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Abstract

A cultivated form of bacteria (strain 2202) was isolated from the hemal fluid of the bivalve mollusk Modiolus kurilensis.
Based on the set of data collected by genetic and physiological/biochemical analyses, the strain was identified as the species
Pseudoalteromonas piscicida. Strain 2202 exhibits antimicrobial activity against Staphylococcus aureus, Candida albi-
cans, and Bacillus subtilis but not against Escherichia coli and Pseudomonas aeruginosa. These activities characterize the
behavior of strain 2202 as predator-like and classify it as a facultative predator. Being part of the normal microflora in the
hemolymph of M. kurilensis, when external conditions change, strain 2202 shows features of opportunistic microflora. The
strain 2202 exhibits selective toxicity towards larvae of various invertebrates: it impairs the early development of Mytilus
edulis, but not of Strongylocentrotus nudus. Thus, the selective manner in which P. piscicida strains interact with various
species of microorganisms and eukaryotes should be taken into consideration when using their biotechnological potential

as a probiotic in aquaculture, source of antimicrobial substances, and factors that prevent fouling.
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Introduction

The new family Pseudoalteromonadaceae, comprising
marine Alteromonas-like bacteria, was established relatively
recently (Ivanova et al. 2004) and currently includes 49 val-
idly described species, including synonyms: (http://www.
bacterio.net/pseudoalteromonas.html). Pseudoalteromonads
are distributed worldwide and occur among dominant cul-
turable bacteria in the marine environment (Glockner et al.
1999). They are isolated from seawater (Wu et al. 2017) and
from fouling biofilms on stones and other nonliving objects
(Park et al. 2005). Members of the genus Pseudoaltero-
monas are often associated with various aquatic organisms:
mollusks (Ivanova et al. 2002; Donovan et al. 2009), micro-
(Skerratt et al. 2002) and macroalgae (Radjasa et al. 2009),
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and fish (Nelson and Ghiorse 1999). Interest in these bacte-
ria first arose due to their extreme prevalence in the marine
environment and second due to their ability to synthesize a
great number of metabolites that were active toward viruses,
bacteria, fungi, macro-, and microalgae (Holmstrém and
Kjelleberg1999), and tumor cells (Zheng et al. 2005, 2006).
Large clades have been identified within the genus Pseu-
doalteromonas, which include nonpigmented species (e.g.,
P. haloplanktis) and pigmented species (e.g., P. piscicida, P.
tunicate) (Gauthier et al. 1995). It should be noted that syn-
thesis of biologically active substances is typical mainly of
pigmented strains, but there is information about the produc-
tion of the antifungal compound isatin by a nonpigmented
strain of P. issachenkonii (Ivanova et al. 2014).

Like other Pseudoalteromonas, P. piscicida synthesizes
active substances processing cytotoxic, antibacterial, algi-
cidal activity (Bowman 2007; Harvey et al. 2016; Whalen
et al. 2018). Some of these antimicrobial constituents are
associated with pigments (Offret et al. 2016). Whole-genome
sequencing of P. piscicida strains isolated from seawater also
confirmed the presence DNA sites encoding a number of
proteolytic enzymes with antibacterial properties (Richards
et al. 2017).
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Showing a broad range of biological activities, P. pisci-
cida is considered as an antifouling organism. It should be
noted that P. piscicida has been used as a probiotic, as the
other species of the genus Pseudoalteromonas (Pham et al.
2014; Hamsah et al. 2017). However, in the literature, there
is information reflecting the pathogenic potential of P. pis-
cicida, which can serve as a barrier to the widespread use of
this species of bacteria in aquaculture. P. piscicida is known
as fish pathogen (Bowman 2007). Flavobacterium piscicida,
which was later reclassified as Pseudoalteromonas piscicida
(Gauthier et al. 1995), was a causative agent that induced
the mass mortality of marine fish in Florida in the 1950s
(Austin and Austin 2007). P. piscicida caused death of eggs
of damselfish species, yellow clown fish, and staghorn dam-
selfish, which are popular ornamental fish in marine (Nelson
and Ghiorse 1999). In this regard, study of the pathways by
which P. piscicida strains interact with the host organism
and other components of marine ecosystems is of particular
relevance.

In our study, a culturable strain of bacterium with high
antimicrobial activity was isolated from the hemal fluid of
the bivalve mollusk Modiolus kurilensis (F. R. Bernard,
1983). The goal of the present work was to identify the spe-
cies of the bacterium, and also to determine the biological
activity and possible pathogenic potential of this culturable
strain. A pathogenicity analysis was carried out on adult
mature individuals of the bivalves M. kurilensis and Mytilus
edulis, embryos and larvae of M. edulis, as well as based on
the highly sensitive sea urchin embryonic test (SET), which
is widely used for bioassaying toxicity of different classes of
xenobiotics, including inorganics, organics, different com-
plex mixtures, and natural products (Pagano et al. 2017).

Materials and methods
Isolation and characteristic of strain 2202

The P. piscicida strain 2202 was isolated from M. kurilensis
collected manually by divers at a depth of 3 m in Vostok
Bay, Peter the Great Bay, Sea of Japan, in July 2017. The
collected animals were placed in sterile containers and
immediately delivered to the laboratory. Bivalves’ shells
were flamed and opened aseptically. The hemal fluid was
taken for inoculation; a 0.1 mL aliquot was transferred
onto an agar medium and spread over the surface with a
spatula. All tools, glassware, and seawater used for isolat-
ing cultures were sterilized by autoclaving. For cultivation,
we used Marine agar 2216 (Difco). Dishes with inoculated
media were kept at room temperature for 5 days. Separate
colonies of different morphotypes after triple passage were
taken for further studies. Cell morphology was examined in
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Gram-stained smears under a Prima Star light microscope
(Carl Zeiss).

