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Abstract: The sponge (Porifera) microbiome is an indicator of both natural and anthropogenic
stressors. Studying Baikal sponge microbial communities could help reveal if there is a connection
between bacterial symbionts and a mass sponge bleaching event that was recently detected; 16S rRNA
sequencing was performed among healthy and diseased freshwater sponges of Lubomirskia baikalensis
and Baikalospongia intermedia, which were collected from Lake Baikal, Russia. A phylum-based
taxonomic classification showed that Chlorophyta, Acidobacteria, Bacteroidetes, Actinobacteria
and Cyanobacteria were most abundant across samples. When comparing healthy and diseased
L. baikalensis samples, large variations in microbial composition were found at the phylum level.
Comparative analyses, which were performed for the first time for B. intermedia, showed a decrease
in Chlorophyta (unicellular green algae) and an increase in Bacteroidetes and Cyanobacteria in
diseased specimens. At the genus level, the Opitutus (Verrucomicrobia), Planctomyces, and Nitrospira
content increased in all diseased sponges, which reflected a general tendency toward an increase
in Cyanobacteria in diseased sponges. Comparative analysis of the diseased and healthy sponge
metagenomes showed that diseased sponges underwent various nonspecific changes in bacterial
composition. The bacterial community composition is probably influenced by sponge type and
degree of disease affection.

Keywords: Porifera; microbiome; sponge disease; 16S rRNA sequencing; Baikal

1. Introduction

Sponges (Porifera) constitute an important component of marine and freshwater
ecosystems because of their species’ richness, abundance, and key functional roles [1–4].
Sponges are inhabited by a wide variety of microorganisms, including archaea, het-
erotrophic bacteria, cyanobacteria, microscopic algae (green, red, cryptophytic, diatoms), di-
noflagellates, and fungi; these microorganisms account for up to 50% of their biomass [5–7].
Sponge bacterial communities tend to be dominated by Gamma-, Alphaproteo-bacteria,
Actinobacteria, Cyanobacteria, Chloroflexi and Poribacteria [8–10].

Sponge symbiotic communities are based on complex functional relationships that
were formed during the adaptation of the entire community to environmental condi-
tions [11,12]. Microorganisms can be alternative sources of energy and carbon for the
sponge, take part in the nitrogen cycle, protect against oxidative stress, and produce vari-
ous bioactive metabolites [9,12,13]. In aquatic ecology, metagenomic approaches make it
possible to investigate complex microbial communities and their interactions with the host
and with the environment.
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Studies on the effects of increased temperature and ocean acidification on marine
Porifera revealed that microbial symbiotic communities play an important role in maintain-
ing sponge health and survival [11,14]. Under stress, sponge species undergo compositional
and functional shifts in the microbiome [10,15–19]. Most research has been conducted
on the microbial associations of marine sponges. Symbiotic associations of freshwater
sponges have been insufficiently studied, even though these sponges also have diverse
microbiomes including Actinobacteria, alpha-, beta-proteobacteria, Verrucomicrobia, and
Flavobacterium [20–26].

Lake Baikal is the world’s oldest and deepest lake, estimated to be 35 million years old
with a maximum depth of 1647 m. The Lake Baikal endemic sponge family Lubomirskiidae
constitutes the bulk of the benthic biomass and includes 14 described species and two
subspecies [27–29]. Sponges form the main part of the benthos biomass and, as sedentary
biofiltrators, play an important role in the lake’s ecology. Lubomirskia baikalensis Pallas, 1776
is a benthic littoral and sublittoral species that inhabits depths from 3–120 m. Lubomirskia
baikalensis is a branched sponge that can grow to over 1 m and forms underwater forests at
depths of 8–15 m. Baikalospongia intermedia Dybowsky,1880 is an overgrowing sponge that
occurs at all depths, including the deep-water zone. B. intermedia and L. baikalensis are the
most widespread species [29,30].

An ecological crisis has been observed in the littoral area of the lake since 2011 [31].
An important sign of the ecological crisis is the mass death of the sponges, and in some
regions of Lake Baikal, 100% of the individuals are affected [31–34]. Studying Baikal
sponge microbial communities could help reveal if there is a connection between bacterial
symbionts and a mass sponge bleaching event that was recently detected.

