti-
cles. The microbial cell lysis was performed in the Fast-
Prep® Instrument (Q Biogene) for 80 s at speed 6.0. The
extracted DNA was eluted into DNase/pyrogen-free
water to a final volume of 50 pulL and stored at —20 °C
until use. Prior to pyrosequencing, the amplicons of the
archaeal 165 rRNA gene were obtained using Archaea-
specific primers ARC344f-mod and Arch958R-mod
(Pires ef al. 2012). After a denaturation step at 94 °C

Fig. 1 Map of the study area (Spermonde
Coral Reef System) showing the study
sites.
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during 5 min, 35 thermal cycles of 1 min at 94 °C,
1 min at 56 °C and 1 min at 72 °C were carried out fol-
lowed by an extension step at 72 °C for 7 min (Pires
et al. 2012). Using the amplicons of the archaeal 16S
rRNA gene as template, the V3V4 region was amplified
using barcoded fusion primers [524F-10-ext (5'- TGY
CAGCCGCCGCGGTAA -3) and Arch958R-mod (5'-C
CGGCGTTGAVTCCAATT -3'); Pires et al. 2012] with
the Roche-454 A and B Titanium sequencing adapters,
an eight-base barcode sequence in adaptor B and spe-
cific sequences for the ribosomal region. The barcoded
pyrosequencing libraries were analysed using the QuME
(Quantitative Insights Into Microbial Ecology; Caporaso
et al. 2010) software package (http://www.qiime.org/;
last checked 2014-01-20) on a computer running the
BIOLINUX 7 operating system (http://nebc.nerc.ac.uk/;
checked 2014-01-20). In QuME, FasTA and QUAL files were
used as input for the split libraries.py script. OTUs
were selected using UPARSE with usearcH7 (Edgar 2013).
Chimera checking was performed using the uUCHIME
algorithm, which is the fastest and most sensitive chi-
mera checking algorithm currently available (Edgar
et al. 2011). OTU clustering was performed using the
-cluster_otus command (cut-off threshold at 97%). An
additional chimera check was subsequently applied
using the -uchime_ref command with the gold.fa data-
base (http://drive5.com/uchime/gold.fa). In QuME, rep-
resentative sequences were selected using the
pick_rep_set.py script using the ‘most abundant’
method. Reference sequences of OTUs were assigned
taxonomies using default arguments in the assign_tax-
onomy.py script in QuMeE with the rdp method (Wang
et al. 2007). In the assign_taxonomy.py script, we used a
FAsTA file containing reference sequences from the
Greengenes 13_5 release and the rdp classifier method.
We used a modified version of the taxonomy file sup-
plied with the Greengenes 13 5 release to map
sequences to the assigned taxonomy. Finally, we used
the make_otu_table.py script in QUME to generate a
square matrix of OTUs x samples. This was subse-
quently used as input for further analyses using R
(R Core Team 2013). In the most recent official Greeng-
enes release (gg 13 5http://greengenes.lbl.gov/cgi--
bin/nph-index.cgi; checked 2014 04 01), the recently
adopted phylum Thaumarchaeota is still considered a
class of the Crenarchaeota phylum; in the results section
of this study, we follow the Greengenes taxonomy for
practical purposes.

BLAST, phylogenetic and predictive functional analysis

Briefly, sequence identifiers of closely related taxa of
numerically dominant OTUs (>200 sequences) were
downloaded using the NCBI Basic Local Alignment

Search Tool (BLasT) command line ‘blastn’ tool with the
—db argument set to nt (Zhang et al. 2000). A phyloge-
netic tree including all dominant OTUs (=200
sequences) was constructed using the MEGA6 program
(http:/ /www.megasoftware.net/; last checked 2014/
09/11; Tamura et al. 2011) with the nearest-neighbor-
interchange and generalised time-reversible model
(Tavaré 1986) with Gamma distributed and invariant
sites. In the results, we present a bootstrap consensus
tree based on 100 replicates (Felsenstein 1985). Branches
reproduced in <50% of the bootstrap replicates are col-
lapsed. The bootstrap value is shown next to each
branch when this exceeds 50%. This value represents
the percentage of replicate trees in which the associated
taxa clustered together.

To predict the metagenome of each sample, we used pI-
crust (Langille et al. 2013). Picrust is a bioinformatics tool
that uses marker genes, in this case 16S rRNA, to predict
metagenome gene functional content. A detailed descrip-
tion of these methods has been published previously
(Cleary et al. 2013; Langille et al. 2013; Polénia et al. 2013)
and can be found in the Appendix S1 (Supporting infor-
mation). In this study, we used the KEGG database and
focused on KEGG orthologs (KOs) in the nitrogen energy
metabolism pathway. In addition to metagenomic data,
we also used the -a option in the predict metage-
nomes.py script to obtain weighted Nearest Sequenced
Taxon Index (NSTI) scores for each sample. NSTI scores
are a means of quality control, which provide a summary
of the extent to which OTUs in a given sample are related
to reference OTUs. NSTI scores represent the average
branch length separating an OTU from a reference OTU.
We used R to generate bargraphs showing the percentage
of total genes for each sample. In addition to this, we
used the metagenome_contributions.py script to assess
the relative contribution of selected orders. The metage-
nome_contributions.py script partitions functional contri-
butions to function, OTU and sample. Results of this
analysis are presented using barplots for each biotope.

