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ABSTRACT. In recent years, mitochondrial DNA (mtDNA) has been used to solve many phylogenetic
problems at different taxonomic levels. Previously, the nucleotide sequences of the mitochondrial
genomes of the Baikal endemic sponge species of the Lubomirskiidae family have been identified.
Their phylogenetic links are still being actively studied, and their systematics is considered to be not
definitive. In order to study the mechanisms of speciation and evolution of mtDNA, special attention is
paid to the investigations of noncoding DNA. We have studied the characteristics of the organization
of the intergenic mtDNA regions in the Baikal sponges on the example of the longest region between
the tRNATyr and tRNAIle genes of the species L. baicalensis, S. papyracea, R. echinata, and B. intermedia
profundalis. A comparative analysis of the sequences has shown the presence of secondary structures
represented by individual hairpins and complex multilevel structures. Based on a comparative analysis
of secondary structures, we have suggested their role as both regulative elements and potential mobile
elements. We have determined the continuity of these structures among representatives of different
genera of the Lubomirskiidae family. The highest similarity in their distribution and localization was
found in phylogenetically related species of the Baikal sponges.

Keywords: sponges, Lake Baikal, mitochondrial DNA, intergenic regions, secondary-structure elements

1. Introduction

The Baikal endemic sponges (the Lubomirskiidae
family) are a bouquet of closely related species that
diverged from cosmopolitan sponges approximately
10 million years ago (Maikova et al., 2015). To date,
14 species of the Lubomirskiidae family have been
described, but so far their systematics is not definitive
and requires further research (Efremova, 2001; 2004;
Itskovich et al., 2017). In the past few years, sequences
of the mitochondrial genome have been used to resolve
the phylogenetic relationships of the Baikal sponges at
various taxonomic levels.

Previously, the nucleotide sequences of the
mitochondrial genomes of the Baikal endemic species
Lubomirskia baicalensis, Swartchewskia papyracea,
Reginkovia echinata, and Baikalospongia intermedia
profundalis were identified (Lavrov, 2010; Lavrov et
al., 2012). Based on the nucleotide sequences of 14
protein-coding genes, a phylogenetic analysis of the
Baikal sponges was performed. The analysis showed
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that the mitochondrial DNA (mtDNA) of the Baikal
sponges evolves at different rates. The nucleotide
substitution rate in the protein-coding genes of the
species S. Papyracea was twice higher relative to other
species of the Lubomirskiidae family (Maikova et al.,
2015). There were also different nucleotide substitution
rates in different regions of the mitochondrial DNA.
The accumulation of single substitutions in intergenic
regions was four times higher than in protein-coding
genes (Maikova et al., 2012). The causes of the different
nucleotide substitution rates in different species and
different mtDNA regions of the Baikal sponges are still
unknown.

The evolution of mitochondrial genome of
sponges has been well studied at high taxonomic levels.
The presence of several common features characterize
mitochondrial genomes in sponges of the Demospongiae
class: minimally modified genetic code, the presence of
several additional genes, conservatism of transport RNA
(tRNA), and many noncoding regions. However, there
were also significant genomic changes, mainly, in gene
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rearrangement, number of tRNA genes and noncoding
DNA. The length of mitochondrial DNA in most sponges
of the class Demospongiae varied within 16-25 kbp
(Wang and Lavrov, 2008; Gazave et al., 2010). The
longest mitochondrial genome of Demospongiae was
found in the Baikal endemic family Lubomirskiidae
dominated by the species L. Baicalensis, approximately
30 kbp (Lavrov, 2010). The variability in the length of
the mitochondrial DNA in the Baikal sponges is mainly
an elongation of noncoding sequences, which comprise
from 28.6 to 33.6 % of the total size of genome compared
to 2-24 % in cosmopolitan and marine sponges (Wang
and Lavrov, 2008). Direct and inverted repeats
comprised the intergenic mtDNA regions in the Baikal
sponges. For example, L. Baicalensis contained appro-
ximately 160 secondary structures, hairpins (Lavrov,
2010), S. papyracea — 97 such structures, B. intermedia
profundalis — 96, and R. Echinata — 144 (Lavrov et
al.,, 2012). Other Demospongiae representatives also
contained such secondary structures, but the nature of
their occurrence and distributions, as well as their func-
tions remain unknown (Erpenbeck et al., 2009). Stable
secondary structures were found in some sponges of
the class Demospongiae, which repeatedly occured
in different phylogenetic lines during evolution. For
example, S. domuncula had approximately 700 direct
repeats with a predominant length of 12-15 bp, 100
inverted repeats (the longest repeat was 44 bp) and
100 palindromes. In Vaceletia sp., intergenic regions
contained inverted repeats of considerable length (up to
339 bp). Such repeats were found in different regions.
A+ T-pairs comprised more than 90 % in these long
repeats. In Igernella notabilis (Demospongiae, Keratosa),
intergenic regions also contained AT-rich inverted
repeats, which can form double and triple secondary
elements. However, the mitochondrial DNA of most
representatives of the class Demospongiae, which have
intergenic regions with a length varying from 340 to
2134 bp, either cannot contain inverted repeats at all,
or have short GC-rich hairpins. A comparative analysis
of intergenic mtDNA regions in most Demospongiae
sponges showed that the introduction and distribution
of hairpin elements among sponges is uneven, i.e. some
sponge families are more susceptible to their introduc-
tion (Keratosa and Myxospongiae), and others — less
(Hexactinellida and Homoscleromorpha) (Lukic-Bilela
et al., 2008; Erpenbeck et al., 2009; Lavrov, 2010).

Noncoding DNA plays a great role in the func-
tioning of the entire genome. The inverted repeats in
the noncoding mitochondrial DNA can contribute to
intramolecular recombination and are involved in
various regulatory processes, including replication
and transcription (Ling et al., 2011; Kolesnikov and
Gerasimov, 2012). Unlike the bilaterian animals, most
non-bilaterian animals do not have a common control
region for regulating replication and transcription of
the mitochondrial DNA, and regulatory elements are
distributed over intergenic regions (Lavrov and Pett,
2016). Probably, the accumulation of inverted repeats
in the future may result in gene rearrangements and
other significant structural transformations of the
genome.
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In order to study the distribution mechanisms of
inverted repeats in noncoding mitochondrial DNA of
Baikal sponges, we have carried out a comparative ana-
lysis of sequences of one of the longest regions located
between the tRNA™" and tRNA'"® genes in represen-
tatives of all four genera of the Lubomirskiidae family.
The length of the studied intergenic region varied from
300 bp in E. fluviatilis (Spongillidae) to 600 bp in L.
fusifera (Lubomirskiidae), and these changes were asso-
ciated with the presence of indels. Previously, based on
the nucleotide sequences of this region, we performed
a phylogenetic analysis. It showed that some of these
indels were species-specific, and the sequences of the
intergenic region appeared to be suitable for studying
phylogenetic relationships of closely related sponges of
the Lubomirskiidae family (Maikova et al., 2012).

2. Materials and methods

For a comparative analysis of noncoding mtDNA
regions located between the tRNA™" and tRNA* genes,
we used previously published sequences of the mito-
chondrial genomes for the species L. baicalensis, S.
papyracea, R. Echinata, and B. intermedia profundalis
(Lavrov et al., 2012). The sequences were aligned using
the MAFFT v.6.240 and BioEdit programs. Pairwise
distances based on indels of the noncoding regions
using Jukes-Cantor (Jukes and Cantor, 1969) method,
were determined using MEGA 4.0.

Inverted repeats were found using Unipro
UGENE software (http://ugene.unipro.ru/index.html).
The secondary elements were constructed at 4° C and
visualized using Mfold webserver (version 3.2) (Zuker,
2003) and Vienna RNA package (RNAfold, RNAalifold)
(Hofacker, 2003).

3. Results and discussion

We have carried out a detailed study of the cha-
racteristics of organization and distribution of secondary
structures in the Baikal sponges on the example of
the mtDNA region between the tRNA™" and tRNA'®
of four species of the Baikal sponges, Lubomirskia
baicalensis, Swartchewskia  papyracea, Rezinkovia
echinata, and Baikalospongia intermedia profundalis,
which mitochondrial genomes were published pre-
viously (Lavrov, 2010; Lavrov et al., 2012). To name
the hairpins, we used their previous classification, in
which they are divided into 9 families, H1-H9 (Lavrov,
2010).

Modelling of the potential secondary structure
of the nucleotide sequence has shown that all studied
species form complex elements: individual hairpins
(Fig. 1) and complex multilevel elements (Fig. 2). We
have indicated a specific occurrence of some hairpins
that form stable clusters. For instance, the structures
H3 and H4 are mainly observed together and resemble
double hairpin elements (Fig. 2) found by Paquin
with co-authors (Paquin et al., 2000) in the mitochon-
drial DNA of Allomyces macrogynus fungi, which were
described as mobile elements.
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Fig. 1. Potential secondary elements located in the region of the mitochondrial DNA between the tRNA™" and tRNA'® genes:
A — L. baicalensis, B — R. echinata, C — S. papyracea, and D - B. intermedia profundalis.

In the studied intergenic region, we have found
one conservative (marked in blue) and three homo-
logous hairpins (Nos. 1-3, marked in red, pink and
green, respectively). Notably, the conservative hairpin
and homologous hairpin No.1 have been found for the
first time. L. baicalensis and R. echinata have another
common AT-rich H4-element. Homologous hairpins
differ in insertion or deletion of complementary base
pairs. The sequences of L. baicalensis and R. echinata
have the highest similarity in the number and distri-
bution of hairpins in the region between tRNA™ and
tRNA! genes. At the same time, R. echinata and S.
Papyracea show the highest similarity in the region
between tRNA!" u tRNAMe genes.

Three homologous and one conservative hair-
pins in all four species have GC-clusters increasing their
GC-content. Table 1 shows the GC-content of these
hairpins (excluding the nucleotide composition of the
loops).

Using the data on the presence or absence of
hairpins, we have determined the genetic distances of
two intergenic regions between four studied species
of the Baikal sponges. We observed minimal dif-
ferences between L. baicalensis and S. papyracea (90%).
Therefore, the example of two intergenic regions shows
the general tendency of the maximum similarity of L.
baicalensis and R. echinata in distribution and locali-
zation of secondary elements in the noncoding mito-
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chondrial DNA. This can be explained by the presence
of the common ancestor for these two species, which
phylogenetic reconstructions confirm based on the
nucleotide sequences of 14 protein-coding genes of the
mitochondrial DNA (Maikova et al., 2015).

The presence of both, identical hairpins in all
sponges of the Lubomirskiidae family and unique hair-
pins in certain species, may indicate their repeated
introduction into the mitochondrial genome of the
Baikal sponges during evolution. Interestingly, in the
Baikal sponges, like in different Demospongiae repre-
sentatives, the bulk of secondary elements found in the
intergenic mtDNA regions have increased GC-content,
which can reach 100 % (Gazave et al., 2010). This can
also indicate the continuity of these structures at high
taxonomic levels.

The presence of hairpins conservative in the
nucleotide sequence and localization among repre-
sentatives of different genera of closely related Baikal
sponges suggests that they can have functional load.

Similar hairpins with GC-clusters were charac-
terized as recombination sites in fungi (Paquin et al.,
2000). This assumption is also supported by the fact
that homologous hairpins vary significantly in loops,
hence, they cannot be involved in various regulatory
processes, such as the regulation of transcription. At the
same time, the existence of conservative and homolo-
gous secondary elements in closely related sponge
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Fig. 2. Fragment of the sequence secondary structure from the mitochondrial DNA region of L. baicalensis located between
the tRNAT™ and tRNA™ genes: A — possible combination of H8 and H5 hairpins, but not conservative in the mitochondrial DNA
of the Baikal sponges, B — secondary structure conservative in the mitochondrial DNA of the Baikal sponges consisting of H3 and

H4 hairpins.

species indicates a possible exchange of genetic mate-
rial between them (Paquin et al., 2000; Erpenbeck et
al., 2009).

4. Conclusions

Search and comparative analysis of inverted
repeats has identified interesting features. Firstly, the
mitochondrial DNA of the Baikal sponges has a large
number of inverted repeats capable of forming hair-
pins, which is unusual for sponges. Secondly, we have
found the continuity of these structures among repre-
sentatives of different genera of the Lubomirskiidae
family. The genetically closest species have shown the
highest similarity in their distribution and localiza-
tion. We have indicated that secondary elements are
single and double hairpins similar to those of some
other organisms in the mitochondrial DNA, where they
are regarded as mobile elements. The results obtained
within this study allow us to have a deeper insight into

not only mechanisms of explosive speciation of closely
related species of the Baikal sponges, but also the evolu-
tion of the mitochondrial genome in general.
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ABSTRACT. In this study, we analyze the diversity of flagellated protozoa Diplomonadida, which are
parasites in the digestive system of animals, in fishes of East Siberia. We have developed a meth-
od to diagnose the presence of DNA of Diplomonadida representatives, in particular, of Spironucleus
barkhanus, in the analyzed samples. In our previous studies, we used molecular genetic methods to
analyze salmonids of East Siberia for the presence of diplomonads and to determine the infection.
The analysis of genetic diversity of diplomonads in the fishes of the genera Coregonus and Thymallus
revealed the presence of one species, S. barkhanus. However, in addition to a cosmopolitan genotype
widespread among Holarctic salmonids, in C. migratorius and C. lavaretus baicalensis, we have found a
new genotype obviously different from those registered previously. Probably, S. barkhanus of this geno-
type is endemic for Lake Baikal. To determine a probable parasite exchange between C. migratorius and
other fish species in the pelagic zone of Lake Baikal, we performed a screening of near-shore pelagic
and pelagic cottoid fish for the presence of S. barkhanus. The analysis did not indicate the presence of
DNA of S. barkhanus in the studied samples. We suppose the presence of other diplomonads species in
endemic cottoid fish different from S. barkhanus.

Keywords: molecular genetic methods, Lake Baikal, Coregonus, Thymallus, Comephorus, Cottocomephorus

Diplomonadida are the flagellated protozoa
that for many years have been considered the most
primitive of eukaryotes, since they lack the typical
mitochondria, peroxisomes and the Golgi apparatus
(Keeling and Doolittle, 1997). The discovery of several
varieties of mitochondria in Diplomonadida revealed
that their cells were secondarily simplified, and these
protists cannot be an intermediate stage in the forma-
tion of organelles in the general scheme of the evolu-
tionary history of eukaryotes (Jerlstrom-Hultqvist
et al.,, 2013). The order Diplomonadida includes the
genera Spironucleus, Hexamita, Trepomonas, Trimitus,
Enteromonas, Octomitus, and Giardia (Kolisko et al.,
2008). The species Hexamita are mostly free-living
anaerobic organisms inhabiting bottom sediments. At
the same time, other taxa are almost purely commen-
sals and pathogens, which usually inhabit the digestive
system of mammals, birds, reptiles, amphibians, arthro-
pods, molluscs, and fishes (Williams et al., 2011).

Diplomonads are of special interest for veteri-
nary and agricultural organisations due to the severe
pathologies that they cause in bred animals. Species of
the genus Spironucleus are of particular attention, since
they can cause devastating episodes of systemic infec-
tions in both ornamental and commercial fishes. These
ubiquitous flagellates are found in cold, temperate and

*Corresponding author.
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tropic waters and can infect a wide range of fresh-
water and marine fishes, as well as molluscs and crus-
taceans (Noga, 2010). The fish industry (and aquacul-
ture in general) is becoming increasingly important in
the world, since the natural fish stocks are depleted.
At the same time, fishes and other objects of aquacul-
ture are especially susceptible to outbreaks of diseases
caused by diplomonads. For instance, Spironucleus
salmonicida Jorgensen & Sterud, 2006 caused massive
episodes of systemic infections in the farm-raised Salmo
salar Linnaeus, 1758 and Oncorhynchus tshawytscha
(Walbaum, 1792) (Kent et al., 1992; Poppe and Mo,
1993). The life cycle of diplomonads is direct and
includes the stage of mobile parasitic trophozoite, which
is generally followed by a stage of cysts. Infection rate
is extremely high, especially in aquaculture, which also
leads to a significantly high risk of host death.

The biology and ecology of species of the genus
Spironucleus are poorly investigated in many aspects,
including specific hosts, geographic ranges, trans-
mission mechanisms, and pathogenicity of different
species. Lack of knowledge is a serious limitation in
disease control, since it impedes an accurate diag-
nosis and identification of the infection source. These
obstacles are primarily associated with difficult detection
of the genera and species of the order Diplomonadida,

© Author(s) 2018. This work is distributed under
the Creative Commons Attribution 4.0 License.
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which also explains the confusion in the nomenclature.
The descriptions of the diplomonads are incomplete.
Morphological studies using scanning and transmission
microscopy often do not allow accurate identification
of species. For example, Spironucleus barkhanus Sterud,
Mo, & Poppe, 1998 has been described for a long
time as eukaryotic organism of two morphologically
similar types (nonpathogenic freshwater and patho-
genic marine) (Sterud et al., 1998). Based only on the
molecular genetic analysis, the representatives of this
pathogenic genotype were described as a new species
(S. salmonicida). Subsequently, the gene sequences of
the small subunit ribosomal DNA were determined for
all known species of diplomonads isolated from fishes
and belonging to the genus Spironucleus: S. barkhanus,
S. salmonicida, S. salmonis, S. torosa, and S. vortens.
Previously, they were studied by ultrastructure ana-
lysis (Jgrgensen and Sterud, 2006). Therefore, molec-
ular genetic analysis plays a key role in detection and a
correct identification of diplomonads in fishes.

Despite the relatively high level of knowledge
about animals of Lake Baikal and water bodies of
East Siberia, data on the species composition of para-
sitic protozoa are still fragmentary and incomplete.
Previously, representatives of the genus Hexamita
were described by morphological characteristics
in Coregonus migratorius (Georgi, 1775), Thymallus
baicalensis Dybowski, 1874, Thymallus brevipinnis
Svetovidov, 1931, Leuciscus baicalensis (Dybowski,
1874), Lota lota (Linnaeus, 1758), and endemic
cottoid fish: Batrachocottus multiradiatus Berg, 1907,
Batrachocottus nikolskii (Berg, 1900), Cottocomephorus
grewingkii (Dybowski, 1874), and Limnocottus bergianus
(Taliev, 1935) (Zaika, 1965; Pronin, 2001; Pugachev,
2001; Rusinek, 2007).