Climate warming, coastal eutrophication, accumulation of toxic industrial contami-
nants, or infection with pathogens are indicated as possible reasons for the mass death of
Baikal sponges [31–36]. The revealed narrow temperature optimum of L. baikalensis indi-
cates the probable effect of increased temperature in the lake on disease development [33].
These findings correlate with the findings of numerous studies of sea sponges and corals,
which also showed the influence of climate warming on the development of several dis-
eases of these organisms [11,37–41]. However, metagenomic studies of the effect of disease
on the composition of the symbiotic community of Baikal sponges are rare.

The diversity of 16S rRNA genes in the microbial community of diseased L. baikalensis
revealed the predominance of Cyanobacteria and low abundance of Bacteroidetes and
Betaproteobacteria [32]. It was also found that the mucous films on the surface of diseased
sponges were formed by cyanobacteria of the order Oscillatoriales, which included rep-
resentatives of the genera Tychonema, Phormidium, and Leptolyngbya [42]. Other results of
16S rRNA gene sequencing revealed that, in diseased sponges, the most represented OTUs
belong to the families Oscillatoriaceae, Cytophagaceae, Flavobacteriaceae, Chitinopha-
gaceae, Sphingobacteriaceae, Burkholderiaceae, Rhodobacteraceae, Comamonadaceae,
Oxalobacteraceae and Xanthomonadaceae [35]. A comparison of healthy and diseased
sponge microbiomes showed an increase in the number of Bacteroidetes and Proteobacteria,
and the absence of a specific pathogen in diseased samples [36]. Bacteroidetes and Pro-
teobacteria (families Flavobacteriaceae, Burkholderiaceae and Moraxellaceae) are abundant
in diseased sponges [43]. It was confirmed that mat-forming cyanobacteria Tychonema plays
a special role in the disease and death of Baikal sponges [44]. Moreover, studies of diseased
sponge microbiomes were mostly carried out for L. baikalensis, even though other species
are also susceptible to disease. Thus, the currently available data on the Baikal sponge
microbial communities are limited and contradictory.

In this work, we carried out a comparative metagenomic analysis of the diseased and
healthy sponges of two Lubomirskiidae species, L. baikalensis and B. intermedia, which were
collected at two different time points.
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2. Materials and Methods

Samples of healthy and diseased L. baikalensis and B. intermedia were collected by SCUBA
in Southern (Bolshie Koty 51◦53′54.4” N, 105◦04′15.3” E and Chertov most 51◦54′41.9” N,
105◦13′29.2” E) and Northern (Severobykalsk 55◦60′93.4” N, 109◦34′80.3” E) basins of Lake
Baikal in 2015 and 2006 at 10m depth. The description of the samplesare shown in Table 1.
Sponge samples were frozen in liquid nitrogen for molecular analysis and were fixed in 70%
ethanol for morphological examination. Spicule and skeleton preparation were performed
as previously described [27] and were examined using an Olympus CX22 microscope. DNA
extraction was performed using the RIBO-sorb RNA/DNAextraction kit (InterLabService,
Moscow, Russia). DNA quality was assessed by running a subsample on a 1% agarose gel
and the quantity of DNA was measured using a NanoVue (GE Healthcare).

Table 1. A detailed experimental determination of the effect of healthy and bleached freshwater sponges Lubomirskiabaikalen-
sis and Baikalospongia intermedia collected from Baikal Lake, Russia.

