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Abstract
Marine lakes are small bodies of landlocked seawater that are isolated from the open sea and have been shown to house numerous
rare and unique taxa. The environmental conditions of the lakes are also characterised by lower pH and salinity and higher
temperatures than generally found in the open sea. In the present study, we used a 16S rRNA gene barcoded pyrosequencing
approach and a predictive metagenomic approach (PICRUSt) to examine bacterial composition and function in three distinct
biotopes (sediment, water and the sponge species Biemna fortis) in three habitats (twomarine lakes and the open sea) of the Berau
reef system, Indonesia. Both biotope and habitat were significant predictors of higher taxon abundance and compositional
variation. Most of the variation in operational taxonomic unit (OTU) composition was related to the biotope (42% for biotope
alone versus 9% for habitat alone and 15% combined). Most OTUs were also restricted to a single biotope (1047 for B. fortis,
6120 for sediment and 471 for water). Only 98 OTUs were shared across all three biotopes. Bacterial communities from B. fortis,
sediment and water samples were, however, also distinct in marine lake and open sea habitats. This was evident in the abundance
of higher bacterial taxa. For example, the phylum Cyanobacteria was significantly more abundant in samples from marine lakes
than from the open sea. This difference was most pronounced in the sponge B. fortis. In line with the compositional differences,
there were pronounced differences in predicted relative gene count abundance among biotopes and habitats. Of particular interest
was the predicted enrichment in B. fortis from the marine lakes for pathways including DNA replication and repair and the
glutathione metabolism. This may facilitate adaptation of host and microbes to life in ‘stressful’ low pH, low salinity and/or high
temperature environments such as those encountered in marine lakes.
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Introduction

Marine lakes are landlocked bodies of water that maintain
their marine character through submarine connections to the
sea [1]. There are only an estimated 200 marine lakes in the
world, most of which are found in Indonesia, Vietnam and
Palau [2–4]. The environmental parameters of marine lakes

are strongly influenced by the degree of connection to the
surrounding sea. Studies carried out in 12 marine lakes in
East Kalimantan and West Papua and the adjacent open sea
habitats have shown that marine lakes generally have lower
pH, lower salinity and higher temperature than the surround-
ing open sea marine environment [3]. Marine lakes may thus
provide interesting insights into how future estimates of cli-
mate change will affect microbial assemblages and provide a
clearly defined spatial setting to study the influence of envi-
ronmental parameters such as pH and salinity on the compo-
sition of marine communities.

In the marine lakes of Berau, Cleary et al. [5–7] and Cleary
and Polónia [8] previously described host-associated bacterial
communities of sponges (Cinachyrella spp.), molluscs
(Brachidontes spp.) and jellyfish (Mastigias cf. papua and
Tripedalia cf. cystophora). These taxa tended to contain di-
verse, often taxon-specific bacterial communities that are
compositionally very different to bacterial communities in
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the surrounding water. Bacterial symbionts are a topic of ma-
jor recent interest due to their ecological and biotechnological
importance, particularly in association with marine sponges
[9]. Sponges (phylum: Porifera) are sedentary, filter-feeding
metazoans that utilise a single layer of flagellated cells to
pump water currents through their bodies and are one of the
most important benthic invertebrates in marine lakes in terms
of abundance, cover and diversity [1]. In the last few decades,
sponges have evoked particular interest due to the pharmaceu-
tical potential and biotechnological applications of their sec-
ondary metabolites [10–14]. Sponges host diverse microbial
populations and, in certain species, these communities make
up more than 40% of the total biomass [15–17]. The role of
sponge symbionts has not been completely elucidated yet;
however, it is believed that they play an indispensable role
in the trophic link between dissolved organic carbon (DOC)
and the autotrophic grazer food chain [18, 19] and play im-
portant roles in nutrition [20, 21], immunity [22], defence
[23], reproduction [24] and the elimination of toxic metabolic
end products [20, 25–28]. Symbiotic cyanobacteria, for exam-
ple, benefit sponges via atmospheric nitrogen fixation
[29–32].

In the present study, we compared the composition of bac-
teria inhabiting the sponge species Biemna fortis (order
Biemnida, family Biemnidae), sediment and water
(bacterioplankton). The current study focused on three distinct
habitats, namely, two marine lakes and the surrounding open
sea environment in the Berau region of East Kalimantan,
Indonesia. The marine lakes in question are located within
the islands of Kakaban and Maratua and were formed approx-
imately 7000–12,000 years before present [3]. The marine
lakes of Berau are known to contain highly distinct faunas
with a high degree of endemism [33–36].