For scanning electron microscopy, pieces of agar with
biofilm on their surface were fixed in 2.5% glutaraldehyde
on cacodylate buffer (CB), pH 7.3, for one day, then washed
with CB, postfixed with 1% OsO4 on CB, dehydrated in a
series of alcohol solutions with increasing concentrations,
then acetone, critical-point dried using BAL TEC CPD 030
(Irchel), coated with chromium on a Quorum Q150T ES
(Quorum Technologies), and analyzed under a Sigma VP
scanning electron microscope (Carl Zeiss). For transmission
electron microscopy, the suspension of bacteria, prefixed
with 2.5% glutaraldehyde on CB (for 2 h), and washed with
CB and distilled water (to remove salts), was applied onto
a single slot grids with Butvar film and examined using a
Libra 120 transmission electron microscope (Carl Zeiss).

The properties of the isolated strains, including the pres-
ence of arginine dihydrolase, were identified according to
Moeller (1955). Hydrolysis of gelatine, starch, and urease,
glucose oxidation and fermentation by Hugh and Leifson
(1953), reduction of nitrates, presence of cytochrome oxi-
dase, catalase, the production of indole and the utilization
of citrate, acid formation from lactose, maltose, xylose,
and mannitol were determined by the methods of Smibert
and Krieg (1994). The ability to grow in various NaCl con-
centrations was determined in a medium containing 5.0 g
peptone, 2.5 g yeast extract, 1.0 g glucose, 0.2 g K,HPO,,
0.05 g MgSO,, 1000 mL distilled water, and 15.0 g agar with
0-10% NaCl. Growth at different temperatures (4-42 °C)
was tested using Marine agar 2216 (Difco). Additional phe-
notypic characteristics of the strain were determined using
an API 20NE test system (bioMérieus).

The strain 2202 of P. piscicida is stored at =80 °C in the
LiCONIiC STC Compact ULT automated biobanking system
of Marine Biobank, NSCMB FEB RAS, under accession no.
LV1003019546 (see http://marbank.dvo.ru/index.php/en/).
In addition, the bacterial strain is stored at —85 °C in cryo-
tubes with seawater containing 1% peptone, 30% glycerol,
and MgSO, at a concentration of 5 g/L in the Museum of
Marine Heterotrophic Bacteria, NSCMB FEB RAS.

The sensitivity of the strain 2202 to antibiotics was
tested using the method of diffusion in Mueller—Hinton agar
(Difco), enriched in 2% NacCl; the results are interpreted
according to CLSI (2006). Sensitivity to ampicillin (10 pg/
disk), carbenicillin (100 pg/disk), oxacillin (5 pg/disk), tet-
racycline (30 pg/disk), oleandomycin (15 pg/disk), cefazolin
(30 pg/disk), cefotaxime (30 pg/disk), ceftazidime (30 pg/
disk), streptomycin (25 pg/disk), gentamicin (10 pg/disk),
lincomycin (15 pg/disk), ciprofloxacin (5 pg/disk), chlo-
ramphenicol (30 pg/disk), and polymyxin B (300 U) was
assessed by the diffusion method with Oxoid disks.

The analysis of the antimicrobial activity of the isolates
towards the type strains of the test cultures of Escherichia
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coli ATCC 15,034, Bacillus subtilis BKMB501, Candida
albicans KMM 455, Pseudomonas aeruginosa KMM 433,
and Staphylococcus aureus ATCC 21,027 was carried out as
described earlier (Beleneva et al. 2013). It is a set of typical
microbial strains that covers a wide range of microorgan-
isms, and is successfully used to characterize a new freshly
isolated strain (Harjodh et al. 2019).

Study of biological activity of strain 2202

To study interaction of strain 2202 with other bacterial spe-
cies, we obtained a mature biofilm of test cultures of the type
strains, E. coli ATCC 15,034 and B. subtilis BKMB501. For
this, an overnight culture on Tryptic soy broth (Difco) in an
amount of 0.1 mL was spread over the surface of Tryptic
soy agar TSA (Difco) and incubated during 3 days. Then
0.2 mL of suspension of strain 2202 grown during a day on
Marine Broth 2216 (Difco) was spread over its surface, and
cultivated for another day. After the formation of pigmented
colonies of strain 2202, a fragment of biofilm with a colony
on its surface was fixed with 2.5% glutaraldehyde on CB.
Then, the material for scanning electron microscopy was
treated as described above.

