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1. Introduction

Lake Baikal is a unique ancient rift lake, the 
deepest on the planet (Kozhov, 1962; Jaguś et al., 2015). 
These features contributed to the formation of endemic 
species, which currently make up approximately 70% 
of the species inhabiting Baikal. The Baikal sponges are 
no exception. The ancestral species of endemic Baikal 
sponges colonized the lake millions of years ago and 
formed a bouquet of closely related endemic species 
(Efremova, 2004; Itskovich et al., 2006; 2008; Meixner 
et al., 2007; Maikova et al., 2015). Overall, 19 species 
of sponges live in the lake today, 15 of which are 
endemic (Itskovich et al., 2015; Manconi and Pronzato, 
2019; Bukshuk and Maikova, 2020).

During the formation of endemic species of 
Baikal sponges from the cosmopolitan genera Ephydatia 
(Itskovich et al., 2008), Baikal sponges have lost the 
ability to form gemmules as an adaptation to permanent 
habitat conditions. Due to the loss of this method of 
asexual reproduction, a significant decrease in the 
representation of clones in the populations of Baikal 
sponges and a change in the population structure are 
expected. Research on the population genetic structure 
of freshwater sponges is limited to a few studies of 
Ephydatia fluviatilis (Lucentini et al., 2013; Li et al., 
2018). In this regard, the study of the population 
structure of Lubomirskia baikalensis and E.muelleri is 
highly relevant.

The study of Lubomirskiidae and Spongillidae at 
the molecular genetic level has been actively pursued 
in recent years. At the moment, the draft genome of 
L.baikalensis and four transcriptomes from the species 
L.baikalensis, L.abietina, B.bacillifera,(Kenny et al., 2019), 
and Sw.papyracea (Kenny and Itskovich, 2021) have 
been discovered. For cosmopolitan freshwater sponges, 
the transcriptome of E.muelleri at the chromosomal 
level genome was discovered (Kenny et al., 2020). 
Despite the great success in the study of endemic Baikal 
sponges at the level of genomes and transcriptomes, the 
issue of molecular marker development for studying 
the population structure of Lubomirskiidae remains 
uncovered. 

Microsatellite markers are widely used for study 
the population structure of marine (Blanquer and 
Uriz, 2010; Dailianis et al., 2011; Pérez-Portela et al., 
2015; Riesgo et al., 2019) and freshwater (Lucentini 
et al., 2013; Li et al., 2018) sponges. The study of the 
genetic diversity of endemic Baikal sponges at the 
population level is fundamentally important for the 
conservation of species, especially in the conditions of 
mass mortality observed in Lake Baikal during the past 
decade (Kaluzhnaya and Itskovich, 2015; Denikina et 
al., 2016; Itskovich et al., 2018; Khanaev et al., 2018; 
Kulakova et al., 2018; Belikov et al., 2019).

Several approaches can be used in choosing 
microsatellite markers for the analysis of population 
structure. These can be the development of markers 
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de novo for a target species or testing of previously 
developed markers for closely related species. The second 
approach is the cheapest and shows good efficiency. 
The analysis of published data on the development of 
microsatellite markers (Barbará et al., 2007) revealed 
that for invertebrates, on average, 72% of markers were 
successfully amplified from the DNA of closely related 
species, 77% of which were polymorphic. Moreover, the 
use of cross-species microsatellite markers facilitates 
the comparison of closely related taxa in the study of 
the mechanisms involved in population divergence 
and speciation (Noor and Feder, 2006), which makes 
the approach for identifying universal microsatellite 
markers more attractive. Among freshwater sponges, 
microsatellite markers are currently developed only for 
the species Ephydatia fluviatilis (Anderson et al., 2010), 
which is closely related to the Baikal endemic sponges.

In this work, we investigated the cross-species 
specificity of microsatellite markers developed for the 
cosmopolitan freshwater sponge, E. fluviatilis, within 
the population genetic studies of the closely related 
sponge E. muelleri and the endemic Baikal sponge L. 
baikalensis using bioinformatic and molecular genetic 
methods.

2. Methods
2.1 Sampling

Specimens of L. baikalensis sponges were 
collected during the 2018 expeditions by SCUBA divers 
in the northern basin of Lake Baikal (55°17.067’ N; 
109°45.401’ E) from a depth of 10 - 17 m; immediately 
after collection, they were fixed and stored in 70% 
ethanol at a temperature of +4 C°. The species were 
identified by morphological characteristics such as 
body shape and size. 

2.2. DNA isolation, PCR analysis and fragment 
analysis 

Total genomic DNA was extracted using the 
CTAB solution (Gustincich et al., 1991). 