Specific aims of the present study were to (1) compare
higher taxon relative abundance among habitats and biotopes,
(2) identify the most abundant bacterial operational taxonomic
units (OTUs) and their closest known relatives using the Basic
Local Alignment Search Tool (BLAST), (3) assess to what
extent the biotope and habitat structure bacterial composition
and (4) assess to what extent the different biotopes and habi-
tats are predicted to harbour functionally distinct bacterial
communities.

Material and Methods

Study Site

Sampling took place in marine lakes of the islands Kakaban
and Maratua and the surrounding marine environment in the
Berau region, East Kalimantan, Indonesia (Fig. 1). Yearly
rainfall over the period 1987–2007 in Tanjung Redeb,
Berau, ranged from 1700 to 3350 mm year−1 (average

2084 mm); monthly precipitation in Berau ranges from 110
to 250 mm with lowest rainfall in August (average 117 mm)
and highest from November–January (average 223 mm)
(http://www.bmkg.go.id/BMKG_Pusat/, [1]). Becking et al.
[3] provided a description of the marine lakes of Kakaban
and Maratua. Kakaban is a large island, the centre of which
holds a large marine lake (the ca. 4-km2 lake Kakaban
hereafter referred to as Kakaban) with southern, western and
eastern coasts of the lake fringed by mangroves. The northern
shore is predominantly rocky. Tidal amplitude in Kakaban is
dampened to 11% of the surrounding sea and the tidal phase
has a 3-h and 30-min delay. This indicates limited connection
with the surrounding environment [3]. Maratua is a large
horseshoe-shaped island further offshore from the main island
of Borneo than Kakaban; it encircles a very large semi-
enclosed lagoon with depth ranging from 0.5–5 m at low tide
and directly connected to the open sea. Maratua contains a
number (at least nine) of small anchialine systems including
Haji Buang. Haji Buang is an elongated lake of 0.14-km2

surface area located on the western arm of Maratua. Most of
the coastline of Haji Buang consists of limestone rock with a
small area of mangrove fringing the southern coast. Tidal am-
plitude of Haji Buang is 48% of the adjacent sea with a tidal
delay of 2 h and 30 min indicating a limited connection to the
sea but higher than Kakaban. In addition to sampling in lakes,
we also sampled the bacterial community from B. fortis, sed-
iment and water (bacterioplankton) in the large lagoon
encircled by the island of Maratua. The salinity in Lake
Kakaban is only 23–24 ppt, in Lake Haji Buang 26–28 ppt
and in the open sea 33–34 ppt. The pH range of the lakes is
also lower (7–7.8) than in the open sea (8–8.2) [3].

Sampling

Water, sediment and specimens of the sponge B. fortis were
collected from Kakaban, Haji Buang and the open sea using
snorkelling from the 17th to 25th of August 2012 (Fig. 1).
Biemna fortis Topsent, 1897 (order Biemnida, family
Biemnidae) is a drab brown-greyish black sponge that lives
partially buried in sediment with irregular processes that are
raised above the substratum. This sponge species mostly oc-
curs in very shallow, muddy, sandy environments where it is
able to survive exposure to air during very low tides. This
species has been reported from East Africa to Indonesia.
Sponges belonging to the family Biemnidae can cause derma-
titis and have antibacterial, antimalarial and anticancer prop-
erties [37–39]. This is the first detailed study to assess the
bacterial community of a species belonging to the order
Biemnida, although Ilan and Abelson [40] showed in a TEM
image that the sister species from the Red Sea harboured
baceteriocytes containing numerous species of bacteria. The
sponge genus Biemna until recently belonged to the order
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Poecilosclerida, which consists exclusively of low microbial
abundance species [41, 42].

Two to three samples of each biotope (sponge, sediment
and water) were collected in each habitat (Kakaban, Haji
Buang and the open sea of Maratua). Fragments of sponges
were collected including the surface and interior of each
sponge in order to sample as much as possible of the whole
bacterial community [5]. Voucher samples have been depos-
ited in the sponge collection of Naturalis Biodiversity Center
(RMNHPOR. 10693, 10698, 10699 (Lake Kakaban), RMNH
POR. 10700, 10701, 10723 (Lake Haji Buang, Maratua),
RMNH POR. 10724, 10725, 10726 (open sea)). Sediment
was collected from the upper 5-cm surface layer using a plas-
tic disposable syringe from which the end had been cut in
order to facilitate sampling. Water was collected between the
depths of 1–2 m with a 1.5-L bottle and subsequently 1 L (±
50 ml) of water was filtered [43] through a Millipore® White
Isopore Membrane Filter (0.22-μm pore size) to obtain the
bacterioplankton. The filter was subsequently preserved in
96% EtOH. All samples were kept cool (< 4 °C) immediately
after collection and during transport. In the laboratory, sam-
ples were stored at − 80 °C until DNA extraction.