Nucleotide sequences of a gene fragment of the
small subunit ribosomal RNA were obtained in the
study of the microbiota from the intestinal tract of T.
baicalensis from the Angara River. These sequences
were identical to S. barkhanus from Thymallus thymallus
(Linnaeus, 1758) and Salvelinus alpinus (Linnaeus, 1758)
(Belkova et al., 2008; 2009). Based on the sequences
obtained, a diagnostic system was developed allowing
detection of diplomonads and determination of their
species (genotype).

In this study, we performed molecular genetic
studies by standard methods: DNA was extracted using
a DNA-Sorb-B kit according to the manufacturer’s
instructions (Ampli-Sens, Moscow); PCR was carried

Table 1. Primer pairs used in the study

SP+1F DPSF DPR1+ SP+R
—— — — —
DPFUN DPR

Small subunit ribosomal RNA gene

Fig. 1. Schematic arrangement of primers on the gene
sequence of the small subunit rRNA

out in a standard reaction mixture.

The regions conservative for eukaryotes
(DpFun-DpR) served as primer to diagnose the presence
of DNA of diplomonads. At the same time, the diffe-
rence in the length of the observed gene fragment in
diplomonads (~450 bp) and other eukaryotic orga-
nisms (~630 and more) provided the specificity of the
target amplicons. Gene fragments of the small subunit
rRNA of S. barkhanus were amplified using species-
specific primers developed and tested in this study
(Table 1, Fig. 1).

Using the developed diagnostic system, we deter-
mined infection in the representatives of the genera
Coregonus and Thymallus (Denikina et al., 2011; 2016;
2017).

The representatives of the genus Thymallus
occupy a large area of unconnected basins of the
Palaearctic and Nonarctic rivers and lakes. Analysis of
fish of the genus Thymallus from water bodies of East
Siberia and Mongolia has shown an obvious trend in
infection of graylings S. barkhanus in the catchment area
of the Angara River: the minimum in Lake Khubsugul
(38.5 %), the significant amount in the Barguzin River
and Lake Baikal (80.0 and 85.2 %, respectively) and
the maximum in the Angara River (100 %) (Denikina
et al., 2011).

The genus Coregonus in water bodies of south-
eastern Siberia is represented by species that occupy
different ecological niches and have different food
strategies. S. barkhanus infection rate in C. migra-
torius varies from 29.3 to 76.2 %. Coregonus lavaretus
baicalensis Dybowski, 1874 is slightly infected (10-20%).
The infection rate of Coregonus species in the Barguzin
River was 12.5 %, in the tributaries of the Lena River
is even lower. Therefore, habitat conditions, food pre-
ferences, behaviour and morphological features of the
jaw structure are the determining factors of infection
(Denikina et al., 2016).

Analysis of the genetic diversity of diplomonads
in fish of the genera Coregonus and Thymallus revealed

Direct primer sequence

Reverse primer sequence Amplicon

length (bp)

DPFUN 5’-GCCAGCAGCCGCGGTAATTCC DPR 5-AGCCGCAGACTCCACRTCT 450
DPSF 5’- CAGCCGCGGTAATTCCGACAC DPR1 + 5’- AGCCGCAGACTCCACGTCTGGTGG 450
DPSF 5’- CAGCCGCGGTAATTCCGACAC Sp+R 5-GCAGCCTTGTTACGACTTCTCC 984

Sp+1F 5-GCCATGCATGCCTATGTGTAGAC | DpR1+ 5- AGCCGCAGACTCCACGTCTGGTGG 881
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the presence of a single species of S. barkhanus. At the -~ S AS
: . d 9 SEVERQ

same time, along with the cosmopolitan genotype,
which is widespread in salmonid fish of Holarctic, in
C. migratorius and C. lavaretus baicalensis we found a
new genotype significantly different from all previously
recorded ones. S. barkhanus of this genotype is likely

to be endemic for Lake Baikal (Denikina et al., 2016; RHIGALOVO
2017). ‘

To identify a possible parasite exchange between b
C. migratorius and other fish species in the pelagic zone Kachua

of Lake Baikal, we screened the coastal-pelagic and
pelagic cottoid fish for the presence of S. barkhanus. To
investigate the infestation of endemic species of cottoid s
fish, we collected the material from 25 May to 15 June
2011 throughout the entire water area of Lake Baikal.
The fishes were collected with an RK-15/30 midwater
trawl at different depths. In total, we investigated 27
specimens of Comephorus dybowski Korotneff, 1905, 5
specimens of Comephorus baicalensis (Pallas, 1776), 11
specimens of Cottocomephorus inermis (Jakowlew, 1890),
58 specimens of Cottocomephorus grewingkii (Dybowskii,
1874), and 60 specimens of Cottocomephorus alexandrae
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Taliev, 1935 (Table 2, Fig. 2).

The necessity of these experiments was
due to the following circumstances. i) Along with
C. migratorius, five endemic Cottoidei species inhabit
the open pelagic zone of Lake Baikal: pelagic species
(C. baicalensis and C. dybowski) and three benthope-
lagic species of the genus Cottocomephorus (C. inermis,
C. grewingkii and C. alexandrae). The habitats of
these species coincide with those of C. migratorius in
the winter and spring period. ii) The food spectra of

these species are similar with the food spectrum of C. B
migratorius in the feeding period and includes Trawl coordinates Fish species Quapt1ty,
zooplankton: Epischura baikalensis Sars, 1900 and speciien
Macrohectopus branickii (Dybowsky, 1874). iii) T. 51°51’17”N C. dybowski 5
baicalensis inhabit the coastal zone of Lake Baikal, where 104°37’39”E C. baicalensis 3
bentopelagic cottoid fish spawn. There is evidence of 52003°67”N )
the finding of Hexamita in C. grewingkii (Zaika, 1965). 106°02’15”E. C. dybowski S
Since species determined in 1965 is rather ambiguous . .
S . e o C. baicalensis 2
considering the revised classification, and the indicated 52008’94”N
localization (the intestine and gallbladder) corresponds 105°81’32”EF. C. alexandrae 10
to S. barkhanus, the analysis was necessary. All above- C. inermis 3
mentioned ecological features of cottoid fish inha- 52025°46”N o
biting the pelagic zone of the lake suggest that they 106°02’417E. C. grewingkii 10
have diplomonads, which were previously found in o
: . . : 52°46’53”N .
T. baicalensis and C. migratorius. However, the anal- 106%67°597E. C. dybowski 5
ysis did not reveal the presence of S. barkhanus in the
studied DNA samples. The presence of Hexamita in C. 52°58'42"N C. inermis 1
grewingkii (Zaika, 1965) and the absence of S. barkhanus 106°97°38”E
in our samples can be explained by the fact that the fish 53°43’39”N C. inermis 3
studied differed greatly. Most likely, in (Zaika, 1965) 108°68°59”E )
fish for parasitological analysis were collected from the 53046'57"N ‘ ‘
coastal zone of Lake Baikal. C. grewingkii is the most 107°60°67”E C. inermis 3
numerous representative of the shallow water ichthyo-
cenosis. Within a species, three spawning populations e n C. alexandrae 30
(schools) are distinguished at different times: March, 52 ?8 ?4 },\I C. grewingkii 20
May, and August (Taliev, 1955; Koryakov, 1972). 106°18°06”E C. inermis 1
Multi-layer rocky grounds in the coastal zone of the .
lake serve for C. grewingkii as a substrate for spawning. Qe C. grewingkii 28
grewing p g 52°31’85”N
In schools of C. grewingkii spawning at different times, 106°05’97”E. C. alexandrae 20
the incubation period for the development of clutches C. dybowski 12
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Ivolginsk

Tarhaoatay

Fig. 2. Schematic sample collection map, May-June 2011

Table 2. Specimens of cottoid fish, Lake Baikal May-June

2011
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ranges from 20 to 80-90 days depending on spawning
season and temperature conditions during the develop-
ment of eggs. Male protects the clutch from the moment
of spawning to the appearing of larvae. Most males die
after the period of clutch protection. This zone is the
main feeding ground for the T. baicalensis, which infec-
tion rate reaches 85.2 %. We assumed that C. grewingkii
samples with Hexamita (Zaika, 1965) were collected
in the spawning area. Therefore, we did not detect S.
barkhanus in the open pelagic zone of the lake in the
fattening C. grewingkii specimens. It is also likely that
diplomonads in salmonid and cottoid fish were attri-
buted to the same species by mistake, since previous
data by (Zaika, 1965) were obtained using methods of
light microscopy. In this case, cottoid fish may have
other diplomonads species than S. barkhanus. This
assumption requires additional studies.
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ABSTRACT. We have studied the fauna of Hydra in the waters of the Baikal region using morphological
and molecular genetic methods. By the external morphological features of the structure of the polyp
and the microscopic study of nematocysts, we have identified four species belonging to three different
genetic groups: “oligactis group” (Hydra oligactis, H. oxycnida), “braueri group” (H. circumcincta) and
“vulgaris group” (H. vulgaris). Molecular phylogenetic analysis has confirmed the species status of the
hydras studied. The intraspecific genetic distances between the Baikal and European hydras are 1.5-
4.2% and 0.4-2.7% of the substitutions in COI and ITS1-5.8S-ITS2 markers, respectively, while, inter-
specific distances for different species significantly exceed intraspecific and amount to 9.8 —16.1% and
6.4 —32.1% of substitutions for the markers COI and ITS1-5.8S-ITS2, respectively. The temperature
regime of the water and the availability of food resources, which play a key role in the reproduction
of hydras, determine the habitats of the identified species. The research performed has replenished the
regional fauna with species whose findings were previously considered presumptive or doubtful. The
first record of H. vulgaris in the artificial reservoir near the Angara River (Lake Kuzmikhinskoye) will

help to clarify the distribution of this species.

Keywords: Baikal region, Hydra, nematocysts, molecular phylogenetic analysis

1. Introduction

Hydra is a member of the ancient phylum
Cnidaria, class Hydrozoa, order Hydroida, family
Hydridae. Genus Hydra comprises 15 species (Jankowski
et al., 2008), five of them are found in Europe: Hydra
viridissima Pallas, 1766, H. circumcincta Schulze, 1914,
H. oligactis Pallas, 1766, H. vulgaris Pallas, 1766 and H.
oxycnida Schulze, 1914 (Schuchert, 2010).

There have been no detailed studies of the
fauna of the cnidarians in Lake Baikal. According
to available literature data, four species of fresh-
water hydroids of the genus Hydra were recorded in
Lake Baikal: H. baikalensis, H. oligactis and, rarely, H.
circumcincta, H. oxycnida (= H. oxycnidoides sensu
Shultze, 1927) (Kozhov, 1962; Stepanyants et al., 2003;
2006). Gajewskaja supposed the existence of H. vulgaris
in Lake Baikal (Gajewskaja, 1933); however, subse-
quent researchers never found H. vulgaris, as well as H.
oxycnida, and doubted their presence in the lake. In the
“Index of animal species inhabiting Lake Baikal and its
catchment area”, only two species are mentioned: H.
oligactis and H. baikalensis (Stepanyants and Anokhin,
2001).

The aim of this work was to study the diversity
of the fauna of the hydroids in the Baikal region using
morphological and molecular genetic methods.

*Corresponding author.

E-mail address: tatiana.peretolchina@gmail.com (T.E. Peretolchina)

2. Materials and methods

Hydras were collected at depths of 1 to 18 meters
by a scuba diver and with hands: 1) along the littoral
zone of Lake Baikal; 2) in Posolsky Sor. Hydras together
with aquatic plants were also collected by hands from
lakes Zama (near Lake Baikal) and Kuzmikhinskoye
(the artificial reservoir near the Angara River) at depths
of 0.5 m (Fig. 1). Typically, representatives of Hydra
were brought live to the laboratory, but some samples
were fixed in 80% ethanol in the field.

The nematocysts of Hydra representatives
(stenoteles, desmonemes holotrichous and atrichous
isorhizas) were photographed using Olympus CX22
microscope with 1000-fold magnification under
oil immersion. Morphometric measurements of
holotrichous isorhizas and stenoteles were carried out
with the Image-Pro program (Table 1). Hydras spe-
cimens were identified according to keys provided by
Schuchert (2010) and Anokhin (2002).

DNA was extracted from a single live or fixed
specimen according to the protocol described by Doyle
and Dickson (1987). Gene fragments of mitochondrial
cytochrome c oxidase subunit I (COI) and internal
transcribed spacer 1 — 5.8S ribosomal DNA - internal
transcribed spacer 2 (ITS1-5.8S-ITS2) were amplified
in PCR using the primers listed in Table 2. The PCR

© Author(s) 2018. This work is distributed under
the Creative Commons Attribution 4.0 License.
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O H. oligactis
O H. oxycnida

© H. circumcincta
O H. vulgaris

Fig. 1. A - Sampling sites of Hydra; B — photos of massively growing H. oligactis on the dying Porifera (a, b) and on the fila-

mentous algae (c) (photos by I.V. Khanaev)

amplification conditions for both molecular markers
were as follows: denaturation at 94 °C for 5 min, 30
cycles at 94 °C for 30 sec, 50 °C for 45 sec, 72 °C for
2 min, and a final elongation step at 72 °C for 10 min.
Direct sequencing of forward sequences was performed
in Research and Production Company SYNTOL (Russia)
using an ABI 3130 automated sequencer.

The DNA sequences obtained were edited in
BioEdit v.7.2.5 (Hall, 2011) and aligned using ClustalW
(Thompson et al., 1994) and MAFFT v.6.240 (Katoh et
al., 2002). Resulting COI alignment was translated to
check for the absence of stop codons. To confirm species
identity, we compared our sequence dataset with the
published ortholog sequences from other members of
Hydra and analyzed genetic distances using Mega v.6
(Table 3) (Tamura et al., 2013).

Phylogenetic analysis was performed using
MrBayes v.3.2 (Ronquist and Huelsenbeck, 2003).
The dataset consisted of eight combined COI+ITS1-
5.8S-ITS2 sequences: four sequences of hydra spe-
cimens produced for this study and four ones of spe-
cimens belonging to European species: H. circumcincta
(GU722853, GU722669), H. oligactis (GU722868,
GU722691), H. vulgaris (GU722918, GU722744) and
H. oxycnida (GU722876, GU722690) (Martinez et al.,
2010) retrieved from GenBank. To estimate the poste-

rior probabilities of the phylogenetic tree, we used
15,000,000 generations of Metropolis-coupled Markov
chain Monte Carlo simulation (two runs with four
chains). We used the jModelTest v.2.1 (Darriba et al.,
2012) to determine the substitution models for the three
genes separately. The best-fit model for phylogenetic
analysis in each case was GTR +I1+G. We constructed
a majority-rule (50%) consensus tree following 25%
burn-in of all sampled trees to allow likelihood values
to reach stationary equilibrium.

3. Results and discussion

All Hydra samples collected were identified by
external morphology of polyps and microscopic exa-
mination of their nematocysts as H. oligactis, H. oxycnida
(“oligactis group”), H. circumcincta (“braueri group”)
and H. vulgaris (“vulgaris group”) (Fig. 2).

The consensus tree topology (Fig. 3) based on
combined sequence data (COI and ITS1-5.8S-ITS2)
have confirmed that hydras from the Baikal region
belong to four species: H. circumcincta, H. oligactis, H.
vulgaris and H. oxycnida. The intra-specific distances
of hydras from the Baikal region and Europe do not
exceed 5% that indicate species level of the samples
studied (Martinez et al., 2010; Schwentner and Bosch,

Table 1. The nematocysts sizes of different species of Hydra from the Baikal region

Species holotrichous isorhiza stenotele

width, um length, um n width, yum length, um n

X+m min | max X+m min | max X+m min | max X+m min | max

H. oligactis 42+<0.1| 3.1 | 5.2 8.8+0.1 7.4 (11.4] 100 | 9.6x0.1 9.1 |99 | 129+0.2 |12.2|13.6| 8
H. oxycnida 4.2+0.1 39 | 48] 101+0.2 | 89 |11.4| 15 | 11.8*+0.2 |10.7 |12.8| 20.3+0.5 |18.0(22.8| 9
H. circumcincta| 5.8+0.1 49 | 6.7 8.6+0.1 75194 | 29 | 11.6*+0.5 |10.6|12.6(13.6*+<0.1|{13.5|13.6| 3
H. vulgaris 4.7+0.1 42 | 5.2 ] 10.2+0.2 | 79 [12.4]| 19 | 12.6*+2.2 | 99 |[25.6| 16.4*+2.6 |11.6|31.9| 7
X- mean, m — standard error of mean, min and max — limits, n — number of measurements
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Table 2. Primers used in this study

Gene

Primer

Reference

ITS1-5.85-ITS2

COI LCO1490: 5-GGT CAA CAA ATC ATA AAG ATA TTG G-3’
HCO02198: 5’-TAA ACT TCA GGG TGA CCA AAA AAT CA-3’

ITS1 (f): 5-TCC GTA GGT GAA CCT GCG G-3’
ITS4 (r): 5’- TCC TCC GCT TAT TGA TAT GC-3

Folmer et al. (1994)

White et al. (1990)

2015). Inter-specific distances varied from 9.8% to
16.1% between COI sequences and from 6.4% to 32.1%
between ITS1-5.8S-ITS2 sequences for different species
of Hydra (Table 3). Large genetic distances between
hydras belonging to different genetic groups deter-
mined by ITS1-5.8S-ITS2 marker can be explained by
presence of indels obtained after alignment.

Below are the ecological and morphological cha-
racteristics of the studied species (the description of the
species based on morphological characters according
to Schuchert (2010) and measurements of nematocysts
(Table 1)):

Phylum Cnidaria Verrill, 1865

Subphylum Medusozoa Peterson, 1979

Class Hydrozoa Owen, 1843

Subclass Hydroidolina Collins 2000

Order Anthoathecata Cornelius, 1992

Family Hydridae Dana, 1846

Hydra oligactis Pallas, 1766, syn.: Hydra fusca
Linnaeus, Hydra roeselii Haacke, Hydra rhaetica Asper,
Hydra rhistica Asper, Pelmatohydra oligactis Schulze.

Description. The Baikal Hydra is large, typically
with 5-7 long tentacles and a more or less distinct
pedicel. The cnidome includes four types of nema-
tocysts: stenoteles, holotrichous isorhizas, atrichous
isorhizas and desmonemes (Fig. 2E-H). Holotrichous
isorhizas are elongated, with a length/width ratio of
approximately 2, and with thread-forming longitudinal
irregular coils inside the capsule. Other types of nema-
tocysts are of a size and shape typical of hydras. Sexes
are strictly separated, no sex change, the onset of game-
togenesis stops vegetative budding.