Comparison between the Spermonde and Kepulauan
Seribu reefs

We compared samples of S. massa, X. testudinaria, sedi-
ment and seawater from Kepulauan Seribu reef and Sper-
monde reef systems with respect to higher taxon relative
abundance, archaeal composition and KO enrichment in
the nitrogen energy metabolism pathway. This enabled
us to assess to what extent archaeal communities differ in
the same biotopes over large geographical distances.
Although, both the Spermonde and Kepulauan Seribu
reefs suffer from anthropogenic disturbance the degree
of disturbance is much more pronounced in Jakarta (Cle-
ary et al. 2005, 2014; A. R. M. Polénia, D. F. R. Cleary, N.

© 2014 John Wiley & Sons Ltd



J. de Voogd, W. Renema, B. W. Hoeksema, A. Martins &
N. C. M. Gomes, unpublished). Our comparison will,
therefore, give us some insight into the impact of a major
conurbation on the archaeal community.

Statistical analysis

A square matrix containing the presence and abun-
dance of all OTUs per sample was imported into r (R
Core Team 2013) using the read.table() function.
Sequences not classified as Archaea were removed prior
to statistical analysis. The OTU abundance matrix was
logip (x + 1) transformed (to normalize the distribution
of the data) and a distance matrix constructed using the
Bray—Curtis index with the vegdist() function in the
VEGAN package (Oksanen et al. 2009) in R. The Bray-
Curtis index is one of the most frequently applied (dis)
similarity indices used in ecology (Legendre & Galla-
gher 2001; Cleary 2003). Variation in archaeal composi-
tion among biotopes (sediment, seawater, S. carteri,
S. massa, X. testudinaria and H. erectus) was assessed
with principal coordinates analysis (PCO) using the
cmdscale() function in R with the Bray—Curtis distance
matrix as input. Variation among biotopes was tested
for significance using the adonis() function in vecan. In
the adonis analysis, the Bray—Curtis distance matrix of
species composition was the response variable with bio-
tope as independent variable. The number of permuta-
tions 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 pack-
age. We performed an additional compositional analysis
comparing S. massa, X. testudinaria, seawater and sedi-
ment from the Spermonde and Kepulauan Seribu reefs.

Results

The sequencing effort yielded 95 019 sequences, which
were assigned to 656 OTUs after quality control, OTU
picking, removal of chimera and removal of OTUs not
assigned to the domain Archaea. All archaeal OTUs
were assigned to three phyla, Crenarchaeota (63 519
sequences), Euryarchaeota (31 379 sequences) and Par-
varchaeota (18 sequences). In addition to this, OTUs
were assigned to 14 classes and 17 orders. Of these, the
classes Thaumarchaeota' (61 990 sequences) and Ther-
moplasmata (30 940 sequences), the orders Cenarchae-
ales (61 625 sequences) and E2 (30 930 sequences) were
the most abundant.

'Recently recognized as an archaeal phylum.

© 2014 John Wiley & Sons Ltd
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Higher taxon abundance

There were marked differences in the abundance of
higher archaeal taxa among biotopes (Fig. 2). The Eur-
yarchaeota achieved their greatest abundance in sea-
water where they comprised more than 98% on average
of all sequences; Euryarchaeota were also abundant in
both Stylissa hosts. In all other biotopes, more than 60%
of sequences belonged to the Crenarchaeota. In the
Spermonde reef system (adjacent to Makassar), more
than 98% of OTUs assigned to the Euryarchaeota phy-
Ium were assigned to the Thermoplasmata class. Like-
wise, more than 97% of OTUs assigned to the
Crenarchaeota phylum were assigned to the Tha-
umarchaeotalclass and Cenarchaeales order. There was
also a marked difference in dominance between host
and nonhost biotopes. In nonhost biotopes, the single
most dominant OTU made up <28% of all sequences. In
host biotopes, in contrast, the single most dominant
OTU made up more than 60%, on average, of all
sequences. The third most abundant class (Miscella-
neous Crenarchaeotal Group; MCG) was virtually
restricted to the sediment biotope, and the third most
abundant order (Nitrososphaerales) was found in sedi-
ment, X. testudinaria and H. erectus.