DNA Extraction and Pyrosequencing

We isolated PCR-ready total community DNA (TC-DNA)
from sediment, seawater and sponge samples using the
FastDNA® SPIN Kit (MP Biomedicals) following the manu-
facturer’s instructions. Briefly, we prepared sediment samples
by centrifuging each one for 30 min at 4400 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 speed of
6.0. Extracted DNAwas eluted into DNase/pyrogen-free wa-
ter to a final volume of 50 μl and stored at − 20 °C until use.
For the 16S rRNA gene amplification, the first PCR amplifi-
cation was performed from DNA using the F-27 and R-1494
primers [44]. After a denaturation step at 94 °C for 5 min, 25
thermal cycles of 45 s at 94 °C, 45 s at 56 °C and 1:30 min at
72 °C were carried out followed by an extension step at 72 °C
for 10 min. Using the amplicons of the bacterial 16S rRNA
gene as template, the V3–V4 region was amplified, with the
barcoded fusion forward (V3: 5′-ACTCCTACGGGAGG
CAG - 3 ′ ; [ 4 5 ] a n d r e v e r s e p r im e r s ( V 4 : 5 ′ -
TACNVRRGTHTCTAATYC-3′; [46]) containing the
Roche-454 A and B titanium sequencing adapters, an eight-
base barcode sequence in adaptor A and specific sequences
for the ribosomal region. After a denaturation step at 94 °C
during 4 min, 25 thermal cycles of 30 s at 94 °C, 45 s at 44 °C
and 1 min at 68 °C and a final extension at 68 °C for 10 min
[5] were carried out with GS 454 FLX titanium chemistry,
according to manufacturer’s instructions (Roche, 454 Life
Sciences, Brandford, CT, USA).

Following previous studies [47, 48], barcoded pyrose-
quencing libraries were analysed using the Quantitative
Insights into Microbial Ecology (QIIME) software package
([49]; http://www.qiime.org/; last checked 20 January 2014).
In QIIME, separate fasta and qual files were used as input for
the split_libraries.py script. Default arguments were used
except for the minimum sequence length, which was set at
218 bps after removal of forward primers and barcodes;
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Fig. 1 Map of the study area showing the location of the study sites and Indonesia in the upper left inset. Bottom left and right insets show location of
sample areas: K: lake Kakaban; M: lake Haji Buang; Maratua; W: open sea
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backward primers were removed using the ‘truncate only’
argument and a sliding window test of quality scores was
enabled with a value of 50 as suggested in the QIIME
description for the script. In addition to user-defined cut-offs,
the split_libraries.py script performs several quality filtering
steps (http://qiime.org/scripts/split_libraries.html). OTUs
were selected using UPARSE with usearch7 using a
sequence similarity threshold of 97% [50]. The UPARSE
sequence analysis tool [50] provides clustering, chimera
checking and quality filtering on de-multiplexed sequences.
Chimera checking was performed using the UCHIME algo-
rithm [51]. The quality filtering as implemented in usearch7
filters noisy reads and preliminary results suggest it gives re-
sults comparable to other denoisers such as AmpliconNoise,
but is much less computationally expensive (http://drive5.
com/usearch/features.html; last checked 20 January 2014).
First, reads were filtered with the -fastq_filter command and
the following arguments -fastq_trunclen 250, -fastq_maxee 0.
5, -fastq_truncqual 15. Sequences were then dereplicated and
sorted using the -derep_fulllength and -sortbysize commands.
OTU clustering was performed using the -cluster_otus com-
mand. An additional chimera check was subsequently applied
using the -uchime_ref command with the gold.fa database
(http://drive5.com/uchime/gold.fa). AWK scripts were then
used to convert the OTU files to QIIME format. In QIIME,
representative sequences were selected using the pick_rep_
set.py script in QIIME using the ‘most_abundant’ method.
Taxonomy was assigned to reference sequences of OTUs
using default arguments in the assign_taxonomy.py script in
QIIMEwith the ribosomal database project (rdp) method [52].
In the assign_taxonomy.py function, we used a fasta file con-
taining reference sequences from the Greengenes 13_8 release
and the rdp classifier method. We used a modified version of
the taxonomy file supplied with the Greengenes 13_8 release
to map sequences to the assigned taxonomy. Finally, we used
the make_otu_table.py script in QIIME to generate a square
matrix of OTUs × samples. This was subsequently used as
input for further analyses using the R package [53].
Sequence identifiers of closely related taxa of numerically
dominant OTUs (≥ 400 sequences) were downloaded using
the NCBI Basic Local Alignment Search Tool (BLAST) com-
mand line ‘blastn’ tool with the -db argument set to nt [54].
BLAST identifies locally similar regions between sequences,
compares sequences to extant databases and assesses the sig-
nificance of matches; functional and evolutionary relation-
ships can subsequently be inferred. Each run produces a list
of hits based on significant similarity between pairs of se-
quences, i.e. the target sequence and taxa present in the data-
base (or no hits if no significantly similar sequences are
found). A discussion of how significance is determined can
be found at http://www.ncbi.nlm.nih.gov/BLAST/tutorial/
Altschul-1.html. The DNA sequences generated in this study
can be downloaded from the NCBI SRA: SRP081069 and