S. No. BioProject ID BioSample ID Sample
Name Species Nature of

the Sample
Base Pair

Count Seq. Count Location

1 PRJNA665339 SAMN16252099 LBH1 L. baikalensis Healthy 64,423,962 254,909
Bolshie Koty,

Baikal,
Russia

2 SAMN16252100 LBB1 L. baikalensis Bleached 92,784,188 367,304
Bolshie Koty,

Baikal,
Russia

3 SAMN16252101 BIH1 B. intermedia Healthy 72,441,375 286,657 North Baikal,
Russia

4 SAMN16252102 BIB1 B. intermedia Bleached 53,745,195 212,772 North Baikal,
Russia

5 SAMN16252103 LBH2 L. baikalensis Healthy 42,470,245 168,170
Bolshie Koty,

Baikal,
Russia

6 SAMN16252104 LBH3 L. baikalensis Healthy 51,347,284 203,100

Chertov
most, South

Baikal,
Russia

7 SAMN16252105 LBB2 L. baikalensis Bleached 63,233,204 250,215

Chertov
most, South

Baikal,
Russia

The V3-V4 region of the 16S rRNA gene was amplified with primers 341F-806R [45]
using Illumina MiSeq 250 bp chemistry. The PCR conditions were as follows: initial
denaturation at 95 ◦C for 2min; followed by 25 cycles: denaturation at 95C for 30 s, anneal
at 55C for 30 s, extension at 72C for 30 s; the final extension at 72C for 8 min. The complete
dataset of seven paired-end healthy (LBH1, LBH2, LBH3, BIH1) and bleached (LBB1, LBB2,
BIB1) freshwater sponge samples were generated by a fastQ file format. The primary
analysis of NGS sequencing data, the removal of short and chimeric sequences, clustering
in OTUs (operational taxonomic units), an assessment of biodiversity by calculating ACE,
Chao1, and Shannon indices were carried out using the Mothur v.1.22.0 program (http:
//www.mothur.org, accessed on 1 November 2021). The Pyrosequencing pipeline program
(http://pyro.cme.msu.edu, accessed on 1 November 2021) was used to determine species
diversity and taxonomic composition and to compare communities. Data cluster analysis
was performed using the Complete Linkage Clustering program, which is part of the
Pyrosequencing pipeline.

The metagenomic analysis was performed using the MG-RASTserverV4.0.3 software
package [46]. Sequence similarity search of the 16s rRNA gene was performed against the
available biological database SILVA. The best hits were classified based on the percentage
of identity and sequence query coverage. The rarefaction curve plot was used to annotate

http://www.mothur.org
http://www.mothur.org
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the species richness among the samples based on Rarefaction Curve Analysis [47–50]. A
genus-level relative abundance of an operational taxonomic unit (OTUs) was computed
and compared for a better understanding of the composition of a microbial community
among the selected samples.

The relative abundance of OTUs at genus level comparison was performed using
the Morpheus online tool (https://software.broadinstitute.org/morpheus/, accessed on 1
November 2021). We carried out the clustering heat map with a complete linkage method
using the Euclidian distance metric [51], and One minus Pearson correlation metric [52]
implemented in the Morpheus tool. The genus identified in OTUs from seven selected
samples was further compared with five-set and two-set interactive Venn diagrams using
the InteractiVenn tool (http://www.interactivenn.net/, accessed on 1 November 2021).

3. Results
3.1. Analysis of Essential Parameters and Taxonomic Hit Distribution

Out of seven analyzed samples, five belong to L. baikalensis (three healthy and two
bleached samples) and B. intermedia (one healthy and one bleached sample). Sequences
were deposited in the NCBI-SRA portal (PRJNA665339). The basic nucleotide features
(Base pair and total sequence count) of the selected samples are shown in Table 1.

We performed a taxonomic hits distribution of taxa using a contigLCA algorithm
finding a single consensus taxonomic entity for all features on each individual sequence.
The bacterial community was dominated by Chlorophyta, Acidobacteria, Bacteroidetes,
Actinobacteria and Cyanobacteria as shown in Figure 1a. It shows that the overall 21 phyla
play a major role in the growth physiology and maintenance of their cell survivability in
freshwater environments. Samples LBH3 and BIH1 have a high relative abundance of
Chlorophyta (80%) while this is 50% or less in other samples. Acidobacteria, Proteobacteria,
Bacteroidetes, Cyanobacteria and Actinobacteria are found to be abundant and distributed
nonspecifically between healthy and bleached samples (Figure 1b).
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classification was predicted among healthy and bleached freshwater sponges Lubomirskia baikalensis
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3.2. Analysis of Rarefaction Curve

The rarefaction curve plot was used to annotate the species richness among the
samples. From our analysis, we identified that the species count is increased in bleached
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samples of L. baikalensis (LBB1) upon 360,000 sequence reads. Whereas LBH3 has increased
its species count to 1000 within a short number of sequence reads (250,000). It clearly
indicates that a larger amount of bacterial diversity was found in the LBH3 sample. Whereas
other samples have 600–800 species count within a short read. The samples LBH2 are found
to be a low species diversity sample (Figure 2). Bacterial diversity increases in bleached
samples of B. intermedia.
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Figure 2. A phylum based rare-fraction curve was predicted among healthy and bleached fresh-water
sponges Lubomirskia baikalensis and Baikalospongia intermedia.