Distribution. Lake Baikal: Port Baikal, Ulanovo,
Listvennichny Bay, Bolshie Koty, Varnachka, Sobolev
Cape, Turali Cape, Elokhin Cape, Mukhor Bay, Posolsky
Sor; Lake Kuzmikhinskoye (Artificial reservoir near
the Angara River). This species is also widespread and
common on the entire European continent, including
the British Isles and Iceland as well as Russia and North

America (Hyman, 1930; Holstein, 1995; Stepanyants et
al., 2006).

Hydra oxycnida Schulze, 1914, syn.: Hydra
oxycnidoides Schulze, 1927, Hydra pirardi Brien, 1961.

Description. Very large dark brown Hydra without
pedicel, stenoteles are markedly ovoid (Fig 2D), width/
length ratio is 0.6, and upper part is characteristically
pointed. Holotrichous isorhizas are ovoid to oval, the
length/width ratio is >2 (Fig. 2B), there is shaft in
intact capsule thread in 3-4 oblique or transverse coils
in the upper part of capsule. Tentacles are 7-8, rarely
6-11, relatively short, extended and reaching only 1/4
to 1/3 of body length, polyp buds form tentacles simul-
taneously. Sexes are strictly separated, no sex change,
the onset of gametogenesis stops vegetative budding
and nematocyst production.

Distribution. Lake Baikal (Posolsky Sor).
Additionally, it occurs in Russia (Holstein, 1995) and is
common in Northern Europe (Schuchert, 2010).

Hydra circumcincta Schulze, 1914, syn.: Hydra
braueri Bedot, 1912, Hydra stellata Schulze, 1914, Hydra
ovata Boecker, 1920, Hydra graysoni.

Description. Small Hydra with short tentacles, no
pedicel, holotrichous isorhizas are ovoid (Fig. 2K), the
length/width ratio is <1.5, there is thread in 3-4 distinct
coils in the upper part of capsule, stenoteles are ovoid
(Fig. 2L), with two size classes, the width/length ratio
is approximately 0.85. Hypostome is conical, below
hypostome there are usually six tentacles, sometimes
five tentacles, tentacles are shorter than hydranth body
(ratio < 0.5), held horizontally. Contracted hydranths
are with star-shaped tentacle crown. Vegetative multi-
plication is by buds, which are relatively basal, ten-
tacles of buds are formed simultaneously, usually six in
number. Vegetative and sexual reproduction can occur
simultaneously. Sexual reproduction is as hermaphro-
dites, sometimes proterandric.

Distribution. Lake Zama (near Lake Baikal).
They are also found in Russia, Japan, North America

Table 3. Pairwise p-distances between COI (below diagonal) and ITS1-5.8S-ITS2 (above diagonal) for different species of
Hydra. Intra-specific pairwise p-distances are in bold.

H. oxycnida H. oligactis H. vulgaris H. circumcincta
H. oxycnida 0.015 (0.004) 0.064 0.205 0.317
H. oligactis 0.098 0.018 (0,007) 0.214 0.321
H. vulgaris 0.123 0.122 0.042 (0.026) 0.251
H. circumcincta 0.161 0.158 0.132 0.036 (0.027)
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Fig. 2. Nematocysts of different Hydra species: A-D — H. oxycnida; E-H - H. oligactis; I-L — H. circumcincta; M-O - H.
vulgaris. A, E, J, N — atrichous isorhizas; C, F, I — desmonemes; B, G, K, M - holotrichous isorhizas; D, H, L, O - stenoteles.

Scale bar is 10 pm.

(Heitkamp, 1986; Holstein, 1995; Stepanyants et al.,
2006) and in Europe, including the British Isles, except
for Iceland (Schuchert, 2010).

Hydra vulgaris Pallas, 1766, syn.: Hydra grisea
Linnaeus, 1767, Hydra vulgaris aurantiaca Ehrenberg,
1838, Hydra trembleyi Haacke, 1879.

Description. Medium sized Hydra, extended
hydranth is usually 3-6 mm, may reach sizes of up to
15 mm, with 6-8 long tentacles, without algal symbi-
onts, no or indistinct pedicel, holotrichous isorhizas
are oblong, the length/width ratio is >2, thread is
in 4-5 oblique or transverse coils the in upper part of
capsule, stenotele width/length ratio is approximately
0.78 (Fig. 2M, O). Vegetative multiplication is by buds
located in lower third of the body, usually there are
only 1-2 buds, rarely 3-4, initial four tentacles of buds
are formed more or less simultaneously, later more
tentacles develop, and, thus, tentacles are transiently
of unequal length. Vegetative and sexual reproduction
can occur simultaneously. Sexual reproduction of gono-
choristic and hermaphroditic animals is very rare. In
hermaphrodites, male and female gonads are mixed,
and are not in separate regions.

Distribution. Lake Kuzmikhinskoye (Artificial
reservoir near the Angara River). In Russia, it was
found in the Far East (Stepanyants et al., 2006). It also
inhabits the entire European continent and the British
Isles (Schuchert, 2010).

Currently, among the hydras listed above, in
open Lake Baikal only H. oligactis occurs, mass growth
of which has been observed in the last decade (Fig.
1B). Representatives of this species are capable of
very intense budding: 10-20 young polyps that have
not yet budded are found on one maternal specimen
(Stepanyants et al., 2003; Tokolyi et al., 2016). For this
reason, H. oligactis became the most widespread repre-
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Fig. 3. Combined COI and ITS1-5.8S-ITS2 phylogenetic
tree. Haplotypes of hydras from the Baikal region are in bold

sentative of freshwater cnidaria in almost all conti-
nental waters. Previously, representatives of hydras
were found in small numbers in the coastal zone of Lake
Baikal. The first record of the mass development of H.
oligactis was in the 2000s (Stepanyants et al., 2003).
Now, it is abundant along the open coasts of all three
basins of Lake Baikal. In the last decade, the blooming
of filamentous algae (Spirogyra, Ulotrix and others) and
the trend towards a more widespread distribution of
invasive species, in particular, Elodea canadensis, have
been observed in Lake Baikal (Kravtsova et al., 2010).
In addition, mass death of the endemic species of
Porifera (Denikina et al., 2016; Khanaev et al., 2018) is
currently observed. On the contrary, representatives of
Hydra acquire a significant role along the open coasts
of Lake Baikal.

According to the literature data, the temperature
optimum for sexual reproduction of H. oligactis is 10-12
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°C, and for vegetative budding is 18-22 °C (Littlefield,
1991). The water temperature in the surface layer of
the coastal zone of the Lake Baikal in summer does not
exceed 16 °C (Timoshkin et al., 2018). Despite the fact
that the water temperature in Baikal is slightly lower
than the temperature optimum for vegetative repro-
duction, H. oligactis exhibits intensive budding and
develops along the open coasts of the lake in all three
basins.

Due to the global climate change since the early
70s of the past century, an increase in air temperature
has been observed in the Baikal region during all seasons
of the year, especially in winter, as well as an increase
in the duration of the ice-free period of Lake Baikal and
warming of its surface waters (in May-September) by 1
°C (Shimaraev et al., 2002). However, such increase in
temperature hardly contributes to the mass distribution
of other Hydra species in open Baikal, in particular, H.
oxycnida, H. circumcincta and H. vulgaris.

Rare species H. oxycnida was found in 2015
together with H. oligactis on the leaves of Potamogeton
perfoliatus in the coastal zone of Lake Baikal, Posolsky
Sor, where the temperature of water during the summer
may reach 24°C (Kozhov, 1947). Despite the existing
water exchange between Posolsky Sor and open Baikal,
H. oxycnida has not been observed yet outside this
area, unlike H. oligactis. Perhaps, the rare records of
H. oxycnida, even in the coastal zone, are due to not
only environmental conditions but also the biological
features of this species, which are the lower rate of
budding during the vegetative reproduction than in H.
oligactis (Schuhert, 2010).

The habitats of other representatives of Hydra
are confined to shallow water bodies located in areas
adjacent to Lake Baikal. H. circumcincta lives in Lake
Zama near Lake Baikal. The maximum depth of Zama
is 1.5 m (average is 1 m); bottom sediments are sand
with detritus and pebble covered with silt. The water in
the lake is yellowish; the temperature in August is 18.4
°C. There are thickets of Potamogeton and Ceratophylum;
Copepoda (77,000 specimens/m?2), Rotatoria (52,000
specimens/m?) and Cladocera (20,000 specimens/
m?) dominate in zooplankton (Koryakov et al., 1977).
The abundance of food for hydras is also an important
factor influencing the biological characteristics of the
species as well as temperature. The availability of food
resources plays a key role in the change of the repro-
duction strategy of hydras (Kaliszewicz and Lipinska,
2013).

In 2018, H. vulgaris was found in the Baikal region
for the first time in Lake Kuzmikhinskoye located near
the Angara River, downstream dam. This is an artificial
reservoir created during the construction of the Irkutsk
Hydroelectric Power Station in 1950. The lake has a
length of 430 m, a width of 145 m and a maximum
depth of 2.7 m (Kamaltynov and Kamaltynov, 2000).
Bottom sediments in the lake consist of silted sand with
pebbles and plant detritus; occasionally fragments of
marble rocks are found. The summer water temperature
in the lake is over 20 °C. Elodea canadensis dominates
among the aquatic plants. Apparently, the temperature
regime in Lake Kuzmihinskoye corresponds to those in

111

the water bodies of Europe and the Far East.

Conclusions

Thus, in the Baikal region, the fauna of hydras is
represented by typical inhabitants of freshwater bodies
of northern latitudes. The morphological and molecular
genetic analysis of the hydras from the Baikal region
water bodies studied allowed us to uniquely identify
four species: H. oligactis, H. oxycnida, H. circumcincta
and H. vulgaris. In open part and in the coastal zone
of Lake Baikal, only representatives of the “oligactis
group” were found: H. oligactis and H. oxycnida. The
regional fauna of the hydra has been replenished with
species whose findings were previously considered
presumptive or doubtful. The record of H. vulgaris in the
Baikal region makes the species area less fragmented
since it was previously found only in water bodies of
Europe and the Far East.
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ABSTRACT. Aimed at the study of phenetic and taxonomic relationships of Baikal endemic sculpins
of the genus Asprocottus Berg 1906, the author has carried out a morphometric investigations by 11
meristic and 29 plastic characters as well as analyzed nonmetric features: coloration peculiarities of
specimens, form and location of bony spinelets on the integuments, morphology of the sensory system
organs and the number of preopercular spines. The results of the study have confirmed the validity of
seven species: A. herzensteini, A. abyssalis, A. intermedius, A. korjakovi, A. parmiferus, A. platycephalus,
and A. pulcher. Based on the revision of the diagnostic features, the author proposes the new key to

determine species.
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1. Introduction

The genus Asprocottus established by L.S. Berg
(Berg, 1906), and originally included only one species:
A. hergensteini (Berg, 1906; 1907; 1933; 1949). Then,
D.N. Taliev (1955) extended its composition by moving
the species from other genera A. gibbosus (from the
genus Abyssocottus), A. pulcher (from Cottinella) and
A. megalops with subspecies A. m. eurystomus and A.
kozovi (from Limnocottus). Moreover, representatives of
A. hergensteini: A. herzensteini abyssalis, A. herzensteini
intermedius, A. herzensteini parmiferus, and A. herzensteini
platycephalus were described as subspecies, but later
this status was elevated to species (Sideleva, 1982).
Subsequently, new species A. korjakovi and A. korjakovi
minor were described, and A. intermedius was indicated
as a synonym of A. herzensteini (Sideleva, 2001).

Currently, the genus is usually considered to
consist of eight species: A. herzensteini, A. abyssalis,
A. intermedius, A. korjakovi, A. minor, A. parmiferus, A.
platycephalus, and A. pulcher (Bogutskaya and Naseka,
2004; Eschmeyer et al., 2018). However, there are
doubts about the validity of A. intermedius and the
taxonomic rank of A. minor / A. korjakovi minor. In
this regard, it is necessary to conduct a study aimed at
clarifying the taxonomic boundaries of species and the
development of a new key for their determination.

2. Material and methods
The study was carried out on the material

collected by the author in 2000 — 2004 as well as

*Corresponding author.
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archival materials of Laboratory of ichthyology of LIN
SB RAS collected by V.G. Sidelyova, A.N. Telpukhovsky,
P.N. Anoshko, I.V. Khanaev, and S.V. Kirilshik in
1977 - 2009. Fishes were caught with gill nets and
beam-trawl. In total, we examined 22 specimens of A.
herzensteini, 14 — A. abyssalis, 17 — A. intermedius, 20 —
A. korjakovi, 38 — A. minor, 14 — A. parmiferus, 68 — A.
platycephalus, and 30 — A. pulcher. Species were identi-
fied by meristic features, peculiarities of coloration and
morphology of the seismosensory system organs spe-
cified in the original descriptions and subsequent revi-
sions (Berg, 1906; 1949; Taliev, 1955; Sideleva, 1982;
2001; 2003). The nomenclature is shown in accor-
dance with the provisions of the International Code of
Zoological Nomenclature (1999).

The morphometric examination was carried out
by 11 meristic and 28 plastic characters. We analyzed:
number of neuromasts in the lateral (LI.), supraorbital
(Iso), infraorbital (lio), temporal (lt), preopercular-
mandibular ([pm) and occipital (lo) sensory lines;
number of rays in the first (D,) and second (D,) dorsal,
pectoral (P), and anal (A) fins, number of gill rakers
(sp.br); head length (c), length (), height (H) and width
(w) of the trunk; length (Ipc) and height (h) of caudal
peduncle; antedorsal (aD), postdorsal (pD), anteventral
(aV), anteanal (aA), pectroventral (P-V) and ventro-
anal (V-A) distances; length of insertions of the first
(ID,) and second (ID,) dorsal and anal (lA) fins; length
of maximum rays in the first (hD,) and second (hD,)
dorsal, anal (hA), pectoral (IP), and ventral (IV) fins;
snout length (ao); longitudinal eye diameter (0); postor-
bital distance (po); head height near occiput (cH) and

© Author(s) 2018. This work is distributed under
the Creative Commons Attribution 4.0 License.
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near vertical of the eye middle (ch); interorbital distance
(io); and length of upper (Imx) and lower (Imd) jaws.
Statistical processing of the material was performed by
the generally accepted methods (Plokhinskiy, 1980).
Table 1 shows the variability of meristic and plastic
characters. Selections were compared by factor analysis
methods (PCA) using SPSS 8.0 software. For assessment
of the degree of differences, CD coefficient was used
(Mayr, 1969).

3. Results and discussion

The following features characterize sculpins of
the genus Asprocottus. Each pelvic fin has three soft
rays. The anal fin is equal or slightly shorter than the
second dorsal one. The pectoral fins are fan-shaped
with a wide base. The dorsal fins are located separately
or adjoin the bases. The eyes are round, and their dia-
meter coincides with or slightly smaller than the size
of the orbit.

There are crests on the infraorbital and supraor-
bital bones. A degree of their development in different
species is unequal. On preoperculum there are 4-5 spines,
of which the first three, rarely two, upper ones are well
developed, and the lower ones can be rudimentary.

The body is completely or partially covered
with bony spinelets. They can be seated separately or
accreted at the base.

The external neuromasts located on the skin
processes, papillae, represent the sensory system.
Normally, there is an additional row of neuromasts on
the body above the lateral line reaching the vertical of
the posterior margin or the middle of the second dorsal
fin. In the anterior part of the body, groups of neuro-
masts, rudiments of the second and third additional
rows, can be located above or below the lateral line.

Analysis of differences by CD (Table 2) showed
taxonomically significant differences between all
species, except for A. korjakovi and A. minor. Discrete
differences were determined in 13 of 27 pairwise
comparisons by one — four characteristics. A. parmiferus
having discrete differences with all other species
differed the most.

Multidimensional analysis (PCA) of the vari-
ability of the meristic and plastic characters of all eight
species indicated that the first and second principal
components explain 34.9% of total dispersion. The
maximum positive loads on the first principal compo-
nent yield the number of neuromasts in supraorbital,
infraorbital and preopercular-mandibular lines, and
the negative one — interorbital distance. The maximum
positive load on the second principal component is
the head length, and the negative one — the number of
neuromasts in the lateral line.

On the diagram of the species dispersion in the
space of the first two principal components (Fig. 1a),
A. parmiferus and A. platycephalus occupied a separate
position. Other species formed three pairs of phene-
tically similar forms: A. herzensteini — A. abyssalis, A.
intermedius — A. pulcher, and A. korjakovi — A. minor
(Fig. 1b). The multidimensional analysis of these pairs
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Fig. 1. Distribution of species of genus Asprocottus in the
space of a first (PC1) and second (PC2) principals components
by meristic and plastic characters: a — all species; b — the same

thing, without A. parmiferus and A. platycephalus

(Fig. 2), like the analysis of the differences by CD (Table
2), has shown that in the pairs A. herzensteini — A.
abyssalis and A. intermedius — A. pulcher the compared
forms belong to different population sets, in this case
- to different species, even though they do not have
discrete differences. In the pair A. korjakovi — A. minor,
such differences have not been identified, which indi-
cates the conspecificity of these forms.
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a --

Fig. 2. Distribution of species of genus Asprocottus in the
space of a first (PC1) and second (PC2) principals components
by meristic and plastic characters in pairwise comparison: a
— A. herzensteini and A. abyssalis; b — A. intermedius and A. ]
pulcher; c - A. korjakovi and A. minor

Therefore, the genus Asprocottus includes a
seven valid species, A. herzensteini, A. abyssalis, A. © o7
intermedius, A. korjakovi, A. parmiferus, A. platycephalus,
and A. pulcher, that are characterized by the following
features.