SRP068454; sample accession numbers are given in Online
Resource 1.

Predictive Metagenome Analysis

In the present study, we used PICRUSt [55, 56] to predict the
metagenome of each sample with the Kyoto Encyclopedia of
Genes and Genomes (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 KEGG orthologs (KOs) can be represented in multiple
pathways. Since KOs can belong to several pathways, we
used the categorize_by_function.py script in PICRUSt to col-
lapse the PICRUSt predictions at the level of the individual
pathways. Note that the PICRUSt results as presented are
predictive and thus provide information on potential enrich-
ment and putative function as opposed to measuring actual
gene presence/expression and function.

Higher Taxon Abundance

We tested for significant differences in the relative abundance
of selected higher taxa (phyla, classes and orders) and domi-
nance (the relative abundance of the most abundant OTU in
each sample) among biotopes and habitats with an analysis of
deviance using the glm() function in R ([53]; Online Resource
2). Because the data was proportional, we first applied a gen-
eralised linear model (glm) with the family argument set to
binomial. The ratio, however, of residual deviance to residual
d.f. in the models substantially exceeded 1 so we set family to
‘quasibinomial’. In the ‘quasibinomial’ family the dispersion
parameter is not fixed at one so that it can model
overdispersion. Using the glm model, we tested for significant
variation among biotopes using the anova() function in R with
the F test, which is most appropriate when dispersion is esti-
mated by moments as is the case with quasibinomial fits. Ad
hoc comparisons were made with the glht() function in the
multcomp package (https://cran.r-project.org/web/packages/
multcomp/multcomp.pdf; last checked 17 November 2017).
Detailed descriptions of the functions used here can be found
in R (e.g. ?cmdscale) and online in reference manuals (http://
cran.r-project.org/web/packages/vegan/index.html; accessed
27 February 2015).

Composition

For the OTU table (Online Resource 3), OTUs not classified
as bacteria or classified as chloroplasts and mitochondria were
removed prior to statistical analysis. This table was then loge
(x + 1) transformed and distance matrices constructed using
the Bray-Curtis index with the vegdist() function in the vegan
package [57] in R. The Bray-Curtis index is one of the most
frequently applied (dis)similarity indices used in ecology [58,
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59]. Variation in OTU composition among biotopes (B. fortis,
sediment and water) and habitats (Kakaban, Haji Buang and
open sea) was assessed with principal coordinates analysis
(PCO) using the cmdscale() function in R with the Bray-
Curtis distance matrix as input. Variation among biotopes
and habitats was tested for significance using the adonis()
function in vegan. In the adonis analysis, the Bray-Curtis dis-
tance matrix of species composition was the response variable
with biotope and habitat as independent variables; the strata
(block) argument was set to habitat so that randomisations
were constrained to occur within each habitat and not across
all habitats. Detailed descriptions of the functions used here
can be found in R (e.g. ?cmdscale) and online in the reference
manuals (e.g. http://cran.r-project.org/web/packages/vegan/
index.html; checked 2014 September 21).