Interestingly, the relative abundance of Thermoplas-
mata (Euryarchaeota) was much higher in samples from
the Spermonde reef as opposed to the Kepulauan Seri-
bu reef system. In addition to seawater, this included
samples from the sponge species S. massa and surpris-
ingly X. testudinaria. Thermoplasmata were found in all
samples of X. festudinaria in Spermonde where they
made up more than 8% of all sequences in the biotope
as opposed to <0.3% for X. testudinaria in Kepulauan Se-
ribu; this was despite identical sampling strategies by
the same person (NjdV) in both locations. Despite this
trend, there was also some marked intrabiotope varia-
tion, for example, specimens from the same host
(S. massa) and same site (Kud) in the Spermonde (Ma-
kassar) contained a very high (>95%) vs. very low
(<0.4%) abundance of Thermoplasmata (Fig. 2). Like-
wise, one seawater sample in Kepulauan Seribu
(Jakarta) was dominated (>74%) by Thaumarchaeota in
contrast to all other seawater samples from the Sper-
monde and Kepulauan Seribu reefs that overwhelm-
ingly contained sequences assigned to Thermoplasmata
(75%).

OTU composition analysis

BLAST was used to find closely related organisms to the
most abundant (>200 sequences) OTUs (see Appendix
52, Supporting information for OTU tables). The most
abundant OTU overall was OTU-1, assigned to the
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(a) S.massa - Jakarta

(b) S.massa - Makassar
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genus Cenarchaeum and found exclusively in S. massa
and Stylissa carteri hosts and represented by 21 559
sequences. OTU-1 was closely related to an organism
previously detected in Axinella carteri hosts in Israel (Y.
Schechtman, E. T. Sieradzki & M. Ilan, unpublished;
GI:404160733), and Phakellia fusca in the South China
Sea (Han et al. 2012; GI1:340764424).

Importance of biotope in structuring composition

There was a highly significant difference in archaeal
composition among biotopes (Fs,5 = 10.73, P < 0.001,
R? = 0.749). Variation among biotopes thus explained
almost 75% of the variation in archaeal composition. A
PCO ordination (Fig. 3) of the first two axes shows four
distinct clusters representing samples from the six bio-
topes. One cluster consisted of samples from seawater,
and both Stylissa hosts with other clusters consisting of
samples from sediment, X. testudinaria and H. erectus.
The main axis of variation separated OTUs found pre-
dominantly in seawater, and both Stylissa hosts from
OTUs found predominantly in sediment.

Kud Lan

In a comparison of samples from the Spermonde and
Kepulauan Seribu (Fig. 4), there was a highly significant
difference in archaeal composition among locations
(F1,04 = 6.85, P < 0.001, = 0.088), biotopes
(F304 = 12,98, P <0.001, R?>=0.501) and a significant
interaction (F3,4 = 2.64, P = 0.002, R? = 0.102). Variation
among location, biotopes and the interaction thus
explained almost 70% of the variation in archaeal com-
position. The main axis separated samples of sediment
from both areas from samples from other biotopes. The
second axis separated samples of S. massa and X. testu-
dinarin sampled in Kepulauan Seribu from seawater
samples from both areas and S. massa and X. testudina-
ria sampled in Spermonde. Samples of S. massa and
X. testudinaria and seawater (but not sediment) thus
contained distinct archaeal communities in the Sper-
monde and Kepulauan Seribu reefs.

Phylogeny

In the phylogenetic tree (Fig. 5), there were two main
clusters, (i) a cluster consisting of OTUs belonging to

© 2014 John Wiley & Sons Ltd



FUNCTION OF CORAL REEF ARCHAEA 415

(a) (b) Fig. 3 Ordination showing the first two
< & o Sc < axes of the PCO analysis of Spermonde
S ] ) Z)S({“ S ] 154 211 samples. (a) Symbols represent samples
o He from Stylissa carteri (Sc), Stylissa massa
N B Sd P (Sm), Xestospongia testudinaria (Xt), Hyrtios
% A o ° ZV;00 135 erectus (He), sediment (Sd) and seawater
5 == A = 1315 (Wt). Very small circles represent OTUs
& 2?3 412%9 4942 64 <200 sequence reads. (b) Numbers repre-
a A m 75117‘232 201%%18421257 sent abundant (>200 sequence reads)
s 171 34}3%112 OTUs referred to in Appendix S2 (Sup-
< | < | 182;5092 porting information). PCO, principal coor-
< I T I I T < T T T T dinates analysis.
-0.2 0.0 0.2 0.4 0.6 -02 0.0 0.2 0.4 0.6
Axis 1
(@) (b)
~ ViN ol 1716 47
o] @ N 107 5
o A oo - © |4 13 259
o ° i 42274304
Se Aoo 3 4942 121
a o, ° o 135 1881911
L« e a1 34213016
X o - °
< 9 T
°oJsm omsd | N | 8
_ o MSm A JWt <
BoUXt A MW B
© 8 @ MXt © >500|
S o o Jsd S
I T T T I [ I I T I
-04 -02 00 02 04 -02 0.0 0.2 0.4
Axis 1