Asprocottus herzensteini: (Fig 3a, 4a); D, 6-7; D, -1
13-16; P 15-17; V1 3; A 12-15; sp.br. 5-8, Lso. 9-12,
Lio. 17-22, Lt. 2-4, Loc. 1-3, Lpm. 19-25, LL 34-50.
Body oblong. Back slightly raised above the nape. Dorsal

fins separated by a small gap. Pelvic fins short, appro- -2

ximately half the distance to the anus. Head moderately
flattened. Eyes large, oval, occupy all or most of the
orbit. Interorbital distance narrow, two-three times less
than the diameter of the eye. Well-defined crests on the

PC 2

o A. herzensteini

D A. abyssalis

infraorbital and frontal bones are. Four well-developed b .|
spines on preoperculum. Neuromasts of the sensory lines
of the head are located on high papillae. Papillae of the
truncal lines short. As a rule, there is one additional
row above the lateral line. In addition, separate neuro- .
masts may be located above or below the main row.
Body completely covered with needle-shaped spinelets
not aggregated into plates. Coloration pale yellow of
grey; juveniles are pale yellow or pink. The upper part
of the body and head darker; belly and fins lighter.
Asprocottus abyssalis: (Fig 3b, 4b); D, 5-8; D,
13-16; P 13-16; V1 3; A 12-14; sp.br. 6-8, Lso. 8-12,
Lio. 14-20, Lt. 4-6, Loc. 1-4 (or absent), Lpm. 18-23,
LL 31-46. Body oblong. Back slightly raised above the
nape. Dorsal fins separated by a small gap. Pelvic fins
short, approximately half the distance to the anus. Head
moderately flatted. Eyes large, oval, occupy all or most o

—1-

of the orbit. Interorbital distance narrow, two-three

o

® .

times less than the diameter of the eye. Crests on
the infraorbital and front bones are not defined. Two
well-developed spines on preoperculum. Neuromasts of

A. intermedius Gﬂ.. pulcher

the sensory lines are located on high papillae. Papillae c
of the truncal lines short. As a rule, there is one addi-
tional row above the lateral line. In addition, separate
neuromasts may be located above or below the main

row. Body completely covered with needle-shaped
spinelets not aggregated into plates. Coloration pale
yellow or pink. The upper part of the body and head
darker; belly and fins are lighter.

Asprocottus intermedius: (Fig 3c, 4c¢); D, 5-7; D, - o
15-17; P 13-17; V1 3; A 14-17; sp.br. 4-7, Lso. 9-12, A
Lio. 14-18, Lt. 6-6, Loc. 1-3, Lpm. 19-26, LL 42-61.
Body oblong. Back slightly raised above the nape. Dorsal
fins separated by a small gap. Pelvic fins short, appro-
ximately half the distance to the anus. Head flattened.
Eyes large, oval, occupy the entire orbit. Interorbital
distance narrow, two-tree times less than the diameter
of the eye. Infraorbital and front bones have crests.

Neuromasts of the sensory and truncal lines are located

on short papillae. As a rule, there is one additional row
above the lateral line. In addition, separate neuromasts
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may be located above or below the main
row, which are rudiments of the second and
third additional rows. Spinelets on the body
rudimentary, separately seated or accreted
into the plates. They are located behind the
nape and at the base of dorsal and anal fins.
The separately located spinelets can be also
found on the sides. The upper part of the
body and head pale yellow or grey. Belly
and fins light.

Asprocottus korjakovi: (Fig 3d, 4d);
D, 3-7; D,13-17; P 13-16; V1 3; A 13-16;
sp.br. 4-7, Lso. 6-12, Lio. 14-20, Lt. 1-5,
Loc. 1-3, Lpm. 16-24, Ll 31-48. Body
short. Back raised above the nape. Dorsal
fins separated by a small gap. Pelvic fins
short, approximately half the distance to
the anus. Head large, moderately flattened.
Eyes round, of medium size, occupy the
entire orbit. Interorbital distance narrow,
twice less than the diameter of the eye.
Well-defined crests on the infraorbital and
front bones. Neuromasts of the sensory lines
of the head are located on high papillae.
Papillae of the truncal lines short. As a rule,
there is one additional row above the lateral
line. In addition, separate neuromasts may
be located above or below the main row.
The body completely covered with spine-
lets accreted into bony plates on the back
and nape. The upper part of the body and
head pale yellow or grey, with dark spots
on the sides. The belly and fins light.

Asprocottus parmiferus: (Fig 3e, 4e);
D, 4-7; D,13-16; P 14-17; V1 3; A 12-15;
sp.br. 4-6, Lso. 6-10, Lio. 11-19, Lt. 24,
Loc. 1-3, Lpm. 11-21, LL 20-40. Body
short. Back raised above the nape. Dorsal
fins separated by a small gap. Pelvic fins
short, less than half the distance to the
anus. Head large, slightly flattened. Eyes
round, of medium size, occupy the entire
orbit. Interorbital distance wide, appro-
ximately equal to the diameter of the eye.
Crests on the infraorbital and front bones.
Neuromasts of the sensory lines of the head
are located on high papillae. Papillae on
the body short. There is one additional
row above the lateral line. Sides, back and
nape completely covered with bony plates
of accreted spinelets. The upper part of the
body and head as well as fins are of red
and brown colors. Sides, back and fins have
numerous dark spots. Belly light.

Asprocottus platycephalus: (Fig 3f, 4f);
D, 4-7,D,13-17; P 13-15; V1 3; A 12-17;
sp.br. 4-8, Lso. 6-10, Lio. 13-17, Lt. 24,
Loc. 1-2 (or absent), Lpm. 15-19, LL (30)
32-42. Body oblong. Back slightly raised
over the nape. Dorsal fins separated by a
small gap. Pelvic fins short, approximately
half the distance to the anus. Head much

Fig. 3. The appearance (lateral) of sculpins of genus Asprocottus: a —
A. herzgensteini, b — A. abyssalis, ¢ — A. intermedius, d — A. korjakovi, e — A.
parmiferus, f — A. platycephalus, g — A. pulcher
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Fig. 4. The head appearance (dorsal) of sculpins of genus Asprocottus: a — A. herzensteini, b — A. abyssalis, ¢ — A. intermedius,
d - A. korjakovi, e — A. parmiferus, f — A. platycephalus, g — A. pulcher

flattened. Eyes round, small, substantially smaller than
the orbit. Interorbital distance approximately equal
to the diameter of the eye. Poorly defined crests on
the infraorbital and front bones. Neuromasts of the
sensory lines of the head and body are located on short
papillae. On the body, as a rule, there is one additional
row of the lateral line. In addition, separate neuromasts
may be located above or below the main row, which
are rudiments of the second and third additional rows.
Body completely covered with small needle-shaped
spinelets. The upper part of the body and head pale
yellow or grey. Belly and fins light.

Asprocottus pulcher: (Fig 3g, 4g); D, 5-7; D,
15-17; P 14-16; V1 3; A 14-16; sp.br. 5-9, Lso. 8-12,
Lio. 15-20, Lt. 4-6, Loc. 1-3 (or absent), Lpm. 17-26,
LL 32-67. Body short. Back behind the nape is sharply
raised in the form of a hump. Dorsal fins adjoin or are
separated by a mall gap. Pelvic fins short, approxi-
mately half the distance to the anus. Head moderately
flatted. Eyes large, oval, occupy all or most of the
orbit. Interorbital distance narrow, twice smaller than
the diameter of the eye. Poorly defined crests on the
infraorbital and front bones. Neuromasts of the sensory
lines of the head and body are located on shirt papillae.
There are three additional rows on the body. Body is
bare or looks like bare. Bony needle-shaped spinelets
rudimentary, located at the base of the dorsal and
pectoral fins. Coloration spotty. Belly light. Fins have
rows of dark stripes.
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4. Conclusion

Results of the study have confirmed the
phenotypic isolation and diagnosability of seven
species in the genus Asprocottus: A. herzensteini, A.
abyssalis, A. intermedius, A. korjakovi, A. parmiferus, A.
platycephalus, and A. pulcher. It seems appropriate to
consider A. minor as a small form of A. korjakovi. Both,
the external similarity and vicarious nature of these
forms, indicate this fact. Revision of diagnostic features
suggests the following key to determine the species:

1(10) Body is completely or partially covered with
well-developed bony spinelets or plates. On the body, as
a rule, there is one additional row of the lateral line. In
addition, separate neuromasts can be located above or
below the main row, which are rudiments of the second
and third additional rows.

2(5) Spinelets are needle-shaped, not accreted by
bases.

3(4) Head is moderately flatted; the size of the
eye corresponds to the size of the orbit, and its diameter
is approximately equal to the length of the snout and
two-three times more than the interorbital distance.

Infraorbital and supraorbital crests are well
developed. There are four well-developed spines on
preoperculum: A. herzensteini

Infraorbital and supraorbital crests are not deve-
loped. There are two well-developed spines on preoper-
culum: A.abyssalis

4(3) Head is very flattened; eye is substantially
less than the orbit, its diameter is less than the length
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of the snout, and it is approximately equal to the inter-
orbital distance: A. platycephalus

5(2) Spines are short with a thickened base,
single or accreted into plates.

6(7) Body is completely covered with plates from
the accreted spinelets: A. parmiferus

7(6) Plates are located only behind the nape and
at the base of dorsal fins; the rest of the integument has
singly located spines.

8(9) Spinelets are well developed and cover the
whole body and the top of the head: A. korjakovi

9(8) Spinelets and bony plates are rudimentary,
located mainly behind the nape and at the base of the
dorsal and anal fins: A. intermedius

10(1) Bony spinelets are rudimentary, invisible
with the naked eye, simple, needle-like, and located
at the base of the dorsal and pectoral fins. There are
three additional rows of the lateral line on the body:
A. pulcher
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ABSTRACT. In recent years, a large scale ecological crisis has been observed in the Lake Baikal eco-
system. It is clearly shown by several signs, including the mass disease of sponges in the coastal zone.
To investigate the causes of the crisis, the composition of symbiotic communities in sponges was in-
vestigated in 2015 by sequencing of the 16S rRNA gene in three locations of the lake. The methods of
fractal theory were adopted in order to detect a fractal structure in the distribution of the sequencing
reads, being considered as fragments of the 16S rRNA gene for individual bacteria within the collected
samples. The fractal-like distributions were constructed for the seven most abundant phylotypes, and
the observed properties of the distributions reflect microevolution processes within the selected ge-
nera and species. The values of the fractal dimension, evaluated for the distributions, are observed
to correlate with an anthropogenic load at the place of sample collection, for the Flavobacterium and
Synechococcus genera. The sampling sites were also observed to be associated with the properties
of the distributions for chloroplasts of Trebouxiophyceae algae, the endosymbiont of Lubomirskia
baicalensis sponge.The long-scale time dependency of fractal dimension was also evaluated for the data
from temperature detectors in four locations of Lake Baikal. The values of the fractal dimension for
fluctuations of temperature are also observed to be associated with an anthropogenic load in the place
of measurement. The consistency of both approaches validates the usefulness of fractal-based methods
in the interpretation of the experiments designed to study the ecological crisis in Lake Baikal.

Keywords: Lake Baikal, sponges, f fractals, microbiome

1. Introduction 2015). And there is a number of studies when a single

pathogen which caused the disease was identified
(Webster et al., 2002; Luter et al., 2010; Choudhury et
al., 2015). But the investigations of microbial commu-
nities of diseased sponges in Lake Baikal using similar
approaches just demonstrated the complexity of the
problem under study (Denikina et al., 2016; Kulakova

1.1 Motivation

Lake Baikal is a unique example of a large-scale
and self-sustaining ecosystem, and the ecological crisis
on Lake Baikal observed in recent years needs substan-

tial efforts just to investigate the causes and conse-
quences of the changes in this ecosystem. Endemic
sponges in Lake Baikal are clearly vulnerable in this
crisis (Bormotov, 2011; Timoshkin et al., 2016; Khanaev
et al., 2018). The sponges in Baikal, like all species of
the phylum Porifera, always develop in symbiosis with
bacterial and micro-algae species (Taylor et al., 2007;
Chernogor et al., 2013; Webster and Thomas, 2016).
So, the experiments intended to evaluate the composi-
tion of microbial communities in sponges from Baikal
is one of the most direct ways to investigate processes
in the whole lake.

Precedents where disease of sponges or corals
were investigated using modern methods of molecular
biology are known (Stabili et al., 2012; Prinzén et al.,

*Corresponding author.
E-mail address: feranchuk@gmail.com (S.I. Feranchuk)
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et al., 2018). So, other wider views of the processes in
the Baikal ecosystem and, in particular, in the analysis
of microbial communities in sponges, are required.
So-called fractal theory is based on several ma-
thematical notions rooted in geometry and statistics.
The approaches of fractal theory can be applied to
describe many complex phenomena of different scales,
in physics and biology. As counterbalance to this univer-
sality, the results obtained by fractal-based methods do
not have solid foundations down at microscopic scales.
Unlike conventional methods of molecular biology,
they can give only hints in the attempts to interpret
it in an applied system. And the methods from fractal
theory are not very often used in the applied mole-

© Author(s) 2018. This work is distributed under
the Creative Commons Attribution 4.0 License.
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cular biology and microbiology, partly for the reasons
mentioned above.

But in the case of the symbiotic microbiomes of
Baikal sponges, even hints would be useful in attempts
to explain the causes and consequences of the crisis.
So, the presented research has the purpose of applying
the methods of fractal theory to the comparative ana-
lysis of microbial communities of sponges collected in
Lake Baikal in a time of crisis. It was partly based on
the methodological study by Feranchuk et al. (2018a)
where several features of fractal structure were detected
in the rank-abundance distributions of custom micro-
bial communities. Also, the fine-grained temperature
measurements in several locations of Lake Baikal were
analyzed using methods of fractal theory, and some
connections were found with the results obtained from
the analysis of microbiomes.

1.2 Fractal theory, advantages and
disadvantages

The term ‘fractal structure’ was introduced in
the years 1960-1970 by B. Mandelbrot; in his paper
“How Long Is the Coast of Britain” (Mandelbrot, 1967)
he applied the concept of non-integer dimension to
describe the so-called ‘coastline paradox’ noticed
by L.F. Richardson (1961). The ‘coastline paradox’
which makes it difficult to measure the length of
a coastline in any units of length is demonstrated in
Fig. 1. The definitions of the Hausdorff dimension or
Minkovski dimension, introduced to mathematics in
the early XX-th century, allow the estimation of a non-
integer value of dimension for certain specific geomet-
rical objects. And similar methods can be applied to
objects arising as natural phenomenons. Citing B.
Mandelbrot, “Clouds are not spheres, mountains are
not cones, coastlines are not circles, and bark is not
smooth, nor does lightning travel in a straight line”.

Fig. 1. The coast of the Britain measured on several scales
left: Unit = 200 km, length = 2400 km (approx.)
right: Unit = 50 km, length = 3400 km
Reprinted from Wikipedia project page
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Objects which can be described as fractals
arise from many specific development mechanisms;
the precise details of these mechanisms cannot be
explained by fractal theory. The features of fractal
structure can be detected in any complex real word
object if linear dependency is observed in the distribu-
tion of the geometrical properties of the object, using
logarithmic coordinates, as in the example shown in
Fig. 2. In linear coordinates, this dependency would
have a form of the so-called “power law” (y=AxD ); the
value of D, with negative sign, would be the value of
the fractal dimension.

The advantage of the fractal representation of
complex geometrical objects is that it provides a way to
describe complex structures with a single parameter D,
the value of fractal dimension. The exact value of the
fractal dimension can be different for the same object,
depending on the methods used to calculate this value.
But within the frames of any method, the estimates of
the value D can be of significance, sufficient to allow
this value to be used to compare several objects. There
is robust statistical support for the conclusions derived
from this comparison (Jelinek and Fernandez, 1998).
An alternative interpretation is that the methods of
fractal theory provide an efficient way to estimate the
number of independent variables in high-dimensional
data (Karbauskaite and Dzemuda, 2016).

The features of power-law dependency can be
detected in other distributions, not only in geomet-
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Fig. 2. Detection of fractal structure for the road
network in Strasbourg, France. Adopted from (Wang et al.,
2017)
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rical objects. The probability distribution known as
Zipf’s law, which was observed for the frequencies of
words in the texts in natural languages, is also a case of
power-law distribution. In Zipf’s law, the frequency of a
word in some text corpus is inversely proportional to its
rank in the frequency table.Another case of power-law
distribution, the Pareto distribution used in economics,
was derived from an observation by Vilfredo Pareto
that 80% of Italy’s land was owned by 20% of the popu-
lation. This observation was then generalized to any
kind of property, and in its expanded form, it expresses
the power-law dependency in the wealth distribution
of society.

The limitations of fractal theory follow from the
fact that these methods are almost never supported by
a detailed description of the system under study, and
any predictions based on these methods are a ‘risky
business’ (Seuront, 2015). In certain cases when the
power law is insufficient to explain the distributions
obtained by applying fractal techniques to the system
under study, a continuous spectrum of exponents can be
used; this approach is known as ‘multi-fractal analysis’
(Harte, 2001). Another more simple expanded form of
the power law dependency describing the distributions
of income and wealth in the economy, is developed in
a series of studies known as econophysics (Yakovenko
and Rosser, 2009; Banerjee and Yakovenko, 2010; Xu
et al., 2017).

In the discussions proposed by B. Mandelbrot
(Mandelbrot, 1960), the cases of power-law distribu-
tion were opposed to statistical physics, where the

B
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1996

Log(abundance)

2 10" 10° 10" 10

Annual Income/T
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o

Fig. 3. Cases of dependencies where a description
combined from power-law and exponential models could be
applied.

A. Cumulative probability distributions of tax returns for
SA.

Distributions were constructed from the IRS data
(symbols) and their fits with the theoretical distribution,
shown in the log-log scale versus the normalized annual
income r/T . Plots for different years are shifted vertically for
clarity. Reprinted from Banerjee and Yakovenko, 2010.

B. Rank-abundance distributions for sediment microbial
communities at a level of genus, shown in the log-log scale.
Adopted from Feranchuk et al., 2018a.

c

124

Boltzmann-Gibbs exponential probability distribution
is normally applied. But in econophysics it was demon-
strated on several simple models that both distributions
can be described within a single framework. And this
description can be fitted to the two parts of the distri-
butions which are derived from income statistics in a
real-word economy (Fig. 3A).

To explain briefly the models used to derive the
unified framework, the Pareto distribution is valid for
the higher class of a society where income is propor-
tional to the assets of a household, and the Boltzmann-
Gibbs distribution is valid when income is proportional
to efforts and time invested in the economic activity.
In the first group, but not in the second, the logarithm
transformation should be applied to the values of
income; this separation can unify the two models for
a better description of observed income distributions.

As a result of the fit, two coefficients would
consistently describe a power law (Pareto) dependency
for the higher class, and an exponential (Boltzmann-
Gibbs) dependency for the lower class in the income
distributions of a population. Here, an exponent in
power law dependency has a meaning similar to fractal
dimension, and a factor in exponential dependency has
a meaning similar to a temperature parameter in a clas-
sical thermodynamics. In this way the income distribu-
tions can be explained using only two parameters, but
not a continuous spectrum of exponents as in a multi-
fractal approach applied to the same kind of data.