Results

Sequencing in the present study yielded 80,771 sequences,
assigned to 8657 bacterial OTUs (97% sequence similarity
threshold) after quality control, OTU picking and removal of
chimera, chloroplasts and mitochondria. Of these, 6120 were
only recorded in the sediment biotope, 1047 in B. fortis and
471 in water. Ninety-eight OTUs were recorded in all three
biotopes while B. fortis shared 106 OTUs with water and 717
with sediment. Water and sediment shared 98 OTUs
(Online Resource 4). The total number of bacterial phyla re-
corded per biotope also varied considerably from 20 in water
to 33 in B. fortis and 47 in sediment. The number of classes
varied from 47 in water to 82 in B. fortis and 128 in sediment
and the number of orders varied from 72 in water to 111 in
B. fortis and 157 in sediment. OTU richness followed this
general pattern. OTU richness was highest in the sediment
biotope and higher in open water than marine lake sediment.
OTU richness appeared to be similar in bacterioplankton and
B. fortis, although there was a greater range in B. fortis sam-
ples with much higher and lower richness than water samples.
As in sediment, richness was greater for the B. fortis bacterial
community in the open sea than both lake habitats (Fig. 2).
Most bacterial sequences belonged to OTUs assigned to
Proteobacteria (61571) followed by Cyanobacteria (14656),
Acidobacteria (4974), Chloroflexi (4868), Bacteroidetes
(4688) and Actinobacteria (3137). The percentage of
Proteobacteria varied from 49.5 ± 1.5% for sediment in Haji
Buang to 66.1 ± 12.3% for water in the open sea. The percent-
age of Cyanobacteria, in turn, varied from 0.9 ± 1.0% for sed-
iment in Haji Buang to 34.6 ± 3.9% for water in Kakaban
(Fig. 3). The percentage of Cyanobacteria was also much
higher in B. fortis from Kakaban (12.1 ± 6.6%) and Haji
Buang (23.8 ± 19.2%) than from the open sea (1.1 ± 0.2%).

There were significant differences in the relative abun-
dance of higher bacterial taxa among biotopes and habitats

(Fig. 3). Acidobacteria, Chloroflexi, Gemmatimonadetes,
PAUC34f and SBR1093 were more abundant in B. fortis or
in B. fortis and sediment biotopes than in water samples.
Firmicutes were more abundant in sediment and
Bacteroidetes and GN02 were more abundant in water sam-
ples. Among habitats, Cyanobacteria were significantly more
abundant in lake habitat, thus in lake sponge, sediment and
water samples (the Tukey test: open sea versus Kakaban, z =
− 2.72, P = 0.015; open sea versus Haji Buang, z = − 3.65,
P < 0.001). Other taxa showed contrasting responses to habi-
tat. Chloroflexi abundance was, for example, higher in sam-
ples of B. fortis collected in the open sea than from the lakes,
but higher in lake sediment than open sea sediment.
Actinobacteria were more abundant in B. fortis and sediment
from lakes. Nitrospirae were much more abundant in open sea
sediment (Fig. 3).

At a lower taxonomic level, Gammaproteobacteria,
Anaerolineae, Solibacteres, Alteromonadales and
HTCC2188 were most abundant in B. fortis (Fig. 4).
Deltaproteobacteria, Acidimicrobiia and Desulfobacterales
were most abundant in sediment while Alphaproteobacteria,
Flavobacteriia, Rhodobacterales and Rickettsiales were most
abundant in water samples. In addition to differences in rela-
tive abundance among biotopes, there were also significant
differences among habitats (Fig. 3). Synechococcophycidae
were more abundant in both lake habitats than the open sea
whereas the reverse was true for Alphaproteobacteria. There
were also significant interactions between biotope and habitat.
Anaerolineae and HTCC2188 were, for example, more abun-
dant in B. fortis from the open sea than both lakes whereas the
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reverse was true for Synechococcophycidae. Likewise, the
abundance of Desulfobacterales in sediment was higher in
lake than open sea habitat (Fig. 4).

There was a significant difference in composition among
biotopes (adonis: F2,20 = 12.64, P < 0.001, R2 = 0.418), habi-
tats (adonis: F4,20 = 2.82, P < 0.001, R2 = 0.093) and the inter-
action of both factors (adonis: F2,20 = 2.38, P < 0.001, R2 =
0.158). The biotope was the main source of variation in

composition, but samples from all biotopes also differed in
composition among habitats. This difference was, however,
more pronounced for B. fortis and sediment than water. The
first PCO axis separated sediment and B. fortis samples from
water samples; the second axis separated B. fortis samples
from sediment and water (Fig. 5). A number of abundant
OTUs were found predominantly or exclusively in B. fortis
(Online Resource 5 and Table 1). Most of these OTUs were
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Fig. 3 Mean (error bars represent a single standard deviation) relative
abundance of the most abundant bacterial phyla for samples of B. fortis
from Kakaban (BmK), Haji Buang (BmM) and the open sea (BmW), of
sediment from Kakaban (SdK), Haji Buang (SdM) and the open sea
(SdW) and of water from Kakaban (WtK), Haji Buang (WtM) and the