For bioassay of the pathogenic properties of strain
2202, bacteria were grown for 3 days in the liquid
Youschimizu—Kimura medium (Y-K) with the following
composition: peptone (5.0 g), yeast extract (2.0 g), glucose
(1.0 g), K,HPO, (0.2 g), MgSO,-7TH,0 (0.1 g), seawater
(1000 mL), pH 7.8-8.0 (Youschimizu and Kimura 1976).
The strain 2202 was grown on an Exella E5 shaker (New
Brunswick, USA) at 100 rpm, centrifuged at 4000 rpm for
20 min and diluted with sterile sea water (SSW) to a con-
centration of 10° cells/mL. The stain 2202 was added in 5-L
flasks with SSW and 20 adult M. kurilensis and 5-L flasks
with SSW and 20 adult M. edulis to a final concentration of
10? cells/mL. The control groups of M. kurilensis and M.
edulis individuals paced in similar conditions were exposed
to a suspension of E. coli with a final concentration of 10
cells/mL. The exposure time was 3 days. Then, the animals
were kept in tanks with regularly replaced and aerated water
during two months.

In a parallel series of experiments, a suspension of strain
2202 was introduced into the tissue of the adductor muscle
of adult individuals of M. kurilensis and M. edulis. In the
experimental groups, 10 mL of a suspension of strain 2202
(10" cells/mL) in sterile seawater was injected in 20 indi-
viduals of each species. In the control groups, a suspension
of the bacterium E. coli (10'° cells/mL) in sterile seawater
was injected in 20 individuals of M. kurilensis and M. edulis.
Then, the animals were kept in tanks with regularly replaced
and aerated water during 14 days. The material for genetic
analysis was fixed in 96% ethanol.

We conducted an experiment with 150-200 embryos in
24-well plates with 2 mL liquid added to each well. Each
variant of the experiment was performed in triplicate. The
embryos of Strongylocentrotus nudus and M. edulis were
placed in sterile seawater containing strain 2202 at a concen-
tration of 103 cells/mL (variant 1) and 5x 10? cells/mL (vari-
ant 2) as well as E. coli at a concentration of 103 cells/mL;
as a control of development, embryos were placed in SSW.
The state of the material was evaluated under a binocular
microscope at 4 h after the beginning of the experiment.
The culture of embryos was fixed at 24 h (for M. edulis) and
48 h (S. nudus) after the beginning of the experiment, and
also when they reached the stages of trochophore (M. edu-
lis) and pluteus (S. nudus) in the control wells. The samples
were fixed with 2.5% glutaraldehyde in seawater (pH 7.2) for
60 min and then rinsed several times in sterile seawater for
24 h. The material was stored in 70% ethanol.

We measured the linear dimensions of embryos (length
and width) in the AxioVizion software installed on an Axio-
vert (Carl Zeiss) microscope with a AxioCam HRc (Carl
Zeiss) digital camera. The difference between the embryo
length and width values was used in statistical analysis. For
calculations, we took 100 embryos from each variant of the
experiment: embryos developing in sterile sea water (SSW),
in SSW with the addition of E. coli, and in SSW with the
addition of strain 2202. All experiments were set up in at
least in triplicates; the results are presented as mean + SD.
Statistical analysis was performed using the Statistica 7
software package. Student’s ¢ test was applied to deter-
mine significance of differences between groups. With a p
value of 0.005, the differences were considered statistically
significant.

The experimental larvae of S. nudus (48 h of cleavage)
and M. edulis (24 h) after being exposed to strain 2202 and
the control larvae kept in SSW were fixed with 4% para-
formaldehyde (Sigma) in 0.1 M PBS, pH 7.5, for 60 min
at 4 °C and rinsed three times with cold PBS. The material
was stored in PBS with 0.03% NaNj; at 4 °C. For a-tubulin
detection, rabbit polyclonal Anti-alpha Tubulin antibody
(Abcam) was used. Secondary antirabbit antibody labeled
Alexa 546 (Molecular Probes). For actin visualization, the
FITC-labeled phalloidin (Molecular Probes) was used. To
reduce nonspecific binding, the samples were incubated
overnight in a blocking solution containing 10% normal
goat serum (Sigma), 0.25% BSA, 0.1% Triton X-100, and
0.03% NaNj; in PBS. For simultaneous detection of a-tubulin
and actin, fixed larvae were first incubated for 12 h at 10 °C
in the blocking solution with the antialpha Tubulin anti-
body (diluted 1/500) and then, after being washed in PBS
(3 x 10 min), were incubated with the secondary antirab-
bit antibody diluted 1/1000 and FITC-labeled phalloidin
(diluted 1/300) for 2 h at room temperature. The speci-
mens were then washed and embedded in the Vectashield
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mounting medium (Vector Laboratories) containing 0.1 pg/
mL DAPI to reveal nuclei. For negative controls, primary
antibodies were omitted from the staining protocol. The
specimens were analyzed under a Zeiss LSM 780 confocal
laser scanning microscope equipped with a high sensitivity
GaAsP detector (with a 25 X oil immersion objective lens).
From 25 to 64 thin optical sections of the specimens were
scanned through along the Z axis with a stepping size of
0.35-0.45 mm. The depth (Z range) of the scanned areas
varied between 10 and 40 mm. The resulting laser confocal
stacks of optical sections were processed using the ZEN-
2010 imaging software. For 3D reconstructions, the ImageJ
(NIH) software was used.