Microsatellite markers were published previously 
(Anderson et al., 2010); forward primers were marked 
with a fluorescent label (Table 1).

PCR amplification of gene fragments was 
performed in a thermal cycler Techne TC 5000 (UK) 
using the Encyclo Plus PCR kit (Eurogen, Russia). The 
PCR protocol published for these primer pairs (Li et al., 
2018) did not yield PCR products for Baikal sponges; 
therefore, the PCR protocol was optimized:

Initial denaturation for 2 min at 94 C°, followed by 
11 cycles of denaturation for 30 sec at 94 C°, annealing 
for 30 sec at 65-55 C° (1-degree reduction every cycle), 
the extension for 30 sec at 72 C°, followed by 24 cycles 
of denaturation for 30 sec at 94 C°, annealing for 30 sec 
at 55 C°, the extension for 30 sec at 72 C°, then the final 
extension for 8 min at 72 C°.

PCR products were visualized by electrophoresis 
in 2% agarose gel for 40 minutes. Fragment analysis 
was performed for two loci that gave clear single bands 
on the agarose gel. The exact length of the loci was 
determined using fragment analysis on an ABI 3130xl 
Genetic Analyzer (Syntol, Moskow Russia). The six 
obtained fragments were analyzed using GeneMarker 
3.01 (Hulce et al., 2011).

2.3. Genome data analysis

To study the suitability of the E.fluviatilis 
microsatellite markers for population genetic analysis of 
the Baikal endemic sponges of the L.baikalensis species, 
we searched for the flanking regions of microsatellite 
markers in the draft genome of L.baikalensis (Kenny et 
al., 2019) (Table 2). To assess the level of cross-species 
specificity of microsatellite markers among freshwater 
sponges, we additionally searched for flanking 
regions of the E.fluviatilis microsatellite markers in the 
genome assembly of the E.muelleri chromosomal level 
containing assemblies in the form of a scaffold for each 
of 22 chromosomes and 2 scaffolds for 23 chromosomes 
likely to connect by a centromere (Kenny et al., 
2020) (Table 3). In each genome, flanking sequences 
of microsatellite markers (left and right separately) 
were searched using the BLAST + software package 
(Camacho et al., 2009); for matches greater than 25 
base pairs long, the aligned sequences plus 500 base 
pairs on each side were extracted using the SeqinR 
package in the R programming language. The resulting 
sequences for both species were aligned to the original 
sequence of the microsatellite with flanking regions of 

Table 1. Fluorescent labels for primers and repeat type for the E.fluviatilis microsatellite markers

GenBank
Accession no.

Locus fluorescent 
label for for-
ward primer

FJ752588 Efi-3 FAM (CA)9
GQ476799 Efi-4 R6G (CA)22
FJ752589 Efi-5 TAMRA (ATT)8
FJ752590 Efi-7 FAM (TGT)5
FJ752591 Efi-9 R6G (TATG)4 (TG)15 C(GT)11
FJ752592 Efi-10 TAMRA [(GAAT)4 (GAA)2TT]2(GATT)5
FJ752593 Efi-12 FAM (CA)8T(CA)3
FJ752594 Efi-14 R6G (TG)13
FJ752595 Efi-17 TAMRA (CA)5TGCG(CA)8TGTG(CA)6TGCG (CA)6
GQ476801 Efi-20 FAM [(CA)2/4/6T]4CTA(CA)4A4(CA)2TCAATA(CA)3TAT(CA)3)

GQ476800 Efi-22 R6G (TG)23(AG)4 (TG)8
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Table 2. Hits found in the L.baikalensis draft genome for microsatellite markers Efl3 – Efl22

Coordinates in the genome assembly 
(Kenny et al., 2019)

Locus

A
lignm

ent on 
fl

anking region 

Presence of 
m

icrosatellite

N
um

ber of copies

Sequence nam
e

Sequence start

Sequence end

A
m

plifi
cation

Efi-3 + + 1 NODE_133600_length_504_
cov_14.1171

263 1 No amplification product

Efi-4 + + 1 NODE_15577_length_2618_
cov_33.3609

269 478 Multiple non-specific 
amplification

Efi-5
 

+ - 2+ NODE_3929_length_6454_
cov_36.6491

453 883 Multiple non-specific 
amplification

NODE_50989_length_1056_
cov_44.9704

548 977

Efi-7 - - - - - - One clear band
Efi-9 + + 1 NODE_5049_length_5597_

cov_19.842
5186 4893 Multiple non-specific 

amplification
Efi-10 - - - - - - Two bands
Efi-12 - - - - - - No amplification product
Efi-14 + - 1 NODE_100388_length_621_

cov_27.2923
434 288 Multiple non-specific 

amplification
Efi-17

 
 