3.3. Analysis of Relative Abundances of OTUs at Genus Level

The genus based rank abundance and operational taxonomic units were computed
for top hits from the selected samples. It shows that a predominance of bacterial genera,
such as Flavobacterium, Eubacterium, Candidadus and Tetrasphaera, are found to be abundant
in a healthy sample of L. Baikalensis (LBH1), while Synechococcus was highly abundant in L.
baikalensis (LBH2). While compared to the bleached samples, few genera, such as Nitrospira,
Planctomyces, Prolixibacter and Clostridium, are found to be abundant (Figure 3a). We further
compared the top 50 relative abundance genera; it shows that the overall 16 genera are
commonly found in both healthy and bleached L. baikalensis samples (Figure 3b). Whereas
30 common and 20 unique genera are found in two healthy L. baikalensis samples (LBH1
and LBH2) (Figure 3c).
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3.4. Analysis of OTUs within Genus Level

We further classified and compared the top best enriched operational taxonomic units
found between the samples. The heat map represents the distribution of taxa using a
contig LCA algorithm, finding a single consensus taxonomic entity for all features on each
individual sequence. This shows that the genera Candidatus, Eubacterium, Flavobacterium,
Nitrospira, Plactomyces, Prolixibacter, Terrimonas, Bifidobacterium are abundant in healthy and
bleached L. baikalensis samples. Whereas in B. intermedia (bleached) samples, the genera
Coptotermes, Gemmatimonas, Halomonas, Opitutus are found to be abundant (Figure 4a).
More than 15 genera from healthy and nine genera from bleached samples are uniquely
found in L. baikalensis (Figure 4b) whereas in B. intermedia, 23 common and 27 unique
genera are found in both healthy and bleached samples (Figure 4c).
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4. Discussion

A phylum-based taxonomic classification showed that the microbiome genera that
were most abundant across all samples belonged to Acidobacteria, Bacteroidetes, Acti-
nobacteria and Cyanobacteria. Chlorophyta is also abundant in microbiomes. Moreover,
the composition of the microbiome is nonspecifically altered in diseased L. baikalensis. These
phyla were found in moderate abundance in the samples of both healthy and diseased
individuals. Our samples of healthy and diseased L. baikalensis were collected at two
different collection points and at different times (2006 and 2015). Therefore, fluctuations in
the microbial community composition among healthy sponges can be caused by different
environmental conditions in Lake Baikal during a given time period. In marine sponges,
the microbial composition has substantial intraspecific and interspecific variability, and
varies by depth and season [15]. Thus, when comparing healthy and diseased L. baikalensis
samples, we did not reveal specific changes in diseased sponge bacterial composition.
We have shown that, among healthy L. baikalensis, there are significant differences in the
content of Chlorophyta, Bacteroidetes, Cyanobacteria and other phyla. These results are
consistent with some previously obtained results. When studying the 16SrRNA gene diver-
sity of L. baikalensis microbial communities in discolored tissue areas, Cyanobacteria were
dominant and there was a low abundance of Bacteroidetes and Betaproteobacteria com-
pared to healthy samples [32]. Other 16S rRNA gene sequencing results revealed that, in
diseased sponges, Cyanobacteria, Bacteroidetes, Alphaproteobacteria, Betaproteobacteria,
and Gammaproteobacteria showed more than five-fold increases in abundance compared
to healthy sponges [35]. Simultaneously, a comparison of the microbiomes of healthy and
diseased sponges collected in 2011 and 2015 showed an increase in the number of Bac-
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teroidetes and Proteobacteria [36]. There was no clear difference between the microbiomes
of diseased and healthy sponges; for example, a high content of Verrucomicrobia (class
Methylacidiphilae) was characteristic of both diseased and healthy sponges [36].

Cyanobacteria probably play an important role in the development of the disease of
the Baikal sponges [42,44]. Proliferation of benthic cyanobacteria on Lake Baikal can be
observed during all seasons [31,44]. The influence of the season on the microbiome and
diseases of the Baikal sponges has not been studied previously. Although other studies
analyzed samples collected in different seasons, there was no comparative analysis between
them. With our limited number of samples, we demonstrate a difference in the microbiome
of healthy L. baikalensis collected in different seasons, but more samples need to be analyzed.