Analysis of 16S rRNA

DNA was extracted from bacterial culture using a GeneJET
Genomic DNA Purification Kit (ThermoFisher Scientific)
under conditions recommended by the manufacturer. The
quality of extracted DNA was tested in 1% agarose gel in
0.5 X TRIS-borate buffer. PCR of 16S rRNA fragment of
the bacterial genome was conducted using the 11F (5’-GTT
TGATCMTGGCTCAG-3") and 1492R primers (5’-TAC
GGYTACCTTGTTACGACTT-3’) (Lane 1991) in 12.5 pL
reaction mixture under the following conditions: 10 ng of
DNA, 0.25 uM of each primer; 0.2 mM of each dNTPs;
1 units of HotStart Taq polymerase (Evrogen); 1 X buffer
(75 mM Tris—HCI (pH 8.8 at 25 °C), 20 mM (NH,),SO,,
0.01% Tween 20, and 1.5 mM MgCl,). Reaction parameters
were as follows: initial denaturation, 95 °C for 3 min; 35
cycles of 95 °C for 30 s, 56 °C for 30 s, 72 °C for 1 min
30 s; elongation ma PCR products, 72 °C for 5 min; cool-
ing to 12 °C. PCR products were tested by electrophore-
sis in agarose gel and then cleaned with ExoSap to remove
residues of primers and triphosphates. Sequencing reaction
was performed in both directions using a BigDye Termina-
tor v3.1 Cycle Sequencing Kit (Applied Biosystems Inc.)
in conditions recommended by the manufacturer. To clarify
the sequence ends (5°- and 3’°-), sequencing reaction was
conducted with the 342R (5’-CTGCTGCSYCCCGTAG-3’)
and 907F primers (5’-AAACTYAAAKGAATTGACGG-3’)
(Lane 1991) with the PCR products obtained in the reaction
with the 11F and 1492R primers. Sequencing was performed
on a GA3500 genetic analyzer (Applied Biosystems Inc.).
The obtained sequence was deposited in the genetic database
(NCBI) under the accession number MH150834.

A phylogenetic tree was constructed to confirm the spe-
cies affiliation of strain 2202. Several closely related spe-
cies to strain 2202 were taken from the gene bank for the
construction of a phylogenetic tree. Pseudoalteromonas
luteoviolacea strain NCIMB 1893 T (X82144) was used as
an out group.
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The 16S rRNA sequences were aligned using the
MAFFT algorithm (Katoh et al. 2002; Katoh and Stand-
ley 2013) in the Geneious R11 software (https://www.
geneious.com/). The MEGA X program (Kumar et al.
2018) showed the model K2 + G (gamma shape =0.0500)
as the best model of nucleotide substitution. This model
was used in the MEGA X program for building the ML
and NJ trees. To construct the Bayesian tree, we used the
Geneious program with nucleotide substitution model cal-
culated in the jModelTest v. 2.1.7 program. We used the
following parameters: chain length was 10,000,000 itera-
tions (Total Chain Length); selection of each 500th sample
(Subsample Freq.); a total of 19,500 samples were ana-
lyzed (Samples Analyzed). In this case, the model HKY +1
(p-inv =0.9320) was selected.

Results

The bacterial strain 2202 capable of growing on an artificial
medium was isolated from the hemal fluid of the bivalve
mollusk M. kurilensis. On the second day of growth on
Marine agar 2216, strain 2202 formed yellow-orange trans-
lucent convex colonies 3 mm in diameter; subsequently, their
color grew darker, and the pigment diffused into the culture
medium. In Gram-stained smears, the bacteria were repre-
sented by nonspore-bearing, thin, curved rods 1.2—-1.5 pm
in length and 0.6-0.8 pm in width with the Gram-negative
type of cell wall.

The TEM method showed that, when grown in a liquid
medium, bacteria exhibited rod-like shapes that were each
ca. 2-3 um long and 0.6 um wide. Cells bore 1-2 polar-
located flagella (Fig. 1A). On a solid substrate, at 24 h post
inoculation, the bacteria had rod-like shapes of ca. 2-3 um
in length and 0.6 um in diameter without flagella (Fig. 1B),
but bearing microvesicles with a size of 60—100 nm on the
surface (Fig. 1C). The bacteria formed a biofilm, and were
interconnected by a network of long contact processes, pili
(Fig. 1D).

Biochemically, the isolate was characterized as oxidase
positive; it hydrolyzed esculin and gelatin, but did not
hydrolyze starch and urease and formed acid from glucose.
Arginine dihydrolase, nitrate reductase, f-galactosidase,
and indole formation were absent. The strain utilized glu-
cose, mannose, maltose, citrate, and malate. Seawater was
required for growth, and the strain grew in the medium with
a NaCl content of 0.5 to 10%. The strain showed resistance
to oxacillin, ceftazidime, tetracycline, and lincomycin, and
was sensitive to ampicillin, streptomycin, gentamicin, cip-
rofloxacin, oleandomycin, chloramphenicol, and rifampicin.
The strain exhibited a medium sensitivity to the rest of the
tested antibiotics.
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Fig. 1 The structure of strain 2202 at 24 h of cultivation: (A) a motile
rod with two flagella in a liquid medium; (B) biofilm of rods with-
out flagella, interconnected by a network of contact processes (black

Tests with type strains showed that the strain 2202 exhib-
ited antimicrobial activity against S. aureus, C. albicans, and
B. subtilis, but not against E. coli and P. aeruginosa.

The bactericidal properties of strain 2202 were studied
on the example of its interaction with Gram-positive bacte-
rium B. subtilis and Gram-negative bacterium E. coli pre-
cultivated on a solid substrate for 3 days (Fig. 2A, D). The
bacteria B. subtilis and E. coli formed a biofilm consisting
of rod-shaped individuals interconnected by a network of
contact processes and immersed in a structureless matrix.