Fig. 4 Ordination showing the first two axes of the PCO analysis comparing the archaeal communities present in Spermonde (Makas-
sar; M) and Kepulauan Seribu (Jakarta; J—data published in Poldnia et al. 2013) reefs. (a) Symbols represent samples from Stylissa
massa in Jakarta (JSm) and Makassar (MSm), Xestospongia testudinaria in Jakarta (JXt) and Makassar (MXt), sediment in Jakarta (JSd)
and Makassar (MSd) and seawater in Jakarta (JWt) and Makassar (MWt). Very small circles represent OTUs <500 sequence reads. (b)
Numbers represent abundant (=500 sequence reads) OTUs. PCO, principal coordinates analysis.

the Crenarchaeota phylum and (ii) a cluster consisting
of OTUs belonging to the Euryarchaeota phylum. Inside
the main cluster of Euryarchaeota, the most abundant
OTUs found in seawater and Stylissa hosts belonged to
Marine Group II and formed a distinct cluster. Inside
the Crenarchaeota main cluster, OTUs found in X. testu-
dinaria and H. erectus formed two distinct and well-sup-
ported clusters that grouped with OTUs found in
sediment and assigned to the genus Nitrosopumilus
(sequence alignment file can be found in Appendix S3,
Supporting information).

Predictive functional analysis

Nitrogen metabolism. Mean (and range) NSTI values
for the biotopes sampled in Makassar were 0.079
(0.065-0.093) for S. carteri, 0.083 (0.057-0.142) for
S. massa, 0.035 (0.025-0.051) for X. testudinaria, 0.145
(0.062-0.335) for H. erectus, 0.108 (0.051-0.227) for sedi-
ment and 0.125 (0.076-0.180) for seawater. Only 21 of
the 54 KOs involved in the nitrogen metabolism path-
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ways were detected. The most abundant of these are
related to ammonia and are presented in Fig. 6.
Almost all of these KOs are, however, shared with
other pathways. For example, the majority of the
detected KOs also participate in the amino acid
metabolism. In addition to KOs related to ammonia,
some KOs related to urea were also found (UreA,
UreB, UreC); these were enriched in sponge biotopes
(data not shown).

Particularly intriguing was the absence of genes for
ammonia oxidation (amoA) in a data set with a high
number of sequences assigned to known ammonia oxi-
dizing Archaea (e.g. 3041 assigned Nitrosopumilus
sequences). As pICRUst predicts the functional potential
of microbial communities from their phylogeny, the
presence of Nitrosopumilus sequences in the analysed
data set should have resulted in at least some counts in
the KOs for ammonia monooxygenase A (K10944). The
reason for this absence was due to a discrepancy with
respect to the presence/absence of this KO in the gen-
ome database. In particular, the KEGG entry for Nitro-
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sopumilus showed K10944 (methane/ammonia monoox-
ygenase subunit A), but in the cached IMG table, the
same KO with the same genome accession (Nitrosopumi-
lus maritimus SCM, NC_010085) was absent (J. Zane-
veld, personal communication). This is something that
will be addressed in the future, but given the relative

Fig. 5 Phylogenetic tree (constructed using the nearest-neigh-
bor-interchange and generalised time-Reversible model) of the
archaeal 165 rRNA gene sequences recovered from the studied
biotopes (Stylissa carteri, Stylissa massa, Xestospongia testudinaria
and Hyrtios erectus, sediment and seawater); bootstrap values
lower than 50% were omitted. The number of each OTU is
indicated as are GenBank GenInfo sequence identifiers of cul-
tured archeal sequences. OTUs are assigned to the following
clusters: Sd: mainly found in sediment biotope; WS: mainly
found in sponges belonging to the genus Stylissa and seawater
biotopes; Xt: mainly found in X. testudinaria; He: mainly found
in H. erectus. St: OTU only found in S. massa and S. carteri; HS:
OTU mainly found in H. erectus and sediment; XHS: OTU
mainly found in X. festudinaria, H. erectus and sediment.*Rep-
resents an OTU only present in a single biotope or in a single
sponge genus.

abundance of known ammonia-oxidizing taxa (e.g. Ni-
trosopumilus), the gene count for K10944 would have
been highest in sediment, intermediate in sponges and
virtually absent in seawater.

The relative abundance of those KOs that were pres-
ent revealed several differences among biotopes. Both
Stylissa species, for example, were enriched with respect
to glutamate dehydrogenase (NADP"; K00262), gluta-
mate synthase (NADPH/NADH; K00266) and carba-
mate kinase (K00926) compared with X. testudinaria.
Xestospongia testudinaria had very low relative abun-
dances of glutamate dehydrogenase (NADP") and glu-
tamate synthase (NADPH/NADH) but the highest
relative abundances of glutamate dehydrogenase (NAD
(P)*; K00261) and nitrate reductase beta subunit. Sea-
water was enriched with respect to glutamate dehydro-
genase (NADP'; K00262), carbamate kinase (K00926)
and glutamate synthase (NADPH/NADH; K00266).