Most previous studies of diseased sponge microbiomes were only carried out for
L. baikalensis, even though other species are also susceptible to disease. For the first
time, we performed a comparative analysis of diseased and healthy B. intermedia; we
identified a decrease in Chlorophyta and an increase in Bacteroidetes and Cyanobacteria in
diseased specimen. Until now, very few studies have been conducted on the microbiome
in B. intermedia [21,24,26]. Proteobacteria, Actinobacteria, Planctomycetes, Cloroflexi,
Verrucomicrobia, Acidobacteria, Chlorobi and Nitrospirae were identified within the B.
intermedia microbiome [21]. It was noted that deep-sea habitat conditions affected the
taxonomic diversity of microbiome bacteria and the presence of functionally significant
microorganisms in communities. In microbial associations of Baikalospongia sp., the bacterial
phyla Bacteroidetes, Proteobacteria, and Actinobacteria were predominantly identified [24].
Seo et al. [26] found differences in the bacterial species composition and diversity among B.
intermedia, L. baikalensis, and S. papyracea. The bacterial communities in B. intermedia and
L. baikalensis were highly similar because both species were collected from shallow zones,
and Cyanobacteria and Proteobacteria accounted for the highest proportion [26]. Our data
showed that Chlorophyta, Acidobacteria, Bacteroidetes, Proteobacteria and Cyanobacteria
were predominant in healthy B. intermedia. Thus, different Baikal sponge species and
different samples of the same species have differences in microbial composition; however,
at present, we cannot say whether they are host- or habitat-specific.

At the genus level, the Opitutus (Verrucomicrobia) content increased or appeared in
all diseased sponges. Verrucomicrobia, which are predominantly heterotrophic microorgan-
isms that decompose hydrocarbon substrates, are widespread in marine, freshwater, soil,
and hot spring ecosystems. Verrucomicrobia are characteristic of Baikal sponge communi-
ties [32]. It has been shown that Verrucomicrobia abundance is positively correlated with
an increased nutrient content, phosphate availability, and seasonal algal blooms, and can
change depending on the season [24,32,42]. The number of Planctomyces also increased
in diseased L. baikalensis samples. Planctomycetes in freshwater ecosystems are generally
considered minor phyla. Representatives of this phylum participate in the an-aerobic
oxidation of ammonium and have the ability to degrade hydrocarbons produced by phyto-
plankton [53]. The genus Nitrospira also appeared or increased in abundance in diseased L.
baikalensis, which reflected a general trend toward an increase in cyanobacteria in diseased
sponges. Additionally, in diseased sponges, tendencies toward a decrease in the number
or disappearance of some proteobacteria and planctomycetes were noted. Streptomyces
and Acidovorax disappeared from diseased sponges. The number of Isosphaera, which
are acidophilic planktomycetes capable of degrading numerous heteropolysaccharides,
decreased in two diseased L. baikalensis samples.

In marine sponges, elevated temperature can disrupt the functionally important
microbial symbionts [39,54,55]. Microbial community changes upon exposure to elevated
temperature can manifest as a loss of specific bacterial and archaeal taxa, and increases
in opportunistic microorganisms [11,39,55]. Global warming has led to several sponge
mortality events [37,40,41,56,57]; in Lake Baikal, a probable cause of sponge disease is also
increased water temperature. The occurrence of diseased sponges throughout Lake Baikal,
including in ecologically less disturbed areas [34], also supports this idea. Previously, a
decrease in the heat shock protein (HSP70) content of diseased sponges with various types
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of lesions was shown, which indicates a suppression of their physiological and energetic
states [33]. This suppression may occur even before the development of visible signs such
as lesions, which are the result of the weakening of the spongy immunity. For example, in
corals, the microbiome can shift prior to bleaching [58,59]. The composition of the sponge
bacterial community is probably also influenced by the degree of disease involvement.
Because the extent of disease involvement is difficult to visually determine when collecting
sponges, samples identified as healthy may already be at the stage of early destruction
of the microbiome. This may explain the lack of a clear picture of microbial composition
changes in diseased sponges. In addition, it is possible that studies of changes in the
eukaryotic community composition will also elucidate the reasons for the destruction of
diseased sponge microbiomes.

5. Conclusions

These results help to clarify the nature of changes in symbiotic relationships during
discoloration syndrome development in freshwater sponges. We showed large fluctua-
tions in microbial composition in diseased and healthy sponges based on our previously
published data, which may be due to different collection points, depths and collection
seasons. Given the limited number of samples, we analyzed experiments under the same
conditions that are needed to identify the change in microbiome composition between
healthy and diseased individuals and its causes. We also showed interspecific differences in
discoloration syndrome development in Baikal sponges. Thus, more data are also needed
from samples at different depths and seasons, and from different Lubomirskiidae species.
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