+ + 3+ NODE_4777_length_5775_
cov_22.5239

5469 5732 Multiple non-specific 
amplification / no 

amplification productNODE_4777_length_5775_
cov_22.5239

5469 5775

NODE_59274_length_939_
cov_10.8979

645 936

Efi-20 + + 1 NODE_68985_length_832_
cov_30.9788

219 643 One clear band

Efi-22 - - - - - - Two bands

E.fluviatilis (Anderson et al., 2010) and on the primer 
sequences using the BioEdit 7.0 software package (Hall, 
1999) and the MAFFT v 7 online service (Katoh et al., 
2018). We also carried out an analysis of the matching 
of the E.fluviatilis primer sequences with similar regions 
in the genomes of L.baikalensis and E.muelleri (Table 4).

3. Results and discussion 

Based on the results of bioinformatic analysis 
of genomic data of L.baikalensis and E.muelleri, we 
identified and analyzed hits with flanking regions of 
microsatellite markers Efl3 - Efl22. For E.muelleri, the 
published genome of 1490 times total coverage (Kenny 
et al., 2020) allows us to assess the real picture of the 
representation of microsatellite markers Efl3 - Efl22 
based only on bioinformatic analysis, without testing in 
the laboratory. When analyzing the genome, hits were 
found for seven markers (Table 2), while microsatellite 
sequences were present only in five of them. For the 
two markers, more than one coincidence was found in 
different regions of the genome.

For L.baikalensis, the published draft genome 
is incomplete. Therefore, in addition to bioinformatic 
analysis, we also assessed the cross-species specificity 
of Efl3 - Efl22 microsatellite markers using standard 

laboratory methods (see the Methods section). During 
genome analysis, we detected hits for seven markers, 
two of which did not match with the markers identified 
in the E.muelleri genome (Table 2). Microsatellite 
sequences were present only in five of seven markers 
identified, one of which did not coincide with those 
identified in the E.muelleri genome. More than one 
match was found for two markers in different regions 
of the genome. Each marker Efl3 - Efl22 was amplified 
with three samples of L.baikalensis and only for two 
markers out of 11 (Efl7 and Efl20); clear single bands 
were obtained on gel electrophoresis (Table 2). Based 
on the results of the fragment analysis, the length of the 
Efl7 fragment was 337 nucleotides. The lack of matches 
in the L.baikalensis draft genome may be caused by 
incomplete genome sequence. The Efl20 locus length 
was158 base pairs, although the expected fragment 
length was approximately 213 base pairs. All three 
samples at both loci were homozygous and had the 
same length. The rest of the markers did not produce a 
PCR product, or a multiple PCR product was amplified.

The analysis of the matching of the E.fluviatilis 
primer sequences with similar regions in the genomes 
of L.baikalensis and E.muelleri revealed that the pairs 
of primers published for microsatellite markers of 
E.fluviatilis (Efl3 - Efl22) are not suitable for specific 
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Table 3. Hits found in the E.muelleri genome assembly for microsatellite markers Efl3 – Efl22

Coordinates in the genome assembly (Kenny et al., 2020)

Locus

A
lignm

ent on 
fl

anking region 

Presence of 
m

icrosatellite

N
um

ber of copies

Sequence nam
e

Sequence start

Sequence end

Efi-3 + + 1 Scaffold 0005 13008353 13008032
Efi-4 + + 1 Scaffold 0006 8489737 8489969
Efi-5

 
 
 

+ - 4+ Scaffold 0590 24234 24672
Scaffold 0022 739868 740297
Scaffold 0431 21422 21075
Scaffold 0019 333069 332719

Efi-7 Low quality 
alignment

- 1 Scaffold 0015 4326639 4327264

Efi-9 + + 1 Scaffold 0014 6568680 6568945
Efi-10 + + 1 Scaffold 110 11587 11767
Efi-12 - - - - - -
Efi-14 - - - - - -
Efi-17

 
+ + 2+ Scaffold 0366 10252 10568

Scaffold 0006 12667029 12667346
Efi-20 - - - - - -
Efi-22 - - - - - -

Table 4. Cross-species specificity of primer pairs 

Fw 3’ - 5’   Rev 3’ - 5’

Efi3 CCAC  - - - - - AGGACACAACT - - - - - - - - ACCACA ACCGAGCAGACCGTTGTATT
E.muelleri CCACAGTGGTAGCAAACACTTTCTTTTAGTGCCA ACGGAGCAGACTGTTGTGTT