OTUs belonging to the Cenarchaeales order were
the only ones contributing to the abundance of gluta-
mate dehydrogenase (NAD(P)*; K00261) and nitrate
reductase beta subunit (K00371) enzymes (Appendix
S4, Supporting information). In contrast, OTUs belong-
ing to the E2 order were the only ones contributing
to the abundance of glutamate dehydrogenase
(NADP*, K00262) and glutamate synthase (NADPH/
NADH, K00266). OTUs belonging to the E2 order
were also major contributors to the abundance of car-
bamate kinase (K00926). For glutamine synthetase
(K01915), both orders, Cenarchaeales and E2, had sim-
ilar contributions, with OTUs belonging to the Cenar-
chaeales order being the major contributors to the
presence of this enzyme in sponge and sediment
biotopes and OTUs belonging to the E2 order the
major contributors to the abundance of this enzyme
in seawater.

When comparing Spermonde and Kepulauan Seribu
reefs (Fig. 7), samples of S. massa, X. testudinaria and
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Fig. 6 Mean relative abundance of KEGG
orthologs (KOs) involved in the nitrogen
metabolism pathways for samples from
Stylissa carteri (Sc), Stylissa massa (Sm),
Xestospongia testudinaria (Xt), Hyrtios erec-
tus (He), sediment (Sd) and seawater
(Wt). Error bars represent a single stan-
dard deviation. The KOs shown include

K00371 nitrate reductase beta subunit

’l‘

the following: (a) KO00261 glutamate
dehydrogenase (NAD(P)"); (b) K00262
glutamate dehydrogenase (NADP"); (c)
K00266 glutamate synthase (NADPH/
NADH); (d) KO00371 nitrate reductase
beta subunit; (e) K00926 carbamate
kinase; (f) KO1915 glutamine synthetase.

T

K01915 glutamine synthetase

(@) K00261 glutamate dehydrogenase (NAD(P)+) (b)
w o~
- T -
S 8
S =
8 g ﬁ
o
o
8 == 3
S
(c)  K00266 glutamate synthase (NADPH/NADH) (d)
e ¢ b=
s = o
(0]
o 3
g 8 P
T o
2 g
T S z
o © o
= S
T o
T 2 = 8 —_
¥ © =
(e) K00926 carbamate kinase (f)
o -
S
o
N
2] o
o
d T |
< o
o g
E ﬁ T ’__I’_‘ 5
° |
o
S 8
Sc Sm Xt He Sd Wt S

Sc Sm

seawater were enriched in Kepulauan Seribu reefs for
K00261 glutamate dehydrogenase (NAD(P)*). In con-
trast, samples of S.massa and seawater in the Sper-
monde reefs were enriched for KO00262 glutamate
dehydrogenase (NADP") and K00266 glutamate syn-
thase (NADPH/NADH).

Discussion

With the exception of the seawater community, which
was dominated by Euryarchaeota, the archaeal commu-
nity of sediment and sponges was dominated by Cre-
narchaeota. Sediment was the richest biotope (three
phyla; 12 classes, 16 orders and 15 families; see Appen-
dix S5, Supporting information for figures showing rar-
efied richness) in the coral reef environment. Moreover,
all the unclassified OTUs at the phylum level (36) were
found in sediment.

Crenarchaeota have been previously shown to be the
dominant phylum in sponge biotopes (Holmes &
Blanch 2007), as was the case in our study. However,
the percentage of Crenarchaeota communities detected
here was lower than in previous studies. In the Kepula-
uan Seribu (Polénia ef al. 2013), 98% and 99.8% of the
archaeal communities in S. massa and X. testudinaria,
respectively, were assigned to the Crenarchaeota phy-
lum. In the Spermonde reef (present study), only 63%
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of the archaeal community inhabiting S. massa and 92%
of the archaeal community inhabiting X. testudinaria
were assigned to Crenarchaeota. Polonia ef al. (2013)
also found that 29% of the seawater community in Kep-
ulauan Seribu was assigned to Crenarchaeota. In the
Spermonde reef system <2% of the seawater community
was assigned to this phylum. This suggests that in sea-
water environments dominated by Euryarchaeota, the
proportion of this phylum in sponge tissues tends to
increase, indicating a clear influence of the environment
on the sponge microbial communities. Importantly, this
was not only the case for S.massa, an LMA sponge
known to host seawater microbes, but was also true for
the HMA X. testudinaria.