open sea (WtW). a Proteobacteria, b Cyanobacteria, c Acidobacteria, d
Chloroflexi, e Bacteroidetes, f Actinobacteria, g Firmicutes, h
Gemmatimonadetes, i Nitrospirae, j PAUC34f, k SBR1093 and l
GN02. Results of the GLM analyses for each taxon are presented in the
top right of each subfigure

Bacterial Communities Inhabiting the Sponge Biemna fortis, Sediment and Water in Marine Lakes and the Open... 615



related to organisms obtained from other sponge species, but
also included OTUs related to organisms obtained from a coral
and estuarine sediment (Table 1). The sequence similarity with
the closest known organism was relatively low for a number of
OTUs including those housed mainly in B. fortis such as OTU-
1 (sequence similarity = 93.96) and OTU-43 (sequence similar-
ity = 92.62). OTUs found predominantly in water included

OTUs 15, 19, 34 and 37 assigned to the Alphaproteobacteria
and OTU-28 assigned to the Deltaproteobacteria. All of these
OTUs had very high sequence similarity (> 99%) to organisms
previously obtained from seawater (Table 1).

In line with the compositional differences among biotopes
and habitats, there were pronounced differences in predicted
functional attributes of the bacterial communities (Fig. 6).
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Fig. 4 Mean (error bars represent a single standard deviation) relative
abundance of the most abundant bacterial classes and orders and the
most abundant OTU (dominant OTU) for samples of B. fortis from
Kakaban (BmK), Haji Buang (BmM) and the open sea (BmW), of
sediment from Kakaban (SdK), Haji Buang (SdM) and the open sea
(SdW) and of water from Kakaban (WtK), Haji Buang (WtM) and the
open sea (WtW). Note that the abundance of the dominant OTU refers to
the abundance of the most abundant OTU per sample and thus not the

most abundant OTU overal l . a Gammaproteobacter ia , b
Alphaproteobacteria, c Synechococcophycidae, d Deltaproteobacteria, e
Anaerolineae, f Acidimicrobiia, g Solibacteres, h Flavobacteriia, i
Alteromonadales, j Chromatiales, k Rhodobacterales, l Rickettsiales, m
Rhodospirillales, n Desulfobacterales, o HTCC2188 and p dominant
OTU. Results of the GLM analyses for each taxon are presented in the
top right of each subfigure
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Samples from B. fortis were predicted to be enriched for pep-
tidases and polyketide sugar unit biosynthesis pathways.
Biemna fortis and water were predicted to be enriched for a
number of pathways in comparison to sediment. These includ-
ed DNA replication and repair proteins and valine, leucine and
isoleucine biosynthesis pathways whereas sediment was
enriched for the transporters, methane metabolism and benzo-
ate degradation pathways. A number of pathways were pre-
dicted to be enriched in B. fortis samples from both lakes as
compared to B. fortis samples from the open sea including the
DNA repair and replication protein, photosynthesis proteins,
glutathione metabolism, polyketide sugar unit biosynthesis,
terpenoid backbone biosynthesis and the metabolism of xeno-
biotics by cytochrome P450 pathways. Biemna fortis samples
from the open sea, in contrast, were predicted to be enriched
for the transporters, steroid biosynthesis and peptidases
pathways.

Discussion

Biemna fortis, water and sediment samples were collected
from three different habitats with very different environmental
conditions, namely two marine lakes in the Berau region and
the open sea. Lake Kakaban is the largest lake and although
the deepest part of the lake is about 12 m, all samples were
collected from a maximum depth of 1 m. The salinity and the
pH range of the two marine lakes are lower than in the open

sea. Asmentioned previously, the recorded pH range was 7.0–
7.8 for Kakaban, 7.3–7.8 for Haji Buang and 8.2–8.5 for the
open sea; the recorded salinity was 23–24 for Kakaban, 26–
28.5 for Haji Buang and 33–34 ppt for the open sea [3]. The
different environmental conditions might explain the differ-
ences in relative abundance and composition of bacterial com-
munities observed in this study.