On day 1 post-inoculation, strain 2202 formed colonies of
cells on the surface of B. subtilis biofilm that were intercon-
nected by a contact pili (Fig. 2B). Along with typical rods
with a length of ca. 2—3 pm and width of 0.6 um, some cells
reached a length of 6 um (Fig. 2B, inset). On their surface,
the bacteria had microvesicles with a diameter of approxi-
mately 60-100 nm (Fig. 2C). An extensive foam structure
was observed at the interface between the two adjoining
bacteria: the species B. subtilis and strain 2202 (Fig. 2B,
C, white arrows). The foam structure was composed of
microvesicles having a size of ca. 60—100 nm, formed as a
result of activity of strain 2202 cells.

arrows) on a solid substrate; (C) vesicles on the surface of bacteria;
(D) long contact processes (black arrows) and clusters of microvesi-
cles (white arrow) in an activated colony

On day 1 post-inoculation, strain 2202 formed colonies
of rods up to 2 um in length and ca. 0.6 um in diameter on
the surface of the E. coli biofilm, and the rods were intercon-
nected by contact pili (Fig. 2E, F, white arrows). The foamy
zone at the site of contact between the bacteria of the two
species was absent. Small clusters of microvesicles were
present both over the colonies of strain 2202 and in the area
of E. coli biofilm; similar formations were present in the
control culture (Fig. 2A, D).

To test the pathogenic properties of strain 2202, we car-
ried out a series of experiments using adult, sexually mature
individuals of M. kurilensis and M. edulis as well as embryos
and larvae of M. edulis and S. nudus.

The sterile seawater that contained adult, mature indi-
viduals of M. kurilensis and M. edulis was supplemented
by a suspension of strain 2202 bacteria. After 3 days, the
animals were placed in aerated tanks with regularly replaced
seawater. Subsequent observations during 2 months revealed
no signs of pathology in the animals.

When a suspension of strain 2202 bacteria was injected
into the adductor muscle of adult, mature individuals
of M. kurilensis and M. edulis, mortality of a part of the
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Fig.2 Interaction of strain 2202 with B. subtilis (A-C) and E. coli
(D-F). (A) A biofilm formed by B. subtilis within 3 days of cultiva-
tion. (B) Colonies of strain 2202 at 24 h of cultivation on the bio-
film of B. subtilis; the foamy structure (white arrows) is located in
the zone of contact between bacteria of the two species; in colonies
of strain 2202, there are atypical, elongated rods (inset, scale bar is

individuals was observed on day 5 post-injection. A total of
13 out of the 20 M. kurilensis individuals (65%) and 15 out
of the 20 M. edulis individuals (75%) in the experimental
groups died within 14 days. The presence of strain 2202 in
tissues of the dead individuals was confirmed by sequencing
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2 um). (C) Microvesicles on the surface of bacteria of strain 2202 and
forming the foamy structure (white arrows). (D) Biofilm formed by E.
coli on day 3 of cultivation. (E,F) Colonies of strain 2202 represented
by typical, short rods (white arrows) at 24 h of cultivation on biofilm
of E. coli; the foamy structure at the interface between bacteria of two
species is absent

16S rRNA. The animals in the control groups showed no
signs of pathology throughout the experiment.

In a series of experiments with M. edulis embryos as
a test system, the embryos immediately after fertiliza-
tion were placed in SSW containing strain 2202 at a two
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different concentrations (1 x 10 and 5 x 10? cells/mL) as
well as E. coli at a concentration of 10> cells/mL; devel-
opment in SSW was the control. After 24 h, larvae in the
SSW and in the medium containing E. coli reached the
trochophore stage (Fig. 3A, B). In variant 1 of the experi-
ment with strain 2202, a part of larvae was destroyed, and
the rest developed with anomalies, which were manifested

as abnormal shape and structure (Fig. 3C) and reliable
increase in the variations in their linear dimensions versus
control. The ratio of the larger and smaller diameters of
embryos was: 1, 23 +0, 07 (development in the presence
of 2202), 1, 05+ 0, 04 (development in the presence of E.
coli), 1, 04 +0, 03 (development in sterile seawater).

Fig.3 Larvae of M. edulis, 24 h post-fertilization: (A) development
in sterile seawater; (B) in sterile seawater containing E. coli (10>
cells/mL); (C) in sterile seawater containing bacteria of strain 2202
at a concentration of 10° cells/mL; (D) in sterile seawater containing
bacteria of strain 2202 at a concentration of 5x 10 cells/mL. Larvae

of S. nudus, 48 h post fertilization: (E) development in sterile seawa-
ter; (F) in sterile seawater containing E. coli at a concentration of 103
cells/mL; (G) in sterile seawater containing bacteria of strain 2202 at
a concentration of 10° cells/mL
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In variant 2 of the experiment, with the increase in concen-
tration of strain 2202 bacteria in the medium, the development
was inhibited at the blastula stage, and a part of embryos dis-
integrated into blastomeres (Fig. 3D).

In a series of experiments using embryos of the sea urchin
S. nudus as a test system, they were immediately placed in
SSW containing bacteria of strain 2202 and E. coli bacte-
ria after fertilization; development in SSW was the control.
At 48 h after the beginning of the experiment, the larvae
reached the pluteus stage in all three variants of experiments
(Fig. 3E-G).