In the tropical surface waters of the Georgetown coast
(Penang, Malaysia) and Kepulauan Seribu reef system
(Java, Indonesia), 65-70% of the archaeal community
was assigned to the Euryarchaeota phylum (Chan et al.
2013; Polonia et al. 2013). However, in the South Pacific
Gyre, considered one of the cleanest oceanic regions of
the world, due to its isolation from sources of pollution,
the seawater community was almost entirely composed
of Euryarchaeota (Yin et al. 2013). These authors
suggested that the low ammonium concentration in the
seawater of the South Pacific Gyre is the reason for
the very low Crenarchaeota abundance. Crenarchaeota
have been shown to be important players in many
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geochemical cycles. All the cultivated members of the
phylum Thaumarchaeota (Mesophilic Crenarchaeota),
for example, obtain energy through ammonia oxidation
(Offre et al. 2013) and thus play an important role in
the nitrogen cycle. A reduced concentration of ammonia
may thus limit Crenarchaeota abundance. The low
abundance of seawater Crenarchaeota sequences in the
Spermonde is an indication of lower pollution levels
when compared, for example, to the Kepulauan Seribu
reef system or Georgetown coast. Although rare in the
Spermonde seawater samples, Crenarchaeota remained
the dominant phylum in all sponge species and sedi-
ment. Sponges offer their symbionts a stable and nutri-
ent rich environment, namely a constant supply of
ammonia, a metabolic waste product excreted by
sponges. This makes sponges suitable habitats for
ammonia-oxidizing Archaea (AOA).

Xestospongia testudinaria and Hyrtios erectus shared a
higher number of OTUs with sediment than with sea-
water. In contrast, Stylissa carteri and S. massa shared a
higher number of OTUs with seawater when compared
to sediment. This was reflected both in the phylogenetic
tree and in the PCO where samples from both Stylissa
sponges clustered together with seawater samples. This
result may be related to the different morphologies and

(b) k00262 glutamate dehydrogenase (NADP+)

0 _mZ

K00371 nitrate reductase beta subunit

_‘ﬁaa;é

) K01915 glutamine synthetase

Xt

Fig. 7 Comparison of the mean relative
abundance of KEGG orthologs (KOs)
involved in the nitrogen metabolism
pathways for samples from Stylissa massa
(Sm), Xestospongia testudinaria (Xt), sedi-
ment (Sd) and seawater (Wt) in the Sper-
monde (Makassar—Mak) and Kepulauan
Seribu (Jakarta—Jak) reefs. Error bars
represent a single standard deviation.
The KOs shown include the following:
(a) KO00261 glutamate dehydrogenase
(NAD(P)"); (b) K00262 glutamate dehy-
drogenase (NADP"); (c) K00266 gluta-
mate synthase (NADPH/NADH); (d)
K00371 nitrate reductase beta subunit; (e)
K00926 carbamate kinase; (f) K01915 glu-
tamine synthetase.
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life strategies of each of the sponge species. The skeleton
of the slow growing and long-lived X. testudinaria con-
sists of a very dense network of silicious spicules
(Desqueyroux-Fatindez & Valentine 2002). Sponges
belonging to the genus Stylissa, in turn, are fast growers
and have a loose skeleton of very large spicules (Van
Soest et al. 2002), which results in higher amounts of
water in their tissues. Indeed, when squeezed, a copious
amount of water is expelled from the sponge oscules.
Hyrtios erectus lives cryptically embedded in the sedi-
ment covered in coral sand and the build-up of its skele-
ton is composed by the incorporation of exogenous
materials such as sediment grains. Additionally,
sponges belonging to the genus Xestospongia have been
considered HMA sponges in contrast to sponges belong-
ing to the genus Stylissa (Moitinho-Silva et al. 2013). Pre-
vious studies have noted that LMA sponges tend to
filter much larger volumes of water than HMA sponges,
hosting communities with lower specificity and diver-
sity and similar to that of seawater (Thacker & Freeman
2012; Moitinho-Silva et al. 2013). This is consistent with
the high amount of water found in the tissues of
sponges belonging to the genus Stylissa and may
account for the greater percentage of shared symbionts
in both Stylissa species. Our results, however, did not
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allow us to determine whether the sponge OTUs shared
with seawater and sediment belonged to the sponge mi-
crobiome (as result of environmental selection) or
whether they were merely contaminants.