2 Methods

2.1 Processing of 16S rRNA gene sequencing
reads of sponge symbionts in Lake Baikal

The results of this study are based on a 16S rRNA
microbiome survey of Baikal sponges collected in June
2015 in three locations of the Lake. Several biological
replicates of the L.baicalelenis sponges, some healthy
in appearance, and some diseased, were collected in
all three locations; the raw sequencing reads obtained
using 454 technology for the V4-V6 region of the 16S
rRNA gene are available at NCBI BioProject database
under the accession number PRJNA369024. A summary
of the archives used in the analysis is shown in Table 1.

All the reads were quality trimmed using the
Mothur package (Schloss et al., 2009) and short reads
(<200 nt) were filtered. The composition of sponge
microbiomes is presented in Fig. 4 as a heatmap chart,
for the 25 most abundant phylotypes of bacteria and
chloroplasts. The matrix of abundances was calculated
using closed-reference OTU picking, implemented in
the QIIME1 package (Caporaso et al., 2010), with a
database gg 13_7 and Greengenes version of bacterial
taxonomy. All environmental sequences were aligned
and phylogenetically assigned up to the species level.
The taxon identification for phylotype was done
according to the degree of similarity at the level of
genus (94-97.5%), family (90-94%), order (85-90%),
class (80-85%) or phylum (75-80%).
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Table 1. Integral properties and biodiversity estimates of 23 samples used in the study

« = g v @
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Sample SRA ID g E E g _E% g é 5 %ﬁo %
R N - e e 5| &
~ ©)

1 2 3 4 5 6 7 8 9 10 11 12
L1 SRR5208569 5253 | 3833 | 129 | 293 | 248 | 3.07 | 0.79 | 0.93 73 21
L2 SRR5208568 6200 | 4528 | 46 82 79 1.47 | 0.54 | 0.96 22 6
L3 SRR5208567 7269 | 4364 | 107 | 256 | 203 | 2.59 | 0.72 | 0.95 61 18
L4 SRR5208566 2762 | 1454 | 262 | 486 | 477 | 5.7 | 0.93 | 0.73 | 138 43
5 SRR5208565 3560 | 1911 | 240 | 359 | 362 | 4.86 | 0.85 | 0.78 | 104 43
L6 SRR5208564 3713 | 1969 | 235 | 360 | 340 | 461 | 0.85 | 0.8 103 49
L7 SRR5208563 3888 | 2145 | 79 148 | 135 | 3.36 | 0.81 | 0.89 37 11
L8 SRR5208562 6528 | 3513 | 98 208 | 185 3 0.78 | 0.93 55 16

oVl SRR5208561 4445 | 3747 | 131 | 228 | 202 | 2.74 | 0.67 | 0.93 59 23
ov2 SRR5208560 3338 | 2783 | 192 | 367 | 345 | 3.42 | 0.74 | 0.89 | 101 32
ov3 SRR5208559 4787 | 2019 | 148 | 236 | 231 | 3.94 | 0.85 | 0.86 66 25
Oov4 SRR5208558 3484 | 1830 | 131 | 240 | 229 | 3.86 | 0.82 | 0.87 66 21
OV5 SRR5208557 2970 | 1277 | 186 | 264 | 276 | 6.18 | 0.97 | 0.66 69 25
OV6 SRR5208556 3068 | 1757 | 175 | 281 | 285 | 4.75 | 0.89 | 0.81 79 27
ov7 SRR5208555 5062 | 2687 | 265 | 399 | 359 | 6.07 | 0.96 | 0.76 | 101 53
ovs SRR5208554 2584 | 1003 | 220 | 362 | 375 | 6.63 | 0.98 | 0.62 | 103 33
T1 SRR5208553 5095 | 4477 | 272 | 582 | 619 | 3.34 | 0.72 | 0.91 | 154 33
T2 SRR5208552 5063 | 4387 | 282 | 515 | 500 | 3.7 | 0.75 | 0.89 | 142 45
T3 SRR5208551 4912 | 2011 | 332 | 553 | 509 | 6.23 | 0.95 | 0.73 | 157 68
T4 SRR5208550 3102 | 1744 | 174 | 350 | 334 4.7 0.9 | 0.82 90 24
T5 SRR5208549 5487 | 2727 | 252 | 420 | 423 | 5.54 | 0.95 | 0.81 | 116 38
T6 SRR5208548 8843 | 4822 | 265 | 432 | 423 | 5.05 | 0.93 | 0.86 | 113 39
T7 SRR5208547 6581 | 3067 | 475 | 764 | 781 | 7.31 | 0.98 | 0.69 | 209 70

Collection sites are notated as follows:

L -Listvyanka area, southern Baikal (51.862 N 104.8475 E); OV - Olkhon Gate area, central Baikal (53.0175 N 106.9297 E); T -

Turali cape area, northern Baikal (55.2877 N 109.7586 E).

Samples with signs of disease are shown with gray background. Estimates of biodiversity are shown in columns 6-10

2.2 Detection of power-law distributions in
microbiology data, for 16S rRNA sequencing
of sponge symbionts in Lake Baikal

It has been assumed that the features of fractal
structures are present in the patterns of community
ecology (Saravia, 2015; Vage and Thingstad, 2015).
Cases of power law dependency have been detected
in rank-abundance distributions of microbial commu-
nities (Feranchuk et al., 2018a), as it is shown in Fig.
3B. The features of fractal structure are expected to be
observed in the object under study, whatever the scale.
For microbial communities, the fractal structure should
be present at all levels of taxonomic hierarchy, even for
bacteria within the same species or genus. In the latter
case, the properties of the fractal-like patterns should
give hints not only about features of microbial commu-
nity as an ecosystem, but also about micro-evolution
processes within the selected species.
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The environmental sequences assigned to the
same phylotype, as shown on Fig. 4, are close to
each other and may even belong to the same species
of bacteria, but no-one expects that genomes of indi-
vidual bacteria in these species be completely identical.
Instead, the distributions of proximity between indi-
vidual bacteria can be investigated using the available
sequencing data, attempting to detect a fractal struc-
ture in these distributions. So, several microbial genera
with different adaptation strategies could be chosen to
study in deep the fractal-like properties of symbiotic
communities of Baikal sponges.

Seven abundant components of microbiome
which were selected for further precise analysis, from
the 25 shown on Fig. 4, are specified below. These integ-
ral description of these phylotypes are presented in
Table 2; the Genbank ID of the 16S rRNA gene sequence
selected as a reference for a most abundant OTU within
each phylotype, is included in the Table 2.
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Fig. 4. A composition of microbiomes for healthy and diseased sponges, for the 25 most abundant genera of bacteria and
chloroplast. Bars on the right show the significance of difference in abundances between healthy and diseased samples, for
each genera. Collection sites are notated as follows: L - Listvyanka, OV - Olkhon Gate, T - Turali cape.

The phylotype annotated to Trebouxiophyceae
class represents 16S rRNA gene of chloroplast from
unicelluar algae, endosymbiont of L. baicalensis sponges
(Chernogor et al., 2013). The phylotypes identified at
the genus level as Sediminibacterium (Chitinophagaceae,
Chitinophagales, Chitinophagia, Bacteroidetes) and
Synechococcus (Synechococcaceae, Synechococcales,
Cyanobacteria), as well as the phylotype identified at
the level of family and belonged to Rhodospirillaceae
(Rhodospirillales, Alphaproteobacteria, Proteobacteria)
are typical for microbiomes of Baikal sponge. Reference
sequences for these representatives were previously
described in the sponge samples collected in Lake
Baikal (Kaluzhnaya et al., 2011; Gladkikh et al., 2014).
Some species of Synechococcus was reported in asso-

ciation with the harmful algal blooms and eutrophica-
tion (O’Neil et al., 2012; Berry et al., 2015) and the
growth of these representatives of cyanobacteria was
detected in several recent measurements in Baikal
(Timoshkin et al., 2016). The representatives of family
Comamonadaceae (Burkholderiales, Betaproteobacteria,
Proteobacteria) and Flavobacterium (Flavobacteriaceae,
Flavobacteriales, Flavobacteriia, Bacteroidetes) are
typical for freshwater environments (Bernardet and
Bowman, 2006; Willems, 2014) and have been observed
in metagenomic surveys on Baikal (Kadnikov et al.,
2012; Gladkikh et al., 2014). Some species from both
groups were characterized as opportunistic bacteria
and pathogens (Hornidk and Corno, 2012; Brown et
al.,, 2015; Walsh et al., 2017). The phylotype identi-

Table 2. The specifications of bacterial genera selected for a detailed analysis

Annotation gg_13_5 ID| Genbank ID [h/d|p-value|% diseased |% healthy|Pareto|Boltzmann (b0)| P/B
1 2 3 4 5 6 7 8 9 10

Trebouxiophyceae | 1118847 |GU936925.1| h | 0.085 31.8 49.4 1.21 10.7 3.1%
Sediminibacterium 840888 | FJ800528.1| h |<0.001 3.2 27.2 1.16 4.9 1.8%
Rhodospirillaceae 848608 |FJ800529.1| h | 0.001 1.1 5.4 0.86 7.32 3.3%
Synechococcus 550168 |GU305759.1| ~ 0.9 2.0 0.80 8.2 1.8%
Flavobacterium 4324048 |JX221823.1( d | 0.002 6.8 1.2 0.59 22.0 2.5%
Comamonadaceae 72607 |AF289156.1| d | 0.008 6.4 2.1 0.92 28.3 2.3%
Rhodobacter 217320 |DQ676416.1| d |<0.001 2.7 <0.1 1.08 10.7 3.1%

The significant increase of bacteria in healthy (h) or diseased (d) samples is shown on column 4
Columns 8, 9, 10 describe properties of distance-based distributions described below:

column 8 - slope of regression line in power-law part of the distribution;

column 9 - slope of regression line in exponential part of the distribution;

column 10 - threshold of identity which separate power-law part and exponential part in the distribution.
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fied as Rhodobacter (Rhodobacteraceae, Rhodobacterales,
Alphaproteobacteria, Proteobacteria) family was signifi-
cantly abundant in the diseased samples, in contrast to the
other phylotypes from the class Alphaproteobacteria iden-
tified as Rhodospirillaceae which was detected preliminary
in healthy sponges and described as typical to Baikal. The
reference sequence for this genus was obtained from samples
in freshwater pond (Briée et al., 2007).

The approach, intended to detect power law distribu-
tions for the sequencing reads which are allocated to the
same species, is inspired by an algorithm for calculating
a Hausdorff-like dimension. One can think about indi-
vidual sequencing reads as being points in a certain multi-
dimensional space. If the dimension of this space was
known, it would be possible to construct a system of multi-
dimensional spheres around each of the points and to count
the number of points within each sphere. The average point
count within each sphere could be then transformed to a
distribution as a function of sphere radius. Then power law
dependency might be observed, and used to evaluate the
Hausdorff dimension of this object.

Alternatively, it is possible to calculate a matrix of
distances between the points and to count the number of
cells in this matrix, where the distances between points are
below some threshold. This threshold value is similar in
meaning to the sphere radius in the Hausdorff-like approach.
So, in the matrix the count of paired distances below the
threshold, as a function of threshold value, should provide
a distribution where the presence of power law dependency
might be expected.

To use the proposed approach in the distributions
of individual 16S rRNA genes within each of the selected
phylotypes, an Usearch algorithm with 95% identity
threshold was applied to screen the sequencing reads in the
bulk archives, for each reference. Paired alignments gene-
rated in this screening were used to construct the multiple
alignments. In these multiple alignments, paired distances
between aligned sequencing reads were calculated. These
distances might vary from O (completely identical) to 5%
mutations (the identity threshold in the screening). In the
distance matrix, the fraction of paired distances below some
threshold was plotted against the value of the threshold; the
maximal threshold being 5%, where 100% of distances are
included. The obtained distributions are presented in Fig. 5,
at both linear and logarithmic scales for threshold of identity.

In the distributions in Fig. 5, the linear dependency is
clearly visible in the logarithmic coordinates on both axes,
and the presence of linear dependency is strongly confirmed
by the statistical tests (p-value < 10-7). Also, for several
phylotypes, in the right tail of the distribution, a part can be
observed which looks like it could be approximated by the
Boltzmann-Gibbs model. It can be seen on the right chart of
Fig. 5, as a near-linear dependency in appropriate scaling

Fig. 5. The distributions of paired distances between fragments obtained by the sequencing of the V4-V6 region of
the 16S rRNA genes. The distributions for fragments which have identity >95% to the reference annotated sequences are

Count of distances (logarithmic scale)

Count of distances (logarithmic scale)

0.003 0.02 0.05
Distance (logarithmic scale)

Trebouxiophyceae

Sediminibacterium

Rhodobacter

Rhodospirillaceae

Synechococcus

Comamonadaceae

Flavobacterium

0.003 0.02 0.05
Distance (linear scale)

shown for 7 selected genera. The same distributions are shown in both parts of the chart, at different scales.
X axis - the threshold values of distances, at logarithmic scale (top) and at linear scale (down).

Y axis - the relative count of paired distances below the threshold, at logarithmic scale. The scatter plots are biased along

the Y axis to a fixed offset value for each genus.

The thin solid lines show the fit of the combined model used to approximate the distributions.
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of the axes. To evaluate the slope of the linear depen-
dency in both parts, the same algorithm was applied to
all the distributions. In this algorithm, the point which
separates the parts described by the Pareto and by the
Boltzmann-Gibbs distributions was selected using as
criteria a total mean-square deviation in both parts of
the distributions. The pairs of optimal regression lines
for each phylotype are also shown in Fig. 5. The slopes
of the lines in both parts of the distribution, and in the
value of the optimal threshold which separates the two
parts, are presented in Table 2.

Applications of fractal theory can provide only
some hints about the properties of a complex system.
But, as discussed above, the same methodology from
fractal theory allow one to compare and interpret the
distributions for several objects where a fractal-like
structure is observed with sufficient significance. So,
the distributions for the seven abundant phylotypes
presented in Fig. 5 can be visually separated into three
groups. For the Trebouxiophyceae, Sediminibacterium.
and Synechococcus phylotypes, a gradual steady increase
of count values is observed in the distributions, with a
nearly constant right part for the high identity thre-
sholds. For Flavobacterium and Comamonadacease
phylotypes, an uneven but visible increase can be
observed in the right part of the distributions. The
phylotypes Rhodospirillaceae and Rhodobacter can be
described as a third group with an intermediate form
of the distributions.

These observed “fractal groupings” of the
abundant phylotypes can most easily be interpreted
in terms of the adaptation strategy of the microorga-
nisms’ species and genera. The Trebouxiophyceae and
Sediminibacterium are endemic to Baikal and expected
to have a long-term adaptation to their conservative
ecological niches. In contrast, the representatives of
phylotypes Flavobacterium and Comamonadaceae have
been observed to have highly adaptive survival stra-
tegies (Pulkkinen et al., 2009; Jezberova et al., 2017).
Cyanobacteria are known to have a stable lineage with
consistent survival strategy (Marsac and Houmard,
1993); this hints at the reason behind the observation
that the distribution for phylotype Synechococcus is
close to those of the conservative Trebouxiophyceae and
Sediminibacterium. The Rhodospirillaceae and Rhodobacter
phylotypes belonged to Alphaproteobacteria, their
representatives described as phototrophic bacteria, can
be expected to have an intermediate rate of adaptation
flexibility (Baldani et al., 2014).

These observed “fractal groupings” of the
abundant phylotypes can most easily be interpreted
in terms of the adaptation strategy of the microorga-
nisms’ species and genera. The Trebouxiophyceae and
Sediminibacterium are endemic to Baikal and expected
to have a long-term adaptation to their conserva-
tive ecological niches. In contrast, the representa-
tives of genera Flavobacterium and Comamonadaceae
have been observed to have highly adaptive survival
strategies (Pulkkinen et al., 2009; Jezberova et al.,
2017). Cyanobacteria are known to have a stable
lineage with consistent survival strategy (Marsac
and Houmard, 1993); this hints at the reason behind
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the observation that the distribution for phylotype
Synechococcus is close to those of the conserva-
tive Trebouxiophyceae and Sediminibacterium. The
Rhodospirillaceae and Rhodobacter phylotypes belonged
to Alphaproteobacteria, their representatives described
as phototrophic bacteria, can be expected to have an
intermediate rate of adaptation flexibility (Baldani et
al., 2014).

2.3 Estimates of the fractal dimension for the
fluctuations of temperature in Baikal water

Temperature detectors were placed in four
locations in Baikal; in Listvyanka, in Baykalsk town
(South Baikal), near Uzur village (Olkhon island), and
near Bolshye Koty village (direction to the north from
Listvyanka). From 2010, the year when the crisis on
Baikal was just beginning, detectors have recorded
temperatures every two minutes. The collected data
from the temperature detectors is certainly valuable in
suggesting a clue as to the explanation of the processes
in Baikal in time of crisis.

To interpret time series data, methods for time
series analysis of various kinds have been developed for
many specific applications. Estimates of fractal dimen-
sion can also be applied in time series analysis. There
are several approaches which can be used to estimate
fractal dimensions from time series data (Higuchi, 1988;
Peng et al., 1994); the so-called ‘Higuchi dimension’ is
the first and most straightforward of these approaches.
It was applied to time series data from the temperature
detectors in Baikal.

The method used to estimate fractal dimension
proposed by Higuchi (Higuchi, 1988) is shown in Fig.
6, for time series data from Listvyanka. The total length
of the lines which connect the data points has been
changed when the time interval between the points is
doubled. If a time series can be interpreted as a fractal
object, the total length of the lines plotted against the
interval between the points using logarithmic coordi-
nates, should looks like a linear dependency, as in the
classical case of coastlines described in the introduction
section.

In the Fig 6, two fragments of temperature
measurements are presented as test cases; June 2010
and September 2010. The higher variations of tempera-
ture in daytime in September lead to lower variations
of difference in the total length of the lines constructed
following the Higuchi methodology.

2.4 Specifications and availability of software

The heatmap in Fig. 4 with the results of the
closed-reference pipeline was generated using the d3
javascript library (v.3 and v.4) within an interactive
framework developed in-house for data visualization;
the source scripts of the interactive system are avai-
lable at https://github.com/sferanchuk/d3b charts.
The Scikit_bio python package (v. 0.4.2) was used to
estimate biodiversity values for the samples which are
presented in Table 1.
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Fig. 6. Two test cases of fractal dimension estimates for fluctuations of temperature in Baikal water.
X axis - time of observations; Y axis - values of temperature, in degrees centigrade. The data from the temperature detector in
Listvyanka are used. Three lines on each part of figure present the variations of temperature at different scales.