OTU richness was lower in the lake sediment bacterial com-
munity than in the open sea sediment bacterial community and to
a lesser extent lower in the lake water bacterial community than
the open sea water bacterial community. The bacterial commu-
nity of lake sediment was characterised by a higher relative abun-
dance of Anaerolineae, Acidimicrobiia and Desulfobacterales
whereas the sediment bacterial community of the open sea was
characterised by a higher relat ive abundance of
Alphaproteobacteria. The water bacterial community of the open
sea also had a higher relative abundance of Alphaproteobacteria,
b u t a ma r k e d l y l owe r r e l a t i v e a bund an c e o f
Synechococcophycidae (Cyanobacteria) than the lake
bacterioplankton communities. Coelho et al. [60] observed a
lower relative abundance of Alphaproteobacteria at the most ac-
tive mud volcanoes (low pH environment) and higher relative
abundance of Methylococcales. In a microcosm study, Coelho
et al. [61] also observed that the low pH treatment had a signif-
icant effect on Alphaproteobacteria and Acidimicrobiia with the
most abundant acidimicrobiial OTUs clustering near the reduced
seawater pH treatments in an ordination. Importantly, the class
Acidimicrobiia includes a number of acidophilic, iron-oxidising

Fig. 5 Ordination showing the
first two axes of the PCO analysis.
a Symbols represent samples of
B. fortis from Kakaban (BmK),
Haji Buang (BmM) and the open
sea (BmW), of sediment from
Kakaban (SdK), Haji Buang
(SdM) and the open sea (SdW)
and of water from Kakaban
(WtK), Haji Buang (WtM) and
the open sea (WtW). Numbers
represent abundant (≥ 400
sequence reads) OTUs referred to
in Table 1. The circle size of
OTUs is proportional to the
abundance (number of
sequences). The first two axes
explain 43% of the variation in
the data set
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bacteria [62]. As with Coelho et al. [61], Monier et al. [63] and
Taylor et al. [64] also observed an effect of reduced pH on
acidimicrobiial composition.

The most pronounced difference between water of the ma-
rine lakes and the open sea was a markedly higher relative
abundance of Cyanobacteria in the former where the main
cyanobacterial OTUs were assigned to the genus
Synechococcus. In an aquarium study, Webster et al. [65] also
observed a significant interactive effect of pH (elevated pCO2)
and temperature, which was largely driven by the much higher
abundance of a single Synechococcus OTU in the low pH
treatment. Likewise, Fu et al. [66] observed that elevated tem-
perature and pCO2 increased cell division and photosynthetic
rates of Synechococcus. In addition to differences in higher
taxon abundance and richness, there were also clear composi-
tional differences between the lakes and the open sea for both
sediment and water bacterial communities. Our results thus
show that bacterial communities inhabiting the sediment and
water of marine lakes differ from those in the open sea. This
difference may be related to the lower pH and higher temper-
ature conditions found in these marine lakes, although care
must be taken in overemphasising the impact of pH due to
the possible confounding effect of salinity, which is also lower
in the marine lakes than the open sea. However, it should be
noted that the same cyanobacterial OTUs assigned to the ge-
nus Synechococcus were found inside and outside the lakes,
but were much more abundant in the lakes. In a study of
Synechococcus across a salinity gradient, Xia et al. [67] found
that the abundance and diversity of Synechococcus assem-
blages was lower in low salinity waters although
Synechococcus members have been shown to be tolerant to
low salinity conditions [68].

Biemna fortis samples from both lakes had lower relative
abundances of Gammaproteobacteria, Anaerolineae and
Solibacteres, higher relative abundance of Acidimicrobiia
a n d m u c h h i g h e r r e l a t i v e a b u n d a n c e o f
Synechococcophycidae compared to B. fortis from the open
sea. The lower abundance of Gammaproteobacteria in
B. fortis from both lakes was partially due to a lower abun-
dance of OTUs assigned to the order HTCC2188 in the lakes.
Characterised as oligotrophic [69], OTUs assigned to the
HTCC2188 order have been recorded in a number of marine
sponges [5, 70–72]. They were also an abundant component
of the bacterial community of Cinachyrella australiensis out-
side of the marine lakes in Berau, but were absent in speci-
mens ofCinachyrella inhabiting the marine lakes [5]. Morrow
et al. [70] also observed a reduction in the relative abundance
of gammaproteobacterial symbionts of the coral species
Acropora millepora and Porites cylindrica at a low pH, CO2

seep. Two sponge species at the seep (Coelocarteria
singaporensis and Cinachyra sp.) had lower relative abun-
dances of Alpha-, Beta-, Gamma- and Deltaproteobacteria
compared to a control site. Coelocarteria singaporensis alsoT
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had lower abundances of Chloroflexi, Acidobacteria and
Nitrospirae at the CO2 seep. Both coral species and both
sponge species at the CO2 seep, however, showed twofold
increases in the relative abundance of Cyanobacteria at the
seep compared to the control site (e.g. 15 to 30% for

Cinachyra sp. and 35 to 70% for Coelocarter ia
singaporensis). As in the present study, the main
cyanobacterial OTUs in both corals and sponges were
assigned to the genus Synechococcus with sponges and corals
housing distinct taxa.
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The increased abundance of OTUs assigned to the genus
Synechococcus in the present study and in other natural low
pH habitats such as CO2 seeps suggests that strains of the
genus help their host organisms adapt to living in reduced
pH environments and may give their host organisms a com-
petitive advantage in terms of growth compared to organisms
with a less flexible symbiotic bacterial community [70]. The
shift in bacterial composition from Gammaproteobacterial or-
ders such as HTCC2188 to cyanobacteria suggests a shift in
how nutrients are acquired within the sponge host with poten-
tial repercussions for nutrient cycling.

Sponges are also found in much greater densities within lakes
than in the surrounding sea including coral reefs and mangroves
[1]. In themarine lakes, sponges often completely cover the roots
of mangrove trees fringing the lakes and can also be found em-
bedded in the sediment as is the case with B. fortis. In addition to
reduced predation pressure and the lack of competition from
other groups of benthic invertebrates (e.g. corals), the increased
density may be at least partially related to the marked increase of
Cyanobacteria in marine lake sponges. So far, two distinct gen-
era, Biemna and Cinachyrella, both showed an increase in
Synechococcus abundance in lake as opposed to open sea habitat.
Future research should assess if this trend is more widespread
among lake sponges and try to ascertain if a general shift to
symbiotic cyanobacteria in lake sponges can explain the disparity
in density between lake sponges and those in the surrounding
sea.

In line with the differences in higher taxon abundance and
composition, there were clear differences in predicted func-
tional attributes among biotopes and between lake and open
sea habitats. Biemna fortis from both lakes were enriched for
the DNA repair and replication protein, photosynthesis pro-
teins, glutathione metabolism, polyketide sugar unit biosyn-
thesis and terpenoid backbone biosynthesis KEGG pathways.
Morrow et al. [70] observed that dominant KEGG pathways
for Synechococcus included photosynthesis and DNA repair
and recombination. The primary KEGG level 2-predicted
pathways for Synechococcus were the energy metabolism
(particularly pathways involved in photosynthesis), carbohy-
drate metabolism and amino acid metabolism [70].

In addition to being enriched for photosynthesis, lake
sponges were also enriched for pathways that are advanta-
geous for life in stressful environments including DNA repair
and replication and the glutathione metabolism. Higher repli-
cation and repair may also be a sign of faster growth in the
bacterial community as a consequence of increasing carbon
and nitrogen fixation, high temperatures and more available
CO2. The DNA repair and replication pathway is part of the
KEGG genetic information processing category, which in-
cludes genes that are responsible for growth and proliferation
[73]. DNA repair and replication helps to preserve genetic
information and its accurate propagation to the next genera-
tion. DNA can be damaged by both endogenous and

exogenous factors and needs repairing so as not to disrupt
nucleic acid replication [74]. Obligate primary symbionts,
however, can lose functions including DNA repair and repli-
cation [75–77], which places them at a disadvantage in stress-
ful environments. Having a flexible symbiont community, in
contrast, enables sponges and other host organisms to colonise
and survive in these environments.

Lake sponges were also enriched for the glutathione me-
tabolism pathway. Glutathione is a powerful antioxidant that
can prevent damage to cells by stressors including free radi-
cals, peroxides, lipid peroxides and heavy metals [78, 79].
This pathway is known to be present in Cyanobacteria, but
not in all bacteria. In addition to providing their host organism
with photosynthates, Synechococcus spp. may also help their
host organisms to flourish in marine lake environments.

Conclusion

This study showed clear differences in higher taxon abun-
dance, composition and predicted functional attributes among
biotopes and between marine lake and open sea habitats.
Although most of the variation in OTU composition was re-
lated to the biotope, significant differences in the relative
abundance and composition of bacterial communities were
related to the different environmental conditions encountered
in lake versus open sea habitat. Taxa detected in higher rela-
tive abundances in lake environments (e.g. Cyanobacteria)
have been linked to functions that confer advantages for life
in stressful environments.
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