An ongoing debate in sponge microbial studies is the
degree to which sponge microbes are transferred hori-
zontally as opposed to vertically (Hentschel et al. 2002;
Taylor ef al. 2007). In the present study, the most abun-
dant OTU (21 591 sequences) was found exclusively in
both Stylissa species (OTU-1) and represented a phylo-
genetically distinct lineage. OTU-1, assigned to the
genus Cenarchaeum, was closely related to organisms
detected in Axinella carteri (Y. Schechtman, E. T. Sier-
adzki & M. Ilan, unpublished) and Phakellia fusca (Han
et al. 2012). Margot et al. (2002) and Holmes & Blanch
(2007) previously suggested the existence of a symbiotic
association between sponges belonging to the genus Ax-
inella and an archaeon closely related to Cenarchaeum
symbiosum. Here, due to the close taxonomic relation-
ship of these Axinelln and Phakellia sponges with the
studied Stylissa (all belong to the order Halichondrida),
we suggest the existence of a possible order-specific
symbiosis between Halichondrida and the C. symbiosum
phylotype (OTU-1) found in this study. This also sug-
gests that, despite the high percentage of shared symbi-
onts between both Stylissa species and seawater and the
consequent putatively horizontal transmission of these
OTUs (thus acquired from the surrounding environ-
ment), this C. symbiosum phylotype is transmitted verti-
cally, that is, from parent to offspring. This suggests
vertical transmission as an important component of
microbial transmission for LMA sponges and not only
for HMA sponges as suggested by Gloeckner et al.
(2014). OTU-1 was also the most dominant OTU in
S. massa in the Kepulauan Seribu reefs. In contrast to
the Spermonde reef system, however, this OTU was
also found in two seawater samples from Kepulauan
Seribu reefs. This could indicate that OTU-1 is in fact
horizontally transmitted and is a very rare component
of the seawater community. However, it may also be
true that S. massa is seeding seawater and that most
transmission still occurs vertically.

The ricrust method used in the present study is only
an estimate of microbiome function and not an actual
measurement of such function. PpicrRust, however,
includes various methods of quality control to test the
reliability of the predictions. One of these entails the
use of weighted NSTI scores. NSTI calculates the dis-
similarity between reference genomes and the metage-
nome and was developed to evaluate the prediction
accuracy of ricrust, particularly in poorly characterized
environments with relatively few reference genome
sequences available. NSTI scores in the present story
were generally low, suggesting an accurate prediction
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of microbiome function. Scores were particularly low
for the sponge X. testudinarin (mean NSTIL: 0.035) but
higher for sediment (mean NSTI: 0.108) and seawater
(mean NSTIL: 0.125). Langille ef al. (2013) showed that
the accuracy of picrust decreased with increasing NSTI
scores. In their study, the best results were obtained
with well-covered Human Microbiome Project samples
(mean NSTI: 0.03), mid-range for a data set of soil sam-
ples (mean NSTI: 0.17) and highest for the hyperdiverse
and under-explored Guerrero Negro microbial mat
(mean NSTI: 0.23). pricrust still produced accurate results
for the soil samples despite the relatively high NSTI
score. The accuracy for the hypersaline microbial mat
community was, however, markedly lower although the
Langille ef al. (2013) noted that this was also related to
shallow sequencing at a depth that was insufficient to
fully sample the community’s genomic composition.

Nevertheless, ricrust predictions must be treated with
caution, particularly for novel communities with rela-
tively high NSTI scores. In our study, the relatively low
NSTI scores for sponges indicate that the picrust results
are reasonably accurate. The large range of NSTI values
of sediment, however, is reason to be cautious with the
obtained estimates of sediment microbiome function.
This is not surprising given the pronounced diversity of
the sediment microbiome and the presence of numerous
taxonomically poorly resolved OTUs.

The nitrogen metabolism of Archaea assessed in the
present study was dominated by KOs related to ammo-
nia. Ammonium and ammonia incorporation can occur
via two distinct pathways: glutamine synthetase/gluta-
mate synthase and glutamate dehydrogenase (Harper
et al. 2008). The Glutamate dehydrogenase pathway is
responsible for the catalysis of the glutamate catabo-
lism, that is for the breakdown of glutamate into ammo-
nium and o-ketoglutarate, and thus is also responsible
for feeding the tricarboxylic acid pathway (TCA) (Peter-
son & Smith 1999). The glutamate metabolism is, in this
way, an important link between the carbon and nitro-
gen metabolisms (Belitsky & Sonenshein 1998).

All the biotopes had relatively high abundances of
glutamine synthetase (K01915) although abundance was
highest for both Stylissa species and water and lowest
for sediment, X. testudinaria and H. erectus. Due to high
ammonium affinity, the glutamate synthase pathway is
used under restricted nitrogen availability while the
glutamate dehydrogenase pathway, due to its low
ammonium affinity, requires higher nitrogen availability
(Harper et al. 2008). Seawater was enriched for both
glutamate dehydrogenase (NADP"; K00261) and gluta-
mate synthase (NADPH/NADH; K00266). Sponges and
sediment, in contrast, were enriched for glutamate
dehydrogenase (NAD(P)"; K00261) in comparison to
seawater. These results indicate that seawater, and par-
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ticularly Spermonde seawater, is a relatively nitrogen
poor environment when compared to sponges and sedi-
ment (Hentschel et al. 2012). The presence of some KOs
related to urea (UreA, UreB, UreC genes) and their
enrichment in sponge biotopes suggests that urea might
be an important source of carbon and energy for
sponge archaeons, similar to results obtained by
Alonso-Saez et al. (2012).