The libraries of raw sequencing reads iden-
tical to the archives available at NCBI (BioProject
PRJNA369024) were preprocessed using the Mothur
package v. 1.39.5 following conventional setup for
filtering unreliable and short oligonucleotides; trim.seq
function was applied to raw data files, with parame-
ters ¢ maxambig =0, maxhomop =8, flip=T, bdiffs=1,
pdiffs=2, qwindowaverage = 35, qwindowsize =50’).

The Usearch alogorithm (Edgar, 2010) imple-
mented in the Uclust software (v. 10.0.240_i86), with
the options ‘-id 0.95 -strand both -maxaccepts 0 -maxre-
jects O -top_hit_only’, was used to align the sequencing
reads to the database, constructed from the seven 16S
rRNA reference sequences listed in Table 2. Paired
alignments produced by the Usearch algorithm, in Sam
format, were used to generate multiple alignments, by
a custom software implemented in ¢+ + programming
language. The distance matrices were constructed from
multiple alignments; for paired distances, the conven-
tion that a string of gaps is counted as a single gap
was used, which is the default way to calculate paired
distances between 16S rRNA gene fragments accepted
in the Mothur package. The distributions of distances
were calculated using a custom software in ¢+ +. The
source codes for the newly developed software utili-
ties are available at https://github.com/sferanchuk/
bsponge fractalmodels.

In the processing of data from temperature
detectors, only the portions of the measurements which
were continuous for at least 11 days were plotted.
Measurements with shorter continuous periods were
ignored. Statistical outliers (any value larger or smaller
than the average temperature by more than 10SD,
within a 16 hour interval) were changed to the value
of the average temperature. The time interval used
to calculate the Higuchi dimension was between two
minutes and 16 hours. The values of the Higuchi dimen-
sion were obtained using a Higuchi Fractal Dimension
python package; the package was modified to include a
check for significance in the estimates of the dimension.

A functionality of the Matplotlib python package
(v. 1.5.1) was used to present the results in figures 5,
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6, 7 and 8, from the distributions of distances and the
data files with records from temperature detectors. In
Python, a procedure was developed to separate the two
parts of the distance distributions (Fig. 5, 7), based on
a linear regression function implemented in the Scipy
package (v. 0.17.0) .

3. Results

3.1 The features of fractal dimension for
selected microbial phylotypes evaluated
separately in each sample

The main applied question, which the present
research tries to answer, is to detect and interpret the
separation of sponge samples by signs of disease and
by geographic location. The separation of samples by
disease state can easily be detected by conventional
microbiological methods and is observed in the heatmap
chart on Fig. 4. The microbiome of diseased sponges
is more heterogeneous, and this is supported by the
indicators of biodiversity like the Shannon index. But
separation by location is difficult to detect, and, if it is
detected by advanced statistical methods, it is difficult
to interpret the observed separation.

The charts in Fig. 7 present the properties of
the distributions, constructed from the alignments of
sequencing reads in the same way as described above,
but in the latter case the data from each of the samples
was processed separately. And, in the same way, two
regression lines were used to describe two parts of each
of the distributions. As a result, one could use the slope
coefficients of two regression lines to obtain two values
which describe a sample, for all of the selected micro-
bial phylotypes.

A comparison of the generic slope coefficients
for the distributions in Table 2, with the values for
separated samples in Fig. 4, suggests that combining
several portions of the sequences into one alignment
could change the properties of the distributions. The
observed distributions are changed in multiple ways,
and this problem could be the subject of a further
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Fig. 7. Values of fractal dimension (Pareto coefficient) and a coefficient in the Boltzmann-Gibbs part of distance-based distri-
butions for selected genera, estimated in separated samples. The separate samples are shown as circles in each part of the chart.
The slope of the first part of the distribution (the fractal dimension part), defines the Y-coordinate of each sample. The size of the
circle reflects the relative abundance of the selected genus in the microbial community, and color notations are used to show the
slope of the regression line in the second part of the distributions (a coefficient for the Boltzmann-Gibbs model).

The X axis is used to separate the places of collection and the disease states of the samples. The scales for sample size and for the
Boltzmann-Gibbs coefficient are shown at the bottom right of the chart. The values for the Boltzmann-Gibbs coefficient are scaled
separately for each part of the chart, relatively to reference value b0 specific for each genera and listed in Table 2.

study. However, the generic coefficients are compa-
rable by value with the coefficients for the separated
samples, and the interpretation of the observed relative
variation of coefficients is expected to be meaningful.

The area of Listvyanka at the south of Baikal is
the region with high anthropogenic load; in contrast,
Turali cape at the north of Baikal is the region without
any kind of human activity; the Olkhon Gate area in
middle Baikal is an intermediate region both by loca-
tion and by anthropogenic load. For two phylotypes,
Flavobacterium and Synechococcus, a significant (pv
< 0.02) correlation is observed between the place of
sample collection and the estimated fractal dimension,
as is demonstrated by straight lines in two parts of Fig.
7.

The description of macroscopic systems using the
Boltzmann-Gibbs distribution is developed less than a
description with fractal dimension; and the slope coef-
ficients for the a second part of the distribution, shown
by color notations in Fig. 7, are harder to interpret.
But anyway it should be noticed that for phylotypes
belonged to chloroplast of class Trebouxiophyceae, a
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clear North-South gradient (pv < 0.02) is observed in
Fig. 7 for this parameter.

3.2 The fractal dimension for the fluctuations of
temperature in Baikal water

The integral representation of temperature
measurements in four locations, processed using the
Higuchi approach, is shown in Fig. 8. The tempera-
ture time series definitely have a fractal structure;
the presence of power-law dependency is confirmed
with p-value below 107™“". The variations in the esti-
mated fractal dimensions are stressed using a curve
constructed as moving average for 50 data points. These
variations indicate the uncertainty in the values of the
Higuchi dimension. The plots contain gaps and incom-
plete parts, because, to apply the estimates of fractal
dimension in a uniform way, continuous measurements
collected every two minutes during at least 11 days
were required.

The fractal dimensions shown in Fig. 8 have
lowest values in late summer and highest values
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Fig. 8. The fractal dimension calculated for fluctuations of water temperature, in four locations in Lake Baikal.
The fractal dimension (Y axis) was calculated at 16-hour intervals, using the Higuchi approach.
The X axis shows the dates of measurement. The color bars at the bottom part of each subplot directly show the measured
values of temperature. A light-blue line directly shows an estimated time dependency of the Higuchi dimension, and a dark
blue line shows the same dependency smoothed using moving average with window size equal to 50 data points.

between February and April. Qualitative explanations
can be suggested for these features; early spring in
Baikal is the time when water is mixing in the near-
shore zone beyond the ice, due to an increase in density
caused by radiative heating. And, the high variations of
temperature in late summer can lead to lower values of
the Higuchi dimension, as was discussed above for the
test cases in Fig. 6.

But, despite that, in this analysis it must be
stressed that, in summer time in Listvyanka the values
of the Higuchi dimension are consistently the lowest
when compared to other locations and other seasons.
And, the late summer in Listvyanka is the season and
the place where the anthropogenic load is highest in
all Baikal. Associations between the Higuchi dimen-
sion and the anthropogenic load can be extended; e.g.
Baikalsk town is second after Listvyanka by anthropo-
genic load, and this can be observed in the distribu-
tions of Fig. 8. However, the limited completeness and
precision of the measurements and the uncertainty of
the estimated values, make these kinds of associations
less sure.
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4. Discussion

The methods applied to the sequencing data
described above, are not intended to reconstruct specific
metabolic processes or food chains in a sponge holo-
genome. The whole of fractal theory is founded mostly
on empirical observations, and therefore, so are the
applied results presented in this study, since they are
based of fractal theory. As discussed above in comments
to the distributions of distances shown in Fig. 5, the
differences observed for the selected microbial phylo-
types can be interpreted in terms of evolution theory.
Anyway, the microevolution processes of bacteria in
Baikal sponges are too complex to reconstruct precisely
at the molecular level from the available data. So, the
presented methods are the most straightforward way
which can be used to detect the events of microevolu-
tion on Baikal in times of crisis.

It can be concluded from the presented results
that microevolution processes do certainly exist in
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bacterial species in Baikal sponges. Most of the events
in this microevolution remains uncertain, but several
facts can be derived with a sufficient confidence. For
the representatives of two bacterial phylotypes from
the Flavobacterium and Synechococcus, a connection
is detectable between the fractal dimension and the
anthropogenic load at the place of collection. And, the
variations of temperature at several locations in Baikal
also provide a connection between values of the fractal
dimension and the anthropogenic load.

In the terms of econophysics, the lower values
of the fractal dimension mean that the inequality in
the society, measured using the Gini index, would be
lower, and the economy would be more robust in this
society. Both bacterial phylotypes mentioned above
have verified associations with sponge disease and with
the contamination of freshwater ecosystems, so it can
be interpreted that the development of opportunistic
bacteria in the regions with high anthropogenic load
is more extensive. Supporting this hypothesis, a slight
(pv=0.11) gradient in the opposite direction can be
seen in Fig. 7 for algae chloroplasts, which are expected
to suffer in the areas with high anthropogenic load.

The Boltzman-Gibbs part of distributions in
econophysics should explain the basic and stable foun-
dations of an economy. In the presented results (Fig. 7),
the properties of the Boltzman-Gibbs part in the distri-
butions for the microbial species are mostly difficult to
interpret. But anyway, the observed gradient for this
slope coefficient for chloroplasts of Trebouxiophyceae
algae suggests that the symbiotic algae of sponges are
adapting to the terrible disease of their hosts. And the
presence of rapid adaptation processes in these algae is
also confirmed by the preliminary results published in
(Feranchuk et al., 2018b) where the presence of muta-
tions in the algae chloroplast were detected using the
sequencing of sponge metagenomes.

In order to put the obtained results into the
global and important context of the reasons for the
crisis, three considerations are listed below:

- The events of the crisis are manifested in the
rapid restructuring of food chains and changes in
sponge hologenomes.

- The adaptive changes in bacterial genomes in
response to anthropogenic load have been detected for
species which are all typical to Baikal, but which have
flexible survival strategies.

- Microevolution in a microbial community
normally implies interactions between several species,
genera or even classes of bacteria, like the exchange
of genomic islands or the restructuring of metabolic
processes.

Three possible reasons should be considered to
explain the beginning of the crisis on Baikal :

- contamination by toxic agents,

- contamination by alien microorganisms,

- events of macroscopic scale.

All three reasons have probably contributed to
the crisis, but the above results stress the role of alien
microorganisms in the processes as perhaps the most
important.
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5. Conclusions

The tools from fractal theory provide a level of
abstraction which is high. Too high to be certain about
any interpretation in molecular terms. This level of
abstraction in natural sciences becomes close to that of
subjects like history or social sciences. Such reasoning
allowed Mandelbrot to entitle the basic conclusions
of fractal theory as the “Noah effect” and the “Joseph
effect”, names borrowed from proverbs in the Bible. At
this level of abstraction, one can say that the ecosystem
of Baikal is strong and self-sustaining, but nevertheless
any system of this kind is fragile and vulnerable. Once
the processes of crisis have started, any kind of human
intervention is unlikely to prevent the crisis continuing
to develop.

But, one may hope that the ecosystem of Baikal,
the greatest and most ancient lake on the planet, will
remain self-sustaining at a deeper level. The observed
signs of the adaptation of algae species to the severe
situation of sponge disease give a hint as to how this
resurrection of the ecosystem will take place in the near
or distant future. Human intervention can be successful
only if it is consistent with the processes of recovery
which will anyway be continued naturally in the Lake.

And lastly, the methods used in this study are
a case when a strategic question, the choice between
global reasons for a crisis, can be partly resolved by the
use of an experimental tools from molecular biology.
But the qualitative analysis provided is obviously
not precise enough to provide any suggestions about
possible measures to minimize the scale and the damage
of the crisis. It can only narrow the areas of interest and
suggest some biological objects as a primary targets for
a deeper and more extensive study at molecular level.
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ABSTRACT. We have studied morphological features of the hearing epithelium affected and unaffected
by increased long-term sound (at 160 dB re 1 pPa) on the example of the Baikal omul (Coregonidae,
Coregonus migratorius). The sensory epithelium was analyzed using the 3D confocal laser scanning tech-
niques. We observed local epithelium damages in the rostral, central and caudal regions of the saccule,
e.g. sticking stereocilia, vacuolization and round shape gaps. This article discusses the reasons for the
local effects of sound on different regions of the sensory epithelium. We assume that using of morpho-
logical screening of sensory acoustic system in the artificial rearing of the Baikal coregonid fishes under
the conditions of intense noise could contribute to indicating the most stress-resistant forms, which are
promising for high-tech industrial aquaculture, and developing more gentle approaches to its creation.

Keywords: Lake Baikal, sound as a stress factor, hair cells, sensory epithelium, Baikal omul

1. Introduction Fish estimate the locomotion of their body in the

) . . ) acoustic field relative to the otoliths in the inner ears,
The study of fish hearing and their acoustic the utricle, saccule, and lagena (Popper, 2011; Ladich
behavior is important due to increasing effects of sound and Schulz-Mirbach, 2016). Nevertheless, the saccule
pollution on fish in their natural habitat (Hastings et has the main auditory load in many fishes (Zhongmin
al., 1996; Popper and Hastings, 2009; Ladich, 2013; and Xu, 2002). Sagitta is usually larger than other parts
Sapozhnikova, 2018). Intensive production of fish in of the labyrinths in these fishes; the removal of both
aquaculture also involves the use of equipment, such sagittae sharply reduces the auditory sensitivity (Lu and
as aerators, air and water pumps, combines, blowers, Xu, 2002). These results demonstrate that the saccule
fmd‘ filtration systems, which increase the noise level plays significant roles in hearing and frequency distinc-
in fish storage tanks (Wysocki et al., 2007). Constant tion. In addition, the largest diversity in ultrastructural
exposure to intense noise levels can adversely affect features for teleosts is characteristic of the saccule (Platt
the cultivated species. Possible consequences include and Popper, 1981; Popper and Coombs, 1982; Popper
impairment of hearing sensitivity, increased stress, and and Fay, 1999; Sapozhnikova et al., 2017).

reduced growth rates (Popper and Hastings, 2009). As The saccular otoliths lag in their locomotion rela-
a result, the acoustic conditions of larvae maintaining tive to the fish body in the acoustic field and thus stimu-
during artificial reproduction of fish populations deter- late the sensory saccular cells by deflecting their ciliary
mine their further survival and population replenish- (hair) bundles (Fig. 1). This mediated process limits
ment. After their release into the wildlife, they use their the detectable frequencies to a few hundred hertz and
sensory organs in order to locate direction, select suit- restricts the sound intensities to higher levels (Schuijf
able habitat, settle at locations with sufficient shelter, and Hawkins, 1976; Bradbury and Vehrencamp, 2011).
and avoid the immediate attention of many voracious Lake Baikal was previously suggested as an
predators (Montgomery et al., 2006; Caiger et al., ideal location for investigation of the application of
2012). ocean sound propagation models and assessment of
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the Creative Commons Attribution 4.0 License.
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Fig. 1. Sensory epithelium of the Baikal omul (LSM 710, Carl Zeiss): a — sensory elements on the surface of the epithelium;
b — 3D model of sensory epithelium. k — kinocilium, s - stereocilia, n — nucleus.

hearing adaptations in hydrobionts (Glotin et al.,
2017). Although some sounds are natural for Lake
Baikal (ice crackle, natural gas seepages, surf noise
in the splash zone, voices of seals and birds), now,
there is often a cacophony of transient and continuous
man-made sound from boating, shipping, construction,
nearby roadways, tunnels, etc. Thus, another question
is whether these sounds potentially interfere with the
behavior of fish populations. The greatest effect may
result from acoustic masking which would shorten
the distances over which animals can detect sounds
of biological importance, for example, from potential
predators (Engas et al., 1996; Hawkins et al., 2014;
Hughes et al., 2014; Voellmy et al., 2014; Glotin et al.,
2017).

The fish with high hearing characterstics may
be affected by this noise up to a distance of several
hundred meters (Amoser et al., 2004; Ladich, 2013),
but fish lacking hearing characterstics, such as lacus-
trine and riverine coregonid fishes, would be affected
predominantly at close distance, which is also typical
for aquaculture cultivation.

Among Baikal coregonid fishes, omul is more
popular for growing in aquaculture, particularly due to
the reduction of its populations in the natural condi-
tions and the introduction of a ban on its catch in 2017
for Lake Baikal. Omul is one of the most important
species to the subsistence fisheries throughout the
world, including Lake Baikal (Tallman and Reist, 1997
Smirnov et al., 2009; Sukhanova et al., 2017).

Therefore, this study was aimed at the evalua-
tion of long-term effects of increased sound on the audi-
tory epithelium of the Baikal omul. In previous studies,
control hearing thresholds showed that coregonid fishes
(on the example of broad whitefish Coregonus nasus
Pallas, 1776) had far less sensitive hearing and broader
bandwidth of hearing than other investigated fish
(Popper et al., 2005). This was expected, since the core-
gonid fish is not a member of the superorder Otophysi,
a group of hearing specialists that have a set of bones,
the Weberian ossicles, which acoustically couple the
swim bladder to the saccule of the inner ear. The initial
analysis of hearing sensitivity in coregonid fish showed
that they could detect sounds up to 1600 Hz (Popper
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et al., 2005). However, they have a very poor hearing
at 1600 Hz. Therefore, in our work the specimens were
exposed to the 500 and 1 kHz tones at 160 dB re 1 uPa,
which are within the range of hearing of this species
and are usually observed in artificial cultivation.

2. Materials and methods

The study objects were adult specimens of
the artificially obtained Baikal omul (Coregonidae,
Coregonus migratorius). Coregonid fishes was artificially
inseminated under controlled conditions of the Unique
Facility «Experimental Freshwater Aquarium Complex
of Baikal Hydrobionts» at the Limnological Institute
Siberian Branch of the Russian Academy of Sciences.