Efi3 CCAC - - AGGACAC - - - - - - AACTACCACA ACCGAGCAGACCGTTGTATT
L.baikalensis CCATAGTGGTCACTGTGGTGACTAACAGG TCGGAGCAGACTGTGGTGTT

Efi4 GAAGCAGCTACGGCACTACC TTCACACCTCACGATAAGACAAA
E.muelleri GAAGCAGTTACGACACTACC TGTACATATGTGTATGTGTGTGT

L.baikalensis AAAGCAGCTAAGGCACTACC TTCACCAGACATG-TAC - AT AAT
Efi5 AGTAA – GCCACGAAGCA - GCAT GTGGCGA - - CATCATGCAAGTA

E.muelleri AGTAACGATGCAAAATGTGAAG GTGGCTAATCTTCCTGCAAGTC
L.baikalensis AGTAATGATGCAAAATGTGGAG GTGGCTAGTCTTCCAGCAAGTC

Efi9 GGAATGGTAAGGTTCCTGCAT GCCATACTA CTT TCTCT CTTGTGC
E.muelleri GGAATGGTAG G - - - -- TGTGT CACTCAAAGCTATACTAGCTGTAC

Efi9 GGAATGGTAAGGTTCCTGCAT GCCATACTACT - TTCTCTC - - - - - - TTGTGC
L.baikalensis GGAATGGTAAGGACCCTGTGT GCCACTCAACTCTTCTATCACAACATGTGT

Efi10 GGAGAAAACATATGCAAGCAA CGTGCTATTACTTGCCTTCTAGC
E.muelleri GGAAT CACCTGAAGATGGCAC CGTGCCACTACTTGCCTTCTTGC

Efi14 CTGCACGTATAGGGA - ATGGA TGATGAGATGCTTGACACACA
L.baikalensis CTGCACGTGTAGGGATATGGA TGCCAAGTCCTCAGCAACACA

Efi17 CCATGTGTGTGC - TCA -TGAAA TCACACACTTGACGT - - - - - -  - - - - - - -  - - - - - - - - TGGAGA
E.muelleri CCAAGTGTGCGCATCAGTGAAA CCACACACTAGACGCGGATGTGCGTGTCTCTGCGATGGAGA

L.baikalensis CCATGTGTGTATATAAGTGAAT CCACACACTAGACGCGGATGTGTGTGTCTCTGCGATGGAGA
Efi20 GGTTGATGGGCAATTTAGGA CTCCCAAACTCCAGAAGCAG

L.baikalensis TAATAATTGGAAGTGTTGGA CTGCCAAACTCCAGAAGCAG
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amplification of markers for L.baikalensis and E.muelleri 
species, since the genome regions containing primer 
sequences contain a large number of substitutions 
(Table 4). This explains the lack of specific amplification 
for L.baikalensis samples.

Thus, markers Efl3, Efl4, Efl9, Efl17, and Efl20 are 
cross-specific for species L.baikalensis: 45.5% of the total 
number of tested markers, and for species E.muelleri, 
Efl3, Efl4, Efl9, Efl10, and Efl17 are also 45.5% of 
those tested. This is 10% lower than the average value 
of cross-specific polymorphic microsatellite markers for 
invertebrates (Barbará et al., 2007) 

Despite the presence of microsatellites and 
matches in the flanking regions of these loci, all loci 
require the development of new specific primer pairs 
for population genetic analysis of E.muelleri and 
L.baikalensis (Table 4). Markers Efl9, Efl10, Efl17, and 
Efl20 contain imperfect microsatellite repeats, and 
their use for population genetic studies can lead to 
erroneous identification of alleles because microsatellite 
elongation can occur in different parts of the imperfect 
repeat; thus, PCR products of the same length will 
have different sequences and, hence, will be different 
alleles. The flanking regions of markers Efl3 and Efl4 
differ significantly in E.muelleri and L.baikalensis, which 
indicates a high variability of this genome region.

4. Conclusions

Microsatellite markers developed and successfully 
used for population genetic studies of E.fluviatilis 
(Anderson et al., 2010; Lucentini et al., 2013; Li et al., 
2018) are not suitable for population genetic studies of 
the E.muelleri and L.baikalensis species.

The de novo development of microsatellite 
markers based on the genomic data of E.muelleri and 
L.baikalensis is more promising. Universal microsatellite 
sequences with conserved flanking regions have 
already been identified in E.muelleri and L.baikalensis 
genomes (Yakhnenko and Itskovich, 2020), and work 
on the development and testing of specific primers is 
underway.
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