The reversible oxidative deamination of glutamate to
a-ketoglutarate and ammonia is catalysed by glutamate
dehydrogenases. These enzymes can act with only one
coenzyme (NAD" or NADP") or with two coenzymes
(NAD(P)"). The first case occurs normally in lower
eukaryotes or in prokaryotes, while the second case
occurs mainly in higher eukaryotes (Minambres et al.
2000). The distinct differences in enrichment of gluta-
mate dehydrogenase (NADP") and of glutamate dehy-
drogenase (NAD(P)") among biotopes suggest the
existence of different degrees of specialization in the oxi-
dative deamination of glutamate to o-ketoglutarate and
ammonia.

Seawater, and particularly Spermonde reef system
seawater, had the highest relative abundance of the
coenzyme glutamate dehydrogenase (NADP"), which
participates in the glutamate anabolism, that is the
transformation of ammonium and o-ketoglutarate into
glutamate. This enrichment of a coenzyme promoting
ammonium assimilation is consistent with the above
suggestion of seawater as a nitrogen poor environment.
Seawater also had a high relative abundance of carba-
mate kinase (K00926), an enzyme that catalyses the
transformation of carbamoyl phosphate to carbamate
with the concomitant production of ATP. This may be
an important source of energy to planktonic Archaea
(Uriarte et al. 1999).

Sediment and X. testudinarin from the Kepulauan
Seribu and Spermonde reefs, in turn, had the highest
relative abundances of nitrate reductase beta subunit
(K00371) a possible indication that sediment and sponge
archaeal communities use nitrate as a nitrogen source
or electron acceptor (Tang et al. 2013), suggesting rela-
tively high rates of reduction of nitrate to nitrite (the
first step of denitrification) in these biotopes (Liu et al.
2012). To the best of our knowledge, this enzyme has
not been previously associated with Cenarchaeales-
related sequences that were responsible for almost all of
the nitrate reductase beta subunit (K00371) counts in
this study. This and other observations obtained using
ricrust should be confirmed using actual transcriptomic
or metagenomic methods. An advantage of the predic-
tive approach used here is that it provides a rapid esti-
mation of a wide range of gene families that contribute
to the metagenomes assessed in this study thereby

enabling future hypothesis testing and specific testing
for the expression of genes of interest.

Cenarchaeum symbiosum (OTU-1) comprised more than
60% on average of the Stylissa archaeal community,
while unclassified members of the Cenarchaeaceae fam-
ily comprised 96% (OTU-2; OTU-11 and OTU-154) and
85% (OTU-3 and OTU-315) on average of H. erectus and
X. testudinaria archaeal communities, respectively. Simi-
larly, these dominant OTUs were responsible for almost
all of the sponge KO counts and thus clearly play a
dominant role in the Archaea-mediated nitrogen metab-
olism.

Our study provides novel insight into the function and
distribution of Archaea in coral reefs. We observed that a
higher proportion of Euryarchaeota in seawater appears
to influence the proportion of this phylum in sponge
hosts including both LMA and HMA sponges. In the
Spermonde, this resulted in greater compositional simi-
larity between the archaeal communities inhabiting Sty-
lissa host species (LMA) and seawater. This effect was
less pronounced in X. testudinaria and H. erectus (HMA).
Our results also showed significant differences among
biotopes with respect to functional gene content in archa-
eal assemblages. These differences were accentuated
between host and nonhost biotopes and resulted in clear
differences in dominant functions. In seawater, ammo-
nium assimilation appears to be performed preferentially
through the expression of NADP -specific glutamate
dehydrogenase (typical for prokaryotes) and glutamate
synthase (NADPH/NADH; KO00266), whereas in all
sponges and sediment, ammonium assimilation appears
to be performed preferentially through the expression of
glutamate dehydrogenase with mixed specificity (NAD
(P)*). The degree of enrichment for glutamate dehydro-
genase with mixed specificity NAD(P)*) was also most
pronounced for X. testudinaria and sediment. Both Stylis-
sa species also had moderate enrichment of NADP*-spe-
cific glutamate dehydrogenase and glutamate synthase
(NADPH/NADH; K00266). Our results indicate that ar-
chaeal communities in host and nonhost biotopes have
distinct ecophysiological roles and may thus provide
complementary nitrogen cycling functions to coral reef
ecosystems.
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involved in the Nitrogen metabolism from each biotope: S. carteri
(Sc), S. massa (Sm), X. testudinaria (Xt), H. erectus (He), sediment
(5d) and seawater (Wt).

Appendix S5 Species accumulation curves

Fig. S1 Species accumulation curves as a function of the num-
ber of sequences using resampling of archaeal 16S rRNA gene
sequences from S. massa (Sm), S. carteri (Sc), H. erectus (He),
X. testudinaria (Xt), sediment (Sd) and seawater (Wt).

Fig. S2 Sponge species accumulation curves as a function of
the number of sequences using resampling of archaeal 16S
rRNA gene sequences from S.massa (Sm), S. carteri (Sc),
H. erectus (He) and X. testudinaria (Xt).
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