An immunocytochemical analysis using antibodies against
a-tubulin and phalloidin staining for actin showed that at 24 h
post-fertilization M. edulis larvae developing in SSW had clus-
ters of tubulin-containing structures in the area bands of cilia
and that their basal bodies were stained. Moreover, larvae cells
were weakly and diffusely phalloidin-stained for cytoskeletal
actin. At the vegetative pole of the larvae, there were intensely
colored, actin-positive, presumably muscle cells (Fig. 4A). In
the medium containing bacteria of strain 2202 (variant 1 of the
experiment), the structure of the larval cytoskeleton varied:
tubulin was diffusely distributed in the cytoplasm of larval
cells without forming dense aggregations, while actin fila-
ments in larval cells formed globules. Intensely colored actin-
positive cells were absent (Fig. 4B).

No abnormalities were found in sea urchin embryos devel-
oping in a medium containing strain 2202 when stained with
antibodies against a-tubulin and phalloidin staining for actin
(Fig. 4C, D).

To determine the species of strain 2202, we carried out a
BLAST analysis of the obtained sequence of 16S rRNA gene
with the available sequences in the genetic data bank. We
observed a complete identity of our sequence with the 16S
rRNA gene sequences of some lineages of P. piscicida. The
results of phylogenetic reconstructions are presented (Fig. 5).
As a base, we selected the NJ tree constructed in the MEGA
X program. Supports for NJ/ML/BA trees are shown in nodes.
It was established that strain 2202 occurs in the clade P. pisci-
cida. The sequence of its 16S rRNA was completely identical
to the sequences KF880965, NR_114190, CP011924; dif-
fers by one nucleotide from CP031761, CP021646; and two
nucleotides from KY366347, belonging to different lineages
of P. piscicida. Using the EzTaxon service (https://www.ezbio
cloud.net/identify) for taxa analysis showed the greatest simi-
larity to P. piscicida JCM 20779T (CP011925). With 100%
overlap of our sequence with CP011925, the similarity was
99.93%.
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Discussion

The hemal fluid of healthy bivalves is known to contain
a community of symbiotic bacteria, referred to as hemo-
microbiota, as a part of the mollusks microbiome, that
includes bacteria that exhibit an antimicrobial, predatory-
like activity (Desriac et al. 2014; Offret et al. 2019). Thus,
animal microbiomes can harbor active bacterial predators,
which may regulate microbiome structure and protect the
host by consuming potential pathogens (Papaleo et al.
2012; Welsh et al. 2016). These bacteria form the so-called
“microbial shield” which is considered as a component of
the defense system in mollusks (Desriac et al. 2010; Oels-
chlaeger 2010). Most of the culturable strains of hemomi-
crobiota are common inhabitants of marine ecosystems
that enter the host organism from the environment. As
a result, the composition of hemomicrobiota is largely
determined by the species diversity of microorganisms in
the habitat and varies in concordance with it depending
on changes in environmental parameters (Wendling et al.
2014). Thus, this component of the mollusk’s defense
system is most labile, which allows the host organism to
respond successfully to external challenges.

Among the culturable strains of hemolymph bacteria,
members of the genus Pseudoalteromonas show the high-
est antimicrobial activity (Desriac et al. 2014). Members of
the genus exhibit predatory-like behavior towards a wide
range of gram-negative and gram-positive bacteria, includ-
ing pathogens (Richards et al. 2017; Tang et al. 2020).

It allows to use the members of the genus Pseudoalte-
romonas probiotics that increase mollusks’ resistance to
pathogens in aquaculture (Offret et al. 2019), which makes
the search for new culturable strains of symbiotic micro-
organisms from this group, as well as description of their
properties and pathways of interaction with other organ-
isms, especially relevant.

We isolated a culturable strain of bacteria with high
antimicrobial activity from the hemal fluid of mature
healthy individuals of M. kurilensis.

To identify the species of the bacterial strain we used the
method of partial genetic sequencing. An analysis of the
16S rRNA gene sequence of strain 2202 showed its 100%
identity to the analogous sequences from strains KF880965,
NR_114190 and CP011924 of P. piscicida, which allows us
to classify strain 2202 as one of the lines of P. piscicida. The
biochemical characteristics of the isolate also match those
of the species P. piscicida (Brenner et al. 2005). Thus, the
bacterium P. piscicida has been isolated, for the first time,
from the hemal fluid of representatives of bivalves.

P. piscicida is known as a species that produces a pigment
with an activity against some of pathogenic microorganism
and marine bacteria. In particular, the p-carboline alkaloid
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Fig.4 Immunocytochemical staining for a-tubulin (red fluorescence) ing in sterile seawater containing bacteria of strain 2202 (A, C) and
and actin (green fluorescence) of larval M. edulis at 24 h post-fertili- in sterile seawater (B, D). DNA of nuclei is post-stained with DAPI
zation (A, B) and S. nudus at 48 h post-fertilization (C, D) develop- (blue fluorescence). The scale bar corresponds to 20 um

noharman inhibits S. aureus (Zheng et al. 2005). P. piscicida ~ and Shewanella algae. Inhibition also occurred on lawns of
caused growth inhibition and death of Vibrio vulnificus, V. S. aureus but not on E. coli O157:H7 or Salmonella enterica
parahaemolyticus, V. cholerae, Photobacterium damselae, serovar typhimurium (Richards et al. 2017).
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100/100/1

Pseudoalteromonas sp. strain 2202 (MH150834)
Pseudoalteromonas piscicida strain NBRC 103038" (NR_114190)
Pseudoalteromonas piscicida strain JCM 207797 (CP011924)
Pseudoalteromonas piscicida strain MCCB 201 (KF880965)
Pseudoalteromonas piscicida strain DE2-B (CP021646)

Pseudoalteromonas piscicida strain DE2-A (CP031761)

L Pseudoalteromonas piscicida strain FL-1M-3 (KY366347)

L Pseudoalteromonas piscicida strain DE1-A (CP031759)

L Pseudoalteromonas piscicida strain IAM12932 (NR_114583)

I ———
0,0050

Fig.5 Phylogenetic tree (based on NJ tree) inferred from comparison
of 16S rRNA gene sequences of bacteria of the genus Pseudoaltero-
monas. The values of bootstrap support (NJ/ML>70%) and Bayesian

According to our data the strain 2202 is a pigment pro-
ducing. When cultivated on a solid substrate, the bacteria
form pigmented colonies that are yellow orange in color. It
was found that the isolate obtained by us exhibited activity
against S. aureus, C. albicans, and B. subtilis and was not
active against E. coli.

The mode of interaction of P. piscicida with antagonistic
bacterial species is characterized as predator-like (Richards
et al. 2017). It was found that due to the action of proteo-
Iytic enzymes produced by P. piscicida, holes are formed in
the membrane of a competitive bacterium species V. para-
haemolyticus. The presence of encoding regions for putative
proteases associated with antimicrobial activity was shown
using the example of genome-wide DNA sequencing of P.
piscicida strain DE2-B, including the genes for 11 serine
proteases and 7 metalloproteases. DNA from the two other
strains (i.e., DE1-A and DE2-A) contains 6 and 7 serine
proteases (Richards et al. 2019).

To visualize the features of interaction of strain 2202 with
representatives of Gram-positive bacteria, we conducted
joint cultivation of these bacteria with a competitive species
B. subtilis and a neutral species E. coli as a control. When
cultivated on the surface of a biofilm formed by B. subtilis
and E. coli, the strain 2202 formed microcolonies. The indi-
viduals in microcolonies were merged contact pili. Also,
there were long pili of an alternative type which contributed
to the rapid mutual relocation of bacterial cells within the
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Pseudoalteromonas peptidolytica strain 0S-3M-3 (KY366348)

88/96/0.99 ‘Pseudoalteromonas peptidolytica strain NBRC 101021 (NR_113971)

Pseudoalteromonas peptidysin strain F12-50-A1 (AF007286)

Pseudoalteromonas rubra DSM 6842 strain ATCC 29570T(X82147)

Pseudoalteromonas luteoviolacea strain NCIMB 1893T(X82144)

a posteriori probability (BA>0.9) are shown at tree nodes. The strain
2202 of Pseudoalteromonas sp. is highlighted in bold

forming biofilm (Pohlschroder and Esquivel 2015). Single
microvesicles were present on the bacterial surface in all
variants of the experiment. However, the presence of an
extensive foamy structure over the colonies 2202 during its
interaction with the competitive species B. subtilis is associ-
ated with the bactericidal activity of the strain. Previously,
the role of vesicles in the antimicrobial system of three P.
piscicida strains, (i.e., DE1-A, DE2-A, and DE2-B) was
investigated on the example of interaction with a competi-
tive bacterium species, V. parahaemolyticus (Richards et al.
2017). The direct transfer of lytic vesicles from the surface
of the P. piscicidae strains to the surface of Vibrio cells,
with subsequent digestion of holes in the Vibrio cell walls
takes place.

In the case of strain 2202, holes on the surface of B. sub-
tilis were extremely rare. Instead of this, there was a frag-
mentation of components of the B. subtilis biofilm as well
as the formation of contact pili between individuals of two
species. This difference may be related to the individual
characteristics of the competing bacterial species used in
the experiment, and may be due to variations in the molecu-
lar mechanisms that provide these competitive interactions.

In particular, it was shown that Pseudoalteromonas can
prey on Gram-positive bacteria by secreting metallopro-
tease pseudoalterin, and thus degrading the PG in their cell
wall. At the same time, pseudoalterin has no killing activity
against Gram-negative bacteria (Tang et al. 2020). The most
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likely, strain 2202 used a strategy called group or ‘wolfpack’
predation during the interaction with competing bacterial
species. A prerequisite for this collaborative type of hunt-
ing is a quorum of predatory cells, which pool hydrolytic
enzymes, proteases, or nucleases to lyse and feed on nearby
prey (Martin 2002). Group predation occurs primarily in
bacteria, which also exhibit social role-playing behavior,
gliding mobility, and complex communication systems,
which is characteristic of Pseudoalteromonas.

With rare exceptions, Pseudoalteromonas strains are
associated with healthy animals or algae. To date, few strains
are known as pathogenic or opportunistic. P. piscicida is
known as fish pathogen (Austin 1993; Gauthier et al. 1995;
Bowman 2007). P. agarivoran NW4327 has been recently
reported as pathogenic for the sponge Rhopaloeides odora-
bile (Choudhury et al. 2015).

As regards strain 2202, the lack of signs of pathology in
the individuals of M. kurilensis whose hemal fluid contained
the isolated strain is an evidence of tolerance of the host
organism to the associated bacteria. The introduction of a
suspension of strain 2202 bacteria into the seawater where
M. kurilensis and M. edulis were kept also did not cause
pathology in the mollusks either. The bactericidal activity
of strain 2202 allows us to consider it as a presumable pro-
biotic that can contribute to improving the survivability of
the host species, as has been shown for other members of
the genus Pseudoalteromonas (Desriac et al. 2014). Being
a component of the in marine ecosystems, the bacterium P.
piscicida is a facultative symbiont that enters the host organ-
ism from the environment. The most probable way of settle-
ment is activation of bacterial phagocytosis by cells of the
integumentary epithelium (Zhukova and Eliseikina 2012).
Although being within specialized vacuoles, microorgan-
isms resistant to the action of lysosomal enzymes overcome
the epithelial barrier and get into the hemolymph of mol-
lusk. The ability to persist in the hemolymph while avoid-
ing the effect of protective factors exhibited by Pseudoalte-
romonas species is explained by the chemical structure of
their lipopolysaccharide (LPS), which is composed of a
pentaacylated lipid A instead of a hexaacylated one (Carillo
et al. 2011). Such a structural difference may provide an
advantage to evade PRRs-mediated recognition (Offret et al.
2016).

Owing to the introduction of a suspension of strain 2202
bacteria into the bivalve’s muscle, the integrity of host
cells become broken, which triggers manifestation of the
pathogenic potential of the strain, showing characteristics
of opportunistic microflora in this case.

Thus, being a component of normal hemomicrobiota,
strain 2202 implements various strategies of symbiosis
depending on external conditions, from mutualism to para-
sitism leading to death of the host organism. This allows us

to characterize strain 2202 as a member of opportunistic
microflora in M. kurilensis.

In experiments using embryos and larvae of M. edulis
with pathogenicity assays, the larvae reached the trocho-
phore stage within 24 h post-fertilization in the control.
Cytoskeletal actin was detected in all larval cells; in addi-
tion, at the larval vegetative pole, there were pioneer muscle
cells with high actin content, which indicated the onset of
larval muscle ring differentiation (Dyachuk and Odintsova
2009). In case of exposure to high concentrations of strain
2202 bacteria, development was inhibited at the blastula
stage. At lower concentrations, bacterial metabolites dis-
turbed the normal development of M. edulis. In particular,
the linear dimensions and the architecture of larvae changed,
ciliary cords did not form, and the muscle pioneer cells at
the vegetative pole of larvae were absent. The structure of
cytoskeletal actin in larval cells was disrupted, which indi-
cates a disturbance of the process of actin filament assem-
bly. A portion of the larvae were destroyed, apparently, as a
result of exposure to a set of bacteria’s proteolytic enzymes.
The observed anomalies indicate a toxic effect of secondary
metabolites of strain 2202 on the processes of cell differen-
tiation during the early development of M. edulis. Moreover,
under natural conditions, the proteolytic enzymes produced
by P. piscicida may affect the ability of M. edulis larvae to
settle. It has been shown that proteolytic enzymes produced
by members of the genus Pseudoalteromonas dissolve the
protein used by invertebrate larvae to attach to the substrate;
thus, preventing their settlement (Dobretsov et al. 2007).
Metabolites of the Pseudoalteromonas species include the
substances that stimulate apoptosis and cause cessation of
cell proliferation, differentiation, and migration (Zheng et al.
2005; Seipp et al. 2006). The production of substances that
affect the cell cycle, as well as proteolytic enzymes, deter-
mines the ability of members of the genus Pseudoaltero-
monas to regulate settlement and metamorphosis of inver-
tebrate larvae. Moreover, the pattern of such interaction is
species-specific, both inhibiting and facilitating settlement
(Dobretsov et al. 2007; Beleneva et al. 2015).

A test system based on the sea urchin embryos and larvae
(SET) for assessing toxicity is universal and highly sensitive.
Toxicity of the natural isolates of fluorescent pseudomonads
was analyzed using embryos and larvae of the sea urchin S.
nudus (Beleneva et al. 2015). SET is widely applied to bio-
assay the toxicity of different classes of xenobiotics, includ-
ing inorganics, organics, different complex mixtures, and
natural products (Pagano et al. 2017). An assessment of the
pathogenic potential of strain 2202 using SET showed those
metabolites of these bacteria neither manifest toxicity nor
disturb the early development of the sea urchin S. nudus,
which confirms the species-specific effects of metabolites of
strain 2202 bacteria towards larvae of marine invertebrates.
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Conclusions

A bacterium P. piscicida (stain 2202) has been isolated, for
the first time, from the hemal fluid of the bivalve mollusk
M. kurilensis. Being part of the normal microflora in the
hemolymph of this bivalve and having bactericidal prop-
erties, the strain can contribute to increase in the survival
rate of the host species; however, when external conditions
change, it shows features characteristic of opportunistic
microflora. Strain 2202 disturbs the early development
of M. edulis but does not exhibit toxicity in SET. Thus,
the bactericidal properties of the strain and the pattern
of interaction with marine invertebrates is species-spe-
cific, which must be taken into consideration when using
this microorganism to address various biotechnological
issues such as, for example, developing antifouling agents,
searching for sources of novel bactericidal substances or
as a probiotic in aquaculture.
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