To conduct the evaluation experiments of the
effects of increased sound on the auditory organs of
the Baikal fish under the conditions of the Aquarium
Complex, the installation consisting of two round
pools with a diameter of 2 m and a height of 0.5 m
was constructed. These two pools were located in sepa-
rate rooms. One pool had the control fish (without the
sound stimulation) and another one had sound-exposed
fish (an experimental pool). In both pools, fish were
maintained with daily 50% water changes. The walls of
the pools were made of plastic.

Tone signals with the frequencies of 500 Hz and
1 kHz (corresponding to determined ranges of acoustic
sensitivity) at 160 dB re 1 yuPa were generated through
a portable computer using the Sound Forge program
(Fig. 2). The sound was radiated continuously for 18
days in the experimental pool. After the amplifier, the
signal was fed to the UW30 Electro-Voice hydroacoustic
emitter with operating frequencies of 100 Hz— 100 kHz
and nameplate capacity of 120 W. The emitter was set
under the water at half the depth of the experimental
pool for noise-exposed fish. The form and intensity of
the emitted signal were controlled using the RESON TC
4013 piezoceramic transducers. After the linear ampli-
fier, the signal from the transducer was fed to the LCard
E-440D analog-digital converter. The amplitude and
frequency analysis were carried out using the specia-
lized LCard PowerGraph software. The sensitivity of
fish to the sound signal was determined visually and
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Fig. 2. Uneven sound field of 500 Hz (a, b, ¢) and 1 kHz (d, e, f) in the horizontal plane, scale in dB / pPa: a, d — the surface,

b, e — half the depth, and c, f - the bottom.

by the EthoStudio density maps, as well as by activity
of the specimens and a positive reaction to a certain
acoustic signal (active movements and jerks) (Kulikov
et al., 2014).

Fish from both experimental and control pools
were collected with a dip-net, euthanized by using clove
oil (0.02-0.05 ml / 1, a sedative, contains eugenol) and
killed by cutting the spine in accordance with Guidance
on the use of clove oil as an anesthetic in aquaculture
(Mikodina et al., 2011) and the American Veterinary
Medical Association (AVMA) Guidelines for Euthanasia
(2013).

Immediately prior to the preparation of the audi-
tory organ samples, the cranium was opened from the
ventral side, the brain was removed, the ear capsules
were uncovered, the right and left labyrinths were
extracted, and the saccule was removed together with
the sagitta (otolith). Hair cell bundle loss was deter-
mined using laser confocal scanning microscopy LSM
710 (Carl Zeiss).

Histological processing of the samples with
sensory epithelium was performed according to the stan-
dard technique (Klimenkov et al., 2018). The sensory
epithelium was fixed for 30 min in a 2% paraformalde-
hyde (Sigma-Aldrich Co. LLC, USA, Cat. No. 158127)
solution in 0.1 M phosphate buffer (pH 7.4) and perme-
abilized for 20 min in 0.25% Triton™ X-100 (Sigma-
Aldrich Co. LLC, USA, Cat. No. T8787). Actin microfi-
laments were stained for 40 min with FITC-Phalloidin
(Sigma-Aldrich Co. LLC, USA, Cat. No. P5282). The
nuclei were stained for 15 min with DAPI (Sigma-
Aldrich Co. LLC, USA, Cat. No. D9542). Functionally
active mitochondria were stained with MitoTracker®
Orange CMTMRos (Termo Fisher Scientifc Inc., USA,
Cat. No. M7510) by 25-min incubation in medium 199
with Hank’s salts (Kompaniya PanEko, Russia, Cat. No.
S230p); the medium contained 100-500 nM dye at 37
°C. After each step, the samples were washed three times
in Hank’s solution without phenol red (PanEko, Russia,
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Cat. No P020p). The stained samples were mounted
on glass slides in ProLong® Gold Antifade Mountant
(Termo Fisher Scientifc Inc., USA, Cat. No. P36930)
and covered with a coverslip. The slides were analyzed
using a Carl Zeiss LSM 710 laser confocal microscope;
Plan-Apochromat 20 x /0.8 and 63 x /1.40 Oil DIC
M27; lasers: track 1, 405 nm: 3.0%; track 2, 488 nm:
3.0%; track 3, 561 nm: 3.0%.

The morphometric analysis yielded 10-50 images
of each macula along the length and depth (depending
on the length of the epithelium) at an interval of 30
um. The density of hair cells on the macula, the length
of sensory elements (kinocilium and stereocilia) and
hair cell bundle loss were measured using program
Image-Pro Plus.

To classify hair cells, cluster analysis was used, in
particular, k-means and hierarchical clustering, using
the Statistica 8.0 program. Quantitative similarity indi-
cator of hair cells belonging to the same cluster was
calculated from the lengths of the kinocilia (k) and
the maximum length of the stereocilia (s). Statistical
processing of the obtained data was carried out using
the single-factor analysis of variance in the R Project.
The Kruskal-Wallis test was used for the verification of
the null hypothesis.

3. Results and discussion

Confocal scanning microscopy revealed regional
distinctions in native hair cells of fish based on the
different density of hair cells in central and caudal
regions of the epithelium, as well as the presence of
different types of cells in these regions. The mean
density of the intact hair cells in the rostral region was
571500+ 8975 cells/mm2, M+ m in the Baikal omul.
In the central region of the macula, hair cells were
considerably distant from each other. The hair cells of
the caudal region were located more densely.
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Fig. 3. Different types of the sensory saccular cells in Baikal omul: a — general view of the saccule; b — k3s2 type; ¢ — k6s5
type; d — k7s2 type; e — k11s4 type. k — kinocilium, s — stereocilia. Orientation of the saccule: V - ventral, D — dorsal, A — anterior

(rostral), P — posterior (caudal). LSM 710, Carl Zeiss.

Cluster analysis combined sensory cells into
classes (types) in such a way that similar cells were
included in one class. The length of kinocilium (k) and
maximum length for stereocilium in one sensory bundle
(s) were the most significant characteristics for the inte-
gration of sensory cells into different clusters (desig-
nation for cilia was used by Platt and Popper (1981)).
These most variable characteristics were regarded as
criteria for identification of types of sensory saccular
cells. Four cell morphotypes were identified in the
Baikal omul, k3s2, k6s5, k7s2, and k11s4 (Fig. 3).

These hair cell types vary across the peripheral,
rostral, central and caudal areas of the saccule. The cell
types k3s2, k6s5, k7s2, and k11s4 were the most typical
for the peripheral and caudal areas of the saccule. The
type k7s2 was found in the rostral region of the saccule.
Finally, in the central region of the saccule, we identi-
fied the cell types k3s2 and k7s2. Thus, in the Baikal
omul cells, stereociliar and kinociliar length varies by
location: shorter stereocilia are more characteristic of
the central and rostral regions of the saccule, longer
stereocilia were found in the peripheral and caudal
regions of the saccule.

In the course of the experiment on the increased
acoustic stimulation of the Baikal omul, there were no
exposure effects on mortality. The swim bladders were
intact in all experimental and control specimens. But
after confocal scanning of sensory hearing epithelium,
we found varieties of local epithelial damages: rounded
ruptures emerging on the surface of the epithelium,
the coalescence of stereocilia described previously for
other animals damaged by highly intense sound or
ototoxic antibiotics (Wysocki et al., 2007). Damage of
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various parts of the sensory epithelium of the inner ear
occurs unevenly. The hair cell bundle loss in the Baikal
omul was individual and varied in different parts of the
rostral, central, and caudal regions, at the saccule of
each fish. In some specimens, the damages are repre-
sented by small foci, in other ones significant areas
were injured. However, there were some patterns: the
damaged areas were localized and usually varied as a
function of exposure sound frequency. The cell damages
were minimal at 1 kHz. The small areas of damaged
hair cells were observed throughout the epithelium,
and, primarily, in the central and rostral areas.

Visible changes in the epithelium occurred only
on the 10th day of the experiment at 500 Hz, and then
gradually depending on the day of stimulation: evident
vacuolization was registered on the 10th day; obvious
ruptures of the sensory epithelium were observed on
the 18th day after the onset of sound stimulation (Fig.
4).

The zones of saccular hair cell loss were larger
for fish exposed to 500 Hz (up to 44% in the different
parts of the peripheral area on the 10th day after the
onset of sound stimulation). This tone destroyed hair
cells predominantly in the peripheral part with the
largest cell injuries occurring in the caudal region (Fig.
4g-i). The destructive changes occurred in the hair
cells on the 18th day after the onset of sound stimula-
tion (up to 60% in the different parts of the peripheral
area) (Fig. 4j-1). Thereby, there was a hypothesis about
the tone selectivity in different areas of the auditory
epithelium with the different cell types (Hawkins and
Sand, 1977; Smith et al., 2011; Sapozhnikova et al.,
2016). The changes in cells of the different saccular
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Fig. 4. Images obtained by LSM 710 (Carl Zeiss) showing hair cells destructive changes in the Baikal omul due to stimu-
lation by increased sound (500 Hz, 160 dB) in rostral (Ro), central (Ce) and caudal (Cau) regions of the saccule: a-b — control;
d-f - epithelium after 5 days of sound exposure; g-i — epithelium after 10 days of sound exposure; j-1 — epithelium after 18 days

of sound exposure.

regions are likely to be a result of their damages due
to the increased stimulation by various sounds, which
confirms the involvement of these regions in the percep-
tion of relevant frequency sound oscillations.

4. Conclusions

The obtained results can be used for further
study of the acoustic communication of the Baikal
fishes, including conditions of acoustic pollution.
Unfortunately, anthropogenic increased sound under
natural conditions may dramatically reduce acoustic
communication of fish reducing their ability to acous-
tically detect incoming hazards (Hastings et al., 1996;
Popper and Hastings, 2009; Ladich, 2013). As it was
previously shown, 50% of aquatic noise is generated
by 15% of ships, and in some coastal and other high-
traffic areas, ship noise has reached levels that degrade
habitat for endangered species (Glotin et al., 2017). In
particular, prolonged exposure to noise leads to stress,
which may affect the nervous and immune systems of
hydrobionts (Popper and Hastings, 2009).

The conducted experiment allows us to success-
fully record the response of specimens to the presence
of sensitivity to a particular sound signal, including
increased sound evoking anxiety. Moreover, the
experiments, in which the increased acoustic stimula-
tion caused a different degree of hair cell damages in
different regions of the macula, presumably showed
the existence of the regions with different tonal specia-
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lization in the auditory maculae of the Baikal omul. So
far, we can make only preliminary conclusions about
the presence of tonotopic specialization in different
regions of the epithelium in coregonid fishes. However,
a better understanding of the physiological processes
causing cell damage and regeneration, which affect
the behavior and lead to stress under the influence of
different acoustic effects, requires additional studies.
This work may be ultimately used to mitigate the
effects of increased sounds on fish in aquaculture or in
the natural environment, and contribute to the deve-
lopment of new approaches for the management of lake
environment.
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ABSTRACT. At present, the littoral zone of the Southern Baikal is under anthropogenic impact. The
negative changes in underwater vegetation landscapes most dramatically appeared near the Listvyanka
settlement. In this study, we compare phytoplankton assemblages from the surface layer (ca. 1.5 m
depth) near the Listvyanka settlement collected during 1990-1995 and 2016-2018. We have compared
phytoplankton data with solar irradiance and air temperatures. Phytoplankton community was repre-
sented by 70 taxa, where Bacillariophyta and Cryptophyta dominated the biomass. In 2016-2018,
there were no significant differences in biomass or abnormal seasonal vegetation of the studied phyto-

plankton taxa compared to 1990-1995

Keywords: phytoplankton assemblage, species-dominant, Lake Baikal

1. Introduction

Over the past decade (Timoshkin et al., 2018),
negative changes take place in the littoral zone of
Lake Baikal. Dramatic examples of these changes are
an expansion of green algae Spirogyra and a disease
of Baikal sponge (Belikov et al., 2018; Khanaev et al.,
2018; Timoshkin, 2018). On the other hand, there is
no clear evidence of drastic changes in chemical and
hydrological condition in this zone (Khodzher et al.,
2017; 2018). In this study, we compared phytoplankton
from the shallow zone of the Southern Baikal collected
during 1990-1995 and 2016-2018. Unlike 2016-2018,
the 1990-1995 period can be characterized by a low
anthropogenic impact. In addition, a solar activity also
differed in these periods. In this regard, this study was
aimed at the investigation of phytoplankton diversity.

2. Materials and Methods

The studied area (ca. N51°52’, E104°49’) of Lake
Baikal was near the settlement Listvyanka (head of the
Angara River). Phytoplankton was sampled between
January-December during 1990-1995 and 5-10 June
and September during 2016-2018. The samples were
collected with bathometer and net (using the Juday
net with a 110 pum mesh). The samples were fixed with
the Utermohl-solution and concentrated by sedimen-
tation. The concentrate was placed into a 0.1 mL cell
and examined under a Amplival (Carl Zeiss, Germany)
microscope at two magnifications. At 800x magnifica-
tion, net species and nanoplankton were identified, and
at 2000x magnification — picoplankton. Phytoplankton
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was analyzed following the techniques from Starmach
(1985), Round et al. (1990), Glezer et al. (1992). Cell
counts were converted to algal biomass taking an
average individual cell volume measured according to
Makarova and Pichkily (1970) and Belykh et al. (2011).

3. Results and Discussion

3.1 Phytoplankton assemblage in 1990-1995

Phytoplankton assemblage comprised 70 taxa
and their species. Amount of phytoplankton changed
from 0.015 to 136 million cells L' with biomass of
0.004-2.13 g m?3. Diatoms (20 taxa) were represented
by Aulacoseira baicalensis, A. islandica, Cyclotella minuta,
C. baicalensis, Nitzschia graciliformis, Synedra acus
subsp. radians and Stephanodiscus meyeri. Gyrodinium
helveticum, = Gymnodinium  baicalense,  Peridinium
baicalense and Glenodinium sp. dominated Dinophyta.
Rhodomonas pusilla (up to 6064 thousand cells L)
dominated Cryptophyta. Chrysophyta were formed by
Chrysochromulina parva (up to 6439 thousand cells L)
and Dinobryon cylindricum (up to 192 thousand cells
L1). Chlorophyta was represented by Monoraphidium
contortum, M. arcuatum, Koliella longiseta and
Chlamydomonas sp.

Diatoms and Cryptophyta in biomass were domi-
nant in phytoplankton assemblage, 23.6 and 46.2%,
respectively (Fig. 1). In general, the bulk of Cyanophyta
vegetation occurred during summer; however, the ratio
of their biomass was almost 100 % in January-Marth
1993 (Fig. 2).

© Author(s) 2018. This work is distributed under
the Creative Commons Attribution 4.0 License.



Vorobyeva S.S. / Limnology and Freshwater Biology 2018 (2): 141-143

3.2 Phytoplankton assemblage in 2016-2018

Diatoms and Cryptophyta were also dominant,
but their species composition changed compared to
1990-1996. Thus, the cell number of A. baicalensis, N.
graciliformis and C. baicalensis was minor. For example,
N. graciliformis reduced from 53-9490 thousand cells L
to 1.1 thousand cells L1, and R. pusilla — from 6064
thousand cells L' to 669 thousand cells L. On the
contrary, S. acus subsp. radians and Chlamydomonas sp.
increased up to 46 and 72 thousand cells LX. In general,
species with small-sized cells dominated in 2016-2018.

3.3 Correlation with climate parameters

We have compared phytoplankton data with solar
insolation and air temperatures. The first vegetation of
Baikal phytoplankton occurs under ice in March-April
(Bondarenko et al., 2012). The depth of snow cover
on the ice also is important for plankton vegetation,
since sunlight penetration depends on this parameter
(Jewson et al., 2008). However, we did not find an
increase in phytoplankton taxa during the ice periods.
The studied periods were observed from maximum to
minimum in the 22" solar cycle and declined in the
24t cycle (Fig. 3). In addition, solar irradiance during
2016-2018 was lower than in 1996-1998. There is an
obvious positive correlation between solar irradiance
and ultraviolet index (Fig. 3). We assume that high
phytoplankton vegetation most likely happens at high
ultraviolet index. However, it was not observed in the
maximum of the 22" cycle (1990-1992). Moreover,
phytoplankton biomass was minimal during this period.

Despite the changes in the diatom plankton taxa,
in 2016-2018 there were no significant differences in
biomass or an abnormal seasonal vegetation of the
studied phytoplankton taxa compared to 1990-1995.
In this regard, we have not detected current nega-
tive changes in the phytoplankton community of the
Southern Baikal.

4. Conclusions

We have compared phytoplankton taxa of the
Southern Baikal collected in 2016-2018 with those of
1990-1995. Spring phytoplankton in 2016-2018 was
characterised by an increase in Synedra acus subsp.
radians and Dinobryon cylindricum, while large cells of
A. baicalensis and A. islandica were minor. Diatoms and
Cryptophyta were dominant in the biomass of phyto-
plankton assemblage during these periods. Increase
in phytoplankton biomass was observed at low solar
irradiance. In 2016-2018, there were no significant
differences in biomass or an abnormal seasonal vege-
tation of the studied phytoplankton taxa compared to
1990-1995.
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ABSTRACT. The article presents the long-term observations data (1997-2017) on the population
dynamics of the endemic planktonic copepod Epischura baikalensis in Maloye More Strait (Lake Baikal)
under new environmental conditions, such as global climate warming, low water level period and
increased anthropogenic load. We give a full description of the morphological features of females and
males. We show that, like in the open pelagic zone of the lake, the population of E. baikalensis inhab-
iting Maloye More Strait has two generations in the year cycle. Epishura plays a leading role in the
zooplankton quantitative indicators of the strait, which is typical for Lake Baikal in the whole. The
values of the abundance and biomass of the epishura population in Maloye More Strait for the period
of our observations fit into the amplitude of the long-term oscillations typical of open Baikal.

Keywords: morphology, biology, long-term dynamics, Epischura baikalensis, Maloye More Strait (Lake Baikal)

1. Introduction

Long-term seasonal spatial dynamics of
zooplankton in the open pelagic zone of Lake Baikal
is well studied. The bulk of Baikal zooplankton is roti-
fers and crustaceans. The endemic copepod Epischura
baikalensis Sars is the most important representative
of crustaceans, which comprises up to 80-90 % of the
number and biomass of zooplankton. An analysis of
the population dynamics of epishura is necessary for
the sustainability of the ecological system in the lake
(Kozhova, 1971; 1991; Kozhova and Pavlov, 1985).
According to Kozhova (1991), zooplankton monitoring
should be based on the investigations of the spatial
and temporal variability of the structure populations
of dominant species. Obviously, the contribution of
some groups and species to the total number and their
different dependence on water temperature deter-
mine the long-term dynamics of zooplankton. Endemic
epishura prefers the cold waters of open Baikal, where
it dominates throughout the year, and it appears in
bays and sors of the lake only in the ice and spring
periods. However, now, in addition to the natural envi-
ronmental factors that determine the functioning of the
planktonic community, there are new ones with the
unknown consequences. They are global warming and
low water level period (Kuimova et al., 2015). Since
2011, there has been an increase in water temperature
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over most of the Baikal water area (Shimaraev et al.,
2015). Most current publications show a change in
the structure of the Baikal zooplankton in the summer
towards an increase in thermophilic species (Hampton
et al., 2008; Pislegina and Zilov, 2009; Izmesteva et al.,
2016; Bondarenko and Logacheva, 2017).

Since the beginning of the century, the anthro-
pogenic load on the Baikal ecosystem has been signifi-
cantly increasing, which has primarily affected the
shallow zone of the lake. Maloye More Strait now
exhibits the enhanced recreational pressure. According
to the recent data, the ecological crisis is developing in
the vast shallow waters of the strait (Timoshkin et al.,
2015). In the past and this century, special studies on
the state of the epishura population have been sporadic
and not numerous (Afanasyeva, 1973; 1977a; Kozhov
and Pomazkova, 1973; Pavlov and Pislegina, 2004,
Pislegina et al., 2004; Pislegina, 2010; Sheveleva and
Penkova, 2018), and, in particular, such data are not
available for Maloye More Strait. In 1997, we have initi-
ated regular studies of zooplankton in the southern part
of Maloye More Strait that are still ongoing (Sheveleva
and Penkova, 2005; 2018; Sheveleva et al., 2009).

This work is aimed at the analysis of long-
term dynamics of quantitative indicators of the E.
baikalensis population and the characteristics of its life
cycle in Maloye More Strait under new environmental
conditions.

© Author(s) 2018. This work is distributed under
the Creative Commons Attribution 4.0 License.
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2. Materials and methods

Studies of long-term dynamics of quantita-
tive indicators of the E. baikalensis population were
conducted in the open part of Maloye More Strait
(53'0520,7”N; 106'54°38,7”E) in 1997 — 2017. Samples
were taken from May to October in the daytime, and
only in 2002 the sampling was additionally carried out
in the ice period (March). Zooplankton was collected
by the Juday net (diameter of openings was 37.5 cm
and mesh widths were 100um). The upper 25-m layer
was caught above a depth of more than 100 m. At the
same time, the surface water temperature and trans-
parency were measured. Laboratory investigations
were carried out according to the standard method
(Kozhova and Melnik, 1978). In the epishura popula-
tion, all stages of development (orthonauplii, metanau-
plii, copepodite instars and adults) were calculated. To
calculate the zooplankton biomass, individual weights
shown for Baikal organisms were used (Kozhova and
Melnik, 1978).

The total number and biomass of all zooplankton,
as well as the epishura population, were calculated as
arithmetic averages over a period of May-October for
each year separately.

To study the morphology of crustaceans, a Philips
SEM 525M (Philips, Holland) scanning microscope was
used. Copepods were photographed on the basis of the
Collective Instrumental Center “Ultramicroanalysis”
at the Limnological Institute of the Siberian Branch of
RAS.

3. Results and discussion

There is a species description and images of
appearance, details of the structure of the fifth leg in
female and male as well as the structure of the oral
appendages of epishura (Sars, 1900; Garber, 1941;
Afanasyeva, 1977b; 1995). There are detailed schemes
of habit view and description of nauplial stages, from
stage 1 to stage 6 (Afanasyeva, 1977a; 1995). Later
publications discussed particular study issues: the
morphology and structure of the mandibles in four
epishura species, including Baikal species (Naumova et
al., 2015; Zaidykov, 2016). The analysis of mitochon-
drial genes (COI) resolved the issue of a single popula-
tion in Lake Baikal (Zaidykov et al., 2015). Our studies
using scanning electron microscopy (SEM) have added
a description of morphological parts of adult male and
female epishura. We have shown the armament of
maxillipeds and maxillules (Fig. 1D, 1E). We have also
shown the armament of female spines on the exopo-
dite II (Exp II). These spines are covered with small
sensory spines located vertically and horizontally (Fig.
1G, 1H). In male, the surface of the abdomen segments
2 and 3 has a dotted pattern (Fig. 2C), below which,
on segment 5, there is a rounded plate-like protuber-
ance with five peaks (Fig. 2B). The fifth leg of male is
asymmetric; the left leg (Fig. 2E 1; 2F) is much larger
than the right one (Fig. 2E 2, 2D). Basipodite (Bsp) of
the right leg in the distal part is wide with 3-4 small
spinelets (Fig. 2D). The distal part of exopodite (Exp)
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of the right leg is blunt ending with a small spine (Fig.
2G, 2H, 2I) and indented plate.

According to Kozhov (1962) and Afanasyeva
(1977b; 1995), during a year epishura produces two
generations in the pelagic zone of Lake Baikal. Our data
have shown that in Maloye More Strait epishura also
has two generations in the year cycle (Fig. 3). In the ice
period, nauplii represented up to 100% of the winter
and spring epishura population. However, already
in mid-June with a temperature of less than 5°C the
copepodite instars dominated the population. Moreover,
the bulk was copepodites of instars I-II (36%) and III-IV
(14%). Additionally, there were copepodites of instar V
and adults. In July, we observed the second peak of the
nauplii number due to the summer generation (Fig. 3).
Like in open Baikal, in Maloye More Strait, the summer
population develops faster than the winter and spring
one. Since mid-August and September, already late
copepodites (72-74%) dominated plankton, and adults
appeared. At the end of September and in October,
the winter and spring generation began to regress. In
Maloye More Strait, as in the open pelagic zone of the
lake, epishura of all instars can be found at any time of
the year. According to Kozhov (1962) and Afanasyeva
(1995), this is due to the fact that during the year the
epishura population has two generations, and females
lay eggs in portions. In such conditions, copepods of
several litters represent each generation. Therefore, we
have shown that in Maloye More Strait, like in the open
pelagic zone (Afanasyeva, 1977a; 1995), E. baikalensis
has two generations during the year.

Based on long-term observations (1997-
2017), we have shown that epishura was the bulk of
zooplankton in Maloye More Strait (Fig 4). Previously,
Kozhov (1962) and Afanasyeva (1977a) indicated that
the optimum water temperature for epishura develop-
ment is 7°C; therefore, it is rather natural to expect its
maximum abundance during the colder season. Thus,
during the ice and early spring periods its share was up
to 75-85 % of the total number and up to 90% of the
total mass. During the ice-free period (May-November),
the long-term share of epishura in the abundance of
zooplankton community was 19-71%. We recorded
relatively maximum abundance of epishura (83%) in
2012 (Fig. 4). In the general series of observations, the
exception was the usual temperature regime of 1999
as well as warm 2002 (Pislegina and Zilov, 2009). In
these years, rotifers and the Cyclops kolensis population
dominated the fauna of plankton. The share of epishura
was less than 1-2% of the total zooplankton number.

The long-term dynamics of quantitative indi-
cators of epishura in Maloye More Strait was oscil-
latory, which is typical for Baikal in the whole. The
1997 and 2013 observations stand out of the general
series, in which the epishura abundance decreased to
the minimum values (0.5-1.7 thousand individuals per
m?). At the same time, we indicated three peaks of the
epishura abundance (2001, 2008 and 2012) with a
maximum of 23.6 thousand individuals per m? in 2001.
Based on the data on annual mean value of weighted
average water temperature, 2001 was referred to as a
cold year (Kiprushina and Izmestieva, 2009), and 2008
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Fig. 1. Epischura baikalensis, female. A — lateral view; B — cephalothorax, ventral view; C — mandible; D — maxilliped; E —
maxilla; F — P5 leg of female; G — armament of distal spine of Exp II of P5; H — armament of all other spines of Exp II of P5.
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Fig. 2. Epischura baikalensis, male. A — lateral view; B — abdomen projection on segment 5; C — armament of abdomen
segments 2 and 3 with a protuberance on abdomen segment 5; D - right P5 leg; E — P5 (1- left leg; 2 — right leg); F — left P5 leg;
G, H, I — armament of the apical part of Exp of the right leg.
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and 2012 were warm years (Sheveleva and Penkova,
2018). The previous statistical data proved that
epishura abundance poorly depends on water tempera-
ture (Sheveleva et al., 2009). In general, the long-term
dynamics of the epishura population in Maloye More
Strait fully reflects the changes in the abundance of
the whole zooplankton in this part of Lake Baikal and
demonstrates the emerging trend of a decrease in both,
the total number and the epishura population, since
2013.

The confirmation of the above assumptions
requires further control of the Baikal endemic epishura.

4. Conclusions

The analysis of the long-term dynamics of quan-
titative data on the E. baikalensis population in Maloye
More Strait over a period of our research (1997-2017)
fits into the amplitude of the long-term indicators and
is comparable with the data for 1951 (Vilisova, 1959)
and 1961-1974 (Afanasyeva, 1977a). E. baikalensis
plays a leading role in the abundance and biomass of
zooplankton, which is typical for Lake Baikal in the
whole.

We have shown that, like in the open pelagic zone
of the lake, in Maloye More Strait, the E. baikalensis
population has two generations in the year cycle.

Long-term studies of quantitative indicators of
epishura for the ice-free period have shown three peaks
in its development, which were observed in the cold
(2001) and warm (2008, 2012) years. Over 20 years
of observation, maximum density of epishura was indi-
cated in 2001, when it was 23.6 thousand individuals
per m>.

Acknowledgements

The authors are very grateful to E.A. Dolid for
the design of figures 1 and 2, and Yu.M. Vitushenko for
the translation of the article into English.

The processing of material and preparation of
this article was partially supported by the project No.
0345-2016-0010 (AAAA-A16-116122110062-3) “The
Influence of Changing Natural and Anthropogenic
Factors on Biochemical Processes on the Stony Littoral
of Lake Baikal”.

References

Afanasyeva E.L. 1973. The abundance and biomass of
zooplankton in Lake Baikal in the 0-50 m layer. In: Smirnov
N.N. (Ed.), Long-term indicators of zooplankton development
in lakes. Moscow, pp. 176-178. (in Russian)

Afanasyeva E.L. 1977a. Composition, number and produc-
tion of zooplankton (1961-1974). In: Florence O.N. (Ed.),
Biological productivity of the pelagic zone of Lake Baikal and
its variability. Novosibirsk, pp. 39-61. (in Russian)

Afanasyeva E.L. 1977b. Biology of Baikal epishura.
Novosibirsk: Science. (in Russian)

Afanasyeva E.L. 1995. Copepods of Copepoda subclass,
suborder Calanoida. In: Timoshkin O.A. (Ed.), Guide and key
to pelagic animals of Baikal. Novosibirsk, pp. 365-405. (in

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

8,03 17,06 4,07 18,07 7,08 18,08 1,09 1,

[ nauplius instarsN1-N6 B Copepodite instsrsCI-C2
O Copepodite C3-C4 O Copepodite instars C5
[l Adult female and male

Fig. 3. Structure of population (%) of Epischura baikalensis

in Maloye More Strait.

0

o

©
o

o3
o

~
o

(=)
o

[V
o

N
o

w
o

N
o

[
o

2000 2002 2005 2007 2009 2012 2014 2017
1997 1999 2001 2004 2006 2008 2010 2013 20
M Rotifera B Cladocera
M E. baicalensis M C. kolensis

Fig. 4. Contribution (%) of some taxonomic groups (roti-
fers, cladocerans, copepods) and E. baikalensis to the total

zooplankton number.

B
N
23,0 370
20,5 320
18,0
270
15,5
13,0 220
10,5 170
8,0
120
55
> i I I\:
0,5 = = 20
N 00 OO O a4 N < 1D O N0 O O N N < O~
A OO OO O O O O O 0O OO0 O dH dH o o o
O OO0 0o O O O O OO OO0 OO0 Oo o o o
I =1 AN AN AN AN AN AN NN NN NN NN NN

Fig. 5. Long-term dynamics of abundance (A, 10° ind.
m) and biomass (B, mg m) of the E. baikalensis in the open

part of Maloye More Strait.

148



Sheveleva N.G. et al. / Limnology and Freshwater Biology 2018 (2): 144-149

Russian)

Bondarenko N.A., Logacheva N.F. 2017. Structural
changes in phytoplankton of the littoral zone of Lake Baikal.
Hydrobiological journal 53: 16-24. DOI: 10.1615/HydrobJ.
v53.i2.20

Garber B.I. 1941. Postembryonic development of
Epischura baikalensis Sars. Izvestiya Akademii Nauk SSSR.
Seriya biologicheskaya [Bulletin of the USSR Academy of
Sciences. Biological sciences] 1: 106-114. (in Russian)

Hampton S.E., Izmesteva L.R., Moore M.V. et al. 2008.
Sixty years of environmental change in the world’s largest
freshwater lake — lake Baikal, Siberia. Global Change Biology
14: 1-12. DOI: 1365-2486.2008.01616.x

Izmesteva L.R., Moore M.V., Hampton S.E. et al. 2016.
Lake-wide physical and biological trends associated with
warming in Lake Baikal. Journal of Great Lakes Research 42:
6-17. DOI: 10.1016/j.jglr.2015.11.006

Kiprushina K.N., Izmestieva L.R. 2009. Long-term and
seasonal dynamics of zooplankton in the open part of southern
Baikal. Bulletin of Tomsk State University 327: 202-207. (in
Russian)

Kozhov M.M. 1962. Biology of Lake Baikal. Moscow:
Academy of Sciences USSR. (in Russian)

Kozhov M.M., Pomazkova G.I. 1973. Lake Baikal. In:
Smirnov N.N. (Ed.), Long-term indicators of zooplankton
development in lakes. Moscow, pp. 133-178. (in Russian)

Kozhova O.M. 1971. Some modern problems of hydro-
biological study of Siberia in connection with anthropog-
enization of water bodies. In: Kozhova O.M. (Ed.), Studies
of hydrobiological regime of water bodies in East Siberia.
Irkutsk, pp. 10-16. (in Russian)

Kozhova O.M. 1991. The problem of monitoring
zooplankton. In: Israel Yu.A., Anokhin Yu.A. (Eds.), Monitoring
of Lake Baikal. Leningrad, pp. 209-222. (in Russian)

Kozhova O.M., Melnik N.G. 1978. Instructions for
processing samples by counting method. Irkutsk: ISU. (in
Russian)

Kozhova O.M., Pavlov B.K. 1985. Ecological monitoring.
Principles and methods. In: Kozhova O.M. (Ed.), Improving
regional monitoring of Lake Baikal. Leningrad, pp. 22-37. (in
Russian)

Kuimova L.N., Yakimova N.I., Sherstyankin P.P. 2015.
Trends in climatic changes in temperature and ice conditions
of Lake Baikal and the Arctic according to the observed data.
In: 6th International Vereshchagin Baikal Conference, p. 34.
(in Russian)

Naumova E.Yu., Zaidykov I.Yu., Tauson V.L. et al. 2015.
Features of the fine structure and Si content of the mandibular
gnathobase of four freshwater species of Epischura (Copepoda:
calanoida). Journal of Crustacean Biology 35: 741-746. DOL:
10.1163/1937240X-00002385

Pavlov B.K., Pislegina E.V. 2004. Population assessment

149

of Epischura baikalensis Sars in Lake Baikal for the implemen-
tation of environmental monitoring. In: 1st International
symposium “Baikal. Current state of surface and under-
ground hydrosphere of mountain countries”, pp. 120-123.
(in Russian)

Pislegina E.V., Pavlov B.K., Zilov E.A. 2004. Temporal
variability of abundance and biomass of the Baikal
zooplankton edifier species Epischura baikalensis Sars. In: 1st
International symposium “Baikal. Current state of surface and
underground hydrosphere of mountain countries”, pp. 123 —
127. (in Russian)

Pislegina E., Zilov E. 2009. Long-tern dynamics of
Baikal zooplankton and clime change. In: 13th World Lake
Conference, pp. 110-111.

Pislegina E.V. 2010. Dynamics of pelagic zooplankton
in Southern Baikal for 2007-2008. In: Problems of ecology.
Workshop in the memory of Professor M.M. Kozhov, p. 92.
(in Russian)

Sars G.O. 1900. On Epischura baikalensis, a new Calanoid
from Baikal Lake. Ezhegodnik Zoologicheskago muzeya
Imperatorskoy akademiy nauk [Yearbook of the Zoological
museum of the Academy of Sciences] 5: 226 —238.

Sheveleva N.G., Penkova O.G. 2005. Zooplankton in the
southern part of Maloye More Strait (Lake Baikal). Inland
Water Biology 4: 42-49. (in Russian)

Sheveleva N.G., Penkova O.G., Kiprushina K.N. 20009.
Long-term dynamics of zooplankton abundance in open part
of Maloye More Strait (Lake Baikal). Izvestiya Irkutskogo
Gosudarstvennogo Universiteta [The Bulletin of Irkutsk State
University] 2: 18-22. (in Russian)

Sheveleva N.G., Penkova O.G. 2018. Changes of the
zooplankton community in Maloye More Strait during 20
years. In: International Conference «Freshwater Ecosystems —
Key Problems», pp. 331-332.

Shimaraev M.N., Sinyukovich V.N., Sizova L.N. et al.
2015. Changes in the ice-thermal and water regime of Lake
Baikal in 1950-2014. In: 6th International Vereshchagin
Baikal Conference, p. 34. (in Russian)

Timoshkin O.A., Malnik V.V., Sakirko V.M. et al. 2015.
Ecological crisis in the coastal zone of Lake Baikal. In: 6th
International Vereshchagin Baikal Conference, pp. 40-42. (in
Russian)

Vilisova LK. 1959. Zooplankton of Maloye More
Strait. Trudy Baikalskoi limnologicheskoi stantsii AN SSSR
[Proceedings of the Baikal Limnological Station of the
Academy of Sciences of the USSR] 17: 275-312. (In Russian)

Zaidykov L.Y. 2016. Why does the cleaner of Lake Baikal
need dental crowns? Science First Hand 44: 57-60.

Zaidykov LY., Mayor T.Y., Sukhanova L.V. et al. 2015.
MtDNA polymorphism of Lake Baikal Epischura — an endemic
key species of the plankton community. Russian Journal of
Genetics 9: 1087-1090. DOI: 10.1134/5102279541508013X



