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Abstract— Determination of the taxonomic position of microorganisms associated with diatoms was carried
out using microscopic, microbiological, and phylogenetic methods. Examination of the cultures of the fresh-
water diatom Synedra acus grown in Lake Baikal water by epifluorescence and electron microscopy revealed
that bacterial cells colonized the mucilage surrounding the cells of living microalgae and their cell surfaces
and penetrate into the frustules of dead diatoms. A total of 13 strains of heterotrophic bacteria were isolated
in pure cultures and described. Based on the results of analysis of their morphological, physiological, and bio-
chemical properties, as well as on data obtained by 16S rRNA gene analysis, the following strains were iden-
tified to the species level: Sphingomonas sp., Variovorax paradoxus, Pseudomonas fluorescens, Microbacterium
trichothecenolyticum, Rhodococcus sp., Caulobacter vibrioides, and Brevundimonas vesicularis.
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Bacteria and diatoms coexist in aquatic ecosystems
and interact in different ways. The majority of pub-
lished data are results obtained in studies of marine
ecosystems. The dependence of diatoms on bacterial
metabolites (e.g., vitamins) has been demonstrated [1,
2]. Bacteria, in turn, depend on the metabolites
secreted by diatoms [3—5]. Cultivation experiments
revealed that different microorganisms were associ-
ated even with the diatoms isolated from the same
source. Moreover, the succession of bacterial morpho-
types of epiphytic bacteria attached to the surfaces of
diatom cell during transition from the active growth
phase of microalgae to the stationary phase has been
described [4]. Determination of the role of bacteria in
the destruction of diatoms during their precipitation
and diagenesis is one of the aspects studied over the
last decade that has aroused considerable scientific
interest [6].

The issues concerning the role of microorganisms
in the silicon cycle in the World Ocean have been stud-
ied and discussed in a number of works. It was demon-
strated that the rate of in situ dissolution of silica frus-
tules of marine diatoms increases significantly due to
the activity of marine bacteria [7—9] belonging to spe-
cific phylotypes, namely, Alphaproteobacteria, Betap-
roteobacteria, Gammaproteobacteria, the Cytophaga—
Flavobacterium— Bacteroides (CFB) group, Actinobac-
teria, and Bacillus [10—12].

There are considerably fewer works dealing with
the interactions between microorganisms and fresh-
water diatoms. The main bacterial satellites (Profeo-

1 Corresponding author; e-mail: zakharova@lin.irk.ru

bacteria and Bacteroidetes) inhabiting diatomaceous
mats and diatom cultures from freshwater ecosystems
were revealed [13]. It is also well known that
Pseudomonas putida (class Gammaproteobacteria)
exhibits antagonistic activity against the freshwater
diatom Stephanodiscus hantzschii [14].

The freshwater diatom Synedra acus subsp. radians
(Kiitz.) Skabitsch. is one of the subjects of the investi-
gations aimed at studying the mechanisms involved in
the transport of silicic acid into the cell, as well as in
silica biomineralization [15—17], the processes that
have attracted a great deal of attention of biotechnol-
ogists. Recently, a method for large-scale cultivation
of the diatom Synedra acus was developed, which
made it possible to obtain large amounts of biomass
(tens of grams per week in a 100-1 photobioreactor).
The use of biomass is aimed at obtaining biogenic sil-
ica, DNA, proteins, and lipids, including eicosapen-
taenoic acid [18]. In the course of diatom cultivation,
the presence of the accompanying microflora was
detected; in some cases, the growth of algae slowed
down and they died.

The aim of the present work was to determine the
taxonomic composition, as well as the physiological
and biochemical properties of the bacteria associated
with the Baikal freshwater diatom Synedra acