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Abstract — Baikalian sponges are unique organisms with many species harboring symbiotic microbes that
produce novel bioactive compounds. To investigate bacterial diversity of three species of Baikalian sponges,
specimens of Lubomirskia baicalensis, Baikalospongia intermedia and Swartschewskia papyracea collected from
Lake Baikal were processed by pyrosequencing. We found differences in the species composition and diversity
in bacteria among these sponges. Cyanobacteria accounted for the highest proportion and the second group
was Proteobacteria in three sponges. The bacterial communities in B. intermedia and L. baicalensis were high-
ly similar but less similar to the bacterial community associated with S. papyracea. Diversity of the bacterial
community in S. papyracea was higher than in L. baicalensis and B. intermedia. In particular, the relative
abundance of Actinobacteria was higher in S. papyracea. Bacterial species in phyla Acidobacteria and

Gemmatimonadetes were only found in S. papyracea.
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Introduction

Lake Baikal is an ancient rift-valley freshwater ecosys-
tem containing many endemic species, including sponges
(Moore et al., 2009). Sponges are regarded as one of the
oldest metazoans and are known to host diverse symbiotic
microorganisms (Taylor et al., 2007). Sponges are filter
feeders capable of pumping a large volume of water
through their vascularized canal system and expelling
sterile water (Reiswig, 1974). They play the role of host to
tremendously dense and diverse microbial communities,
which comprise up to 40% of sponge volume and help in
many aspects of sponge biology (Hentschel et al., 2002).
These symbionts have ecologically important functions,
they are sources of bioactive compounds (Dunlap et al.,
2007), and produce diverse pharmacological metabolites
(Vogel, 2008).

Among the various species of sponges, there are species
with high microbial abundance (HMA; 10519 cells.g ")
and low microbial abundance (LMA; <10° cells.g™ ")
(Kamke et al., 2010). The microbial diversity of marine
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sponges has been studied in great detail (Schmitt ez al.,
2012), but the symbiont communities associated with
freshwater sponges have been studied far less. It is difficult
to compare microbial communities in marine and fresh-
water sponges because the microbial community in most
freshwater sponges has not been thoroughly studied
(Gernert et al., 2005). Many symbionts associated with
sponges are highly host-specific and some species have
been found in other environments (Schmitt er al., 2012).
Different species of sponges inhabiting the same location
can greatly differ in the abundance of their associated
bacteria (Cleary et al., 2013). However, many microbial
phylotypes were repeatedly detected in different sponges.
Therefore, the respective microbes were defined as sponge-
specific (Kamke et al., 2010). To understand the ecological
importance of sponge—microbe associations, microbial
diversity by molecular techniques must be examined.
Among Baikalian sponges, the genera Lubomirskia,
Baikalospongia and Swartschewskia are widely distributed
and are generally abundant (Weinberg et al., 2003).
According to the latest taxonomic revision of the
Baikalian sponges, 13 species of sponges are endemic and
belong to the Lubomirskiidae family and five species are
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more cosmopolitan and belong to the Spongillidae family
(Masuda, 2009). Lubomirskiidae are a diverse and wide-
spread group of sponges in Lake Baikal. Spongillidae
are not as abundant and inhabit mainly the shallow bays
in Lake Baikal. The Lubomirskiidae include species
such as Lubomirskia baicalensis, Baikalospongia bacilli-
fera, Baikalospongia intermedia, Baikalospongia martinsoni
and Swartschewskia papyracea. L. baicalensis and
Baikalospongia sp. have been studied in regards to their
symbiont microbial community (Parfenova et al., 2008;
Gladkikh et al., 2014) but almost no studies have focused
on bacterial symbionts associated with S. papyracea.
In this study, we compared the bacterial community in
three endemic sponges, L. baicalensis, B. intermedia and
S. papyracea to understand the symbiont community
harbored in these Baikalian sponges.

Materials and methods
Sample collection

Sponge samples were collected in the southern area of
Lake Baikal near the town of Lystviyanka (51°53.2855'N,
105°03.5243'E) on August 16, 2012. Three endemic
species, B. intermedia, L. baicalensis and S. papyracea
were selected for this study. The specimens were collected
at 7, 10 and 42 m depth by scuba diving. All samples were
kept at 4 °C and DNA was extracted within 2 h and the
extracted DNA was then stored at —80 °C until the
analysis was performed in the laboratory.

DNA extraction and amplicon pyrosequencing

Subsamples (0.25 g) were used for DNA extraction.
Nucleic acid extraction was carried out following
the manufacturer’s guidelines (MoBio Laboratories,
Carlsbad, CA). The extracted genomic DNA was ampli-
fied as previously described (Chun et al., 2010). DNA
sequencing was performed by Chunlab Inc. (Korea) using
the 454 GS FLX Titanium Sequencing System (Roche).
Each pyrosequencing read was taxonomically assigned
using the CL community™™ program, Version 3.10.

General analysis of the pyrosequencing-derived
dataset

To avoid overestimating rare phylotypes, we per-
formed clustering and diversity estimates at genetic
divergences of > 3% (Kunin er al., 2010). Rarefaction
analysis was used to determine whether the operational
taxonomic units (OTUs) were present in the bacterial
community. Biodiversity indices were estimated with
various calculators using Mothur software (Schloss
et al., 2009). Bacterial richness (Chao 1 estimator) and
Simpson’s diversity indices were used to estimate species
dominance and evenness. To detect specific taxa in selected

sponges, the Cluster Database at High Identity with
Tolerance method was used and sequence similarity was
defined across all samples (including <1% of all
sequences). Similarities among bacterial community struc-
ture were evaluated with the unweighted pair-group
method using arithmetic averages (UPMGA) dendro-
gram.

Results
Bacterial community

A total of 26091 reads of 16S rRNA genes with an
average length of 400 bp was obtained by pyrosequencing.
The retrieved reads were 7496, 13654 and 4941 reads
from B. intermedia, L. baicalensis and S. papyracea,
respectively. The reads were adjusted to 4941 reads to
compare precisely. Because each rarefaction curve ap-
proached a plateau, the bacterial communities within
these samples seem well represented. The rarefaction
curves indicate that the OTUs increased across the
sampling sites and phylotypes ranging from 194 to 758
were found in each sponge (Fig. 1). By applying the
averaged rarefaction curves for our data, each 4941
sequence reads would correspond to 161, 162 and 253
reads for species associated with B. intermedia,
L. baicalensis and S. papyracea, respectively. The calcu-
lated Shannon index was 0.153, 0.058 and 0.027 for
B. intermedia, L. baicalensis and S. papyracea. The
Simpson index was 2.793, 3.957 and 4.881 for
B. intermedia, L. baicalensis and S. papyracea. Chao 1
richness was 318, 1231 and 1904, respectively, for
B. intermedia, L. baicalensis and S. papyracea (Fig. 2).

Bacterial diversity within sponges

A total of 14828 reads was successfully assigned
from the species up to the phylum level (phyla level,
cut off <1.0). The six phyla groups Cyanobacteria,
Proteobacteria, Actinobacteria, Bacteroidetes,
Planctomycetes and Verrucomicrobia were found in the
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Fig. 1. Species curves of the number of OTUs using bacterial 16S
rRNA gene sequences from Baikalian sponges.
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Fig. 2. Indices of species richness and diversity in Baikalian
sponges.

sponges and of all sequence reads analyzed represented
70,12, 3, 2, 4 and 5% for B. intermedia, 78,9, 3, 2, 5 and
1% for L. baicalensis and 43, 25, 13, 8, 3 and 5% for
S. papyrace (Fig. 3). Among these six phyla, Cyanobacteria
encompassed the majority of sequences (42-78%) and
Proteobacteria was the next most predominant group and
other phyla comprised a minor portion of the overall
bacterial community in each sponge.

Cyanobacteria and Actinobacteria

Cyanobacteria accounted for the highest proportion
(<43 to <78%) in these three sponges. All reads
grouped as Cyanobacteria were affiliated with order
Synechococcales,  Chroococcales  and  Nostocales.
Nostocales was identified only in B. intermedia and
S. papyracea whereas Chroobacteria was found in
L. baicalensis and S. papyracea. In particular,
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Fig. 3. Relative abundance of the most abundant bacterial classes
(phyla) in Baikalian sponges.

Prochlorococcus marinus was found only in S. papyracea.
Taxonomic groups in the genus Prochlorococcus ac-
counted for between <40 and 74% of the total bacteria
in all sponges (Fig. 4).

The relative abundance of Actinobacteria in
S. papyracea (13.4%) was three times higher than the
abundance in L. baicalensis (3.46%) and B. intermedia
(3.87%). Common to all three species were species
in orders Acidimicrobiales, Frankiales and Planktophila.
Ten reads in the orders Micrococcales, Bacteroidales,
Verrucomicrobiales and Solirubrobacterales were found
only in S. papyracea (Fig. 5).

Comparison of bacterial community structure

The results from the UPMGA analysis show that the
bacterial communities in B. intermedia and L. baicalensis
were highly similar but less similar to the bacterial
community associated with S. papyracea (Fig. 6).
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Fig. 4. Relative abundance of order level based on phylum
Cyanobacteria in Baikalian sponges.
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Fig. 5. Venn diagram showing the OTU numbers for order
Actinobacteria for Baikalian sponges.
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Fig. 6. Similarity among bacterial communities in Baikalian sponges.
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Fig. 7. Distribution of phyla between the three Baikalian sponges
in this study.

Eleven phyla, including Cyanobacteria, Proteobacteria,
Actinobacteria, Bacteroidetes, Planctomycetes,
Verrucomicrobia, Chloroflexi, ODI, Armatimonadetes,
Bacteria_uc and Chlorobi were common to the three
sponges. Spirochaetes phylum was associated with
B. intermedia and L. baicalensis, whereas Tenericutes
and Nitrospirae were found with B. intermedia and
S. papyracea. TM 7 was found in L. baicalensis and
S. papyracea. Phyla GNO2 and WSS were found in
B. intermedia and L. baicalensis. Members of
Acidobacteria and Gemmatimonadetes were only found in
S. papyracea (Fig. 7).

Discussion

Comparison of bacterial composition and diversity
within sponges

The bacterial community species composition in
S. papyracea differed from the species composition in the
other two sponges. We also found that bacterial diversity
in S. papyracea was higher than that in B. intermedia and
L. baicalensis. Until now, very few studies have been
conducted on the bacterial symbionts in S. papyracea. This
likely reflects the challenges of collecting samples of
S. papyracea in the field. Firstly, the small size of
S. papyracea (1-4 mm in diameter) presents difficulties
for sampling and handling in the field. Secondly, the usual
habitat of S. papyracea is in secluded areas under ledges.

Thirdly, S. papyracea is only found in deeper areas in Lake
Baikal where dives cannot easily reach (Masuda, 2009).
Because B. intermedia and L. baicalensis inhabit shallow
zones, these sponges are much more easily found in Lake
Baikal. The results of this study show that the bacterial
diversity in S. papyracea was highest among the three
sponges and that the bacterial species composition in
S. papyracea differs from that in B. intermedia and
L. baicalensis.

We propose two hypotheses on the diversity of
bacterial symbionts in S. papyracea. First, the bacterial
community within S. papyracea is sponge-specific.
A unique microbial community with high sponge-
specificity has been shown in previous studies (Taylor
et al., 2004; Webster and Blackall, 2009). By comparing
the bacterial richness and species composition of two
sponge species inhabiting both isolated saline lakes and an
adjacent open system, some bacteria were found to be
host-specific and others habitat-specific (Cleary et al.,
2013). Sponge—bacteria interactions could differ according
to nutrient acquisition strategy, stability of the sponge
skeleton and metabolic differences (Vacelet and
Boury-Esnault, 1995; Weisz et al., 2007). However, in the
case of sympatric sponges, the microbial community is
known to have a higher tendency toward a “generalist
association” (Alex et al., 2013) and the bacterial species in
different sponges are more closely related to each other
(Schmitt et al., 2012). Secondly, S. papyracea seems to be
affected by environmental factors of its own unique
bacterial community as a “rare biosphere” compared with
other co-occurring sponges. S. papyracea was collected
only at the deeper depth (42 m), where the higher pressure,
water temperature and nutrient poor conditions are
different from shallower depths. Though no direct rela-
tionship between sponge-symbionts and the bacterial
community in the ambient water exists, the ambient
conditions can be a trigger for building community
structure within sponges (Burja and Hill, 2001).
Therefore, the microbial community in S. papyracea might
be adapted for specific environmental conditions, such as
low light levels or higher pressure. We found that only
members of Acidobacteria and Gemmatimonadetes (two
phyla, 28 genera, 88 species) were associated with
S. papyracea. These phyla are ubiquitous in some soils
(DeBruyn et al., 2011), but little is known of their ecology
in freshwater ecosystems. We suggest that the microbial
symbiont community within sponges is strongly affected
by environmental conditions or gradients across water
depths in Lake Baikal.
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Cyanobacteria and Actinobacteria

Among the three sponges, Cyanobacteria,
Proteobacteria and Actinobacteria were identified as major
components in the microbial symbiont community. These
groups have frequently been reported both in marine and
freshwater sponges (Li et al., 2006). In our study, the
relative Cyanobacteria abundance decreased dramatically
at the deepest depth (42 m). For Cyanobacteria, light
intensity is a major factor controlling cyanobacterial
growth (Bryant and Frigaard, 2006) and darkness can
cause a loss of cyanobacterial symbionts (Regoli et al.,
2000). Considering the transparency of our sampling
sites, B. intermedia and L. baicalensis were collected at
shallower areas with efficient light (Hampton et al., 2008).
Gladkikh et al., (2014) reported that the proportion of
Cyanobacteria was only 1.4 and 1.3% in B. intermedia and
L. baicalensis, respectively. Another study showed that the
highest proportion of cyanobacteria was 61.4 and 21.4%
in summer and winter, in sponges, respectively (Erwin
et al., 2012). We assume that Cyanobacteria are more
abundant at shallow depths with higher light intensities
and warmer temperatures. Within the Cyanobacteria,
members of Prochlorococcus were abundant in all three
sponges. However, P. marinus was present only in
S. papyracea (42 m depth). P. marinus can absorb blue
light in deep water (Ralf and Repeta, 1992), and is known
as a major primary producer in the ocean (Munn, 2011).
To date, little is known about this bacterium in freshwater
sponges. We found a new member of Prochlorococcus
in Baikalian sponges. The relative abundance of
Actinobacteria increased with water depth and the species
diversity was highest in S. papyracea. Actinobacteria is
recognized as the producer of many bioactive metabolites,
including antibacterials (Mahajan and Balachandran,
2011). We found a specific Actinobacteria which is
associated with S. papyracea but not with other species of
sponges studied here.

Based on our results, further research should focus on
functional gene diversity to understand more specific
ecological function and isolation of these symbionts for
biotechnical application. Specifically, we suggest that a
new technique, such as the I-tip method (Jung et al., 2014)
should be applied to isolate uncultured symbionts asso-
ciated with S. papyracea, which might lead to novel useful
isolates as these were more diverse and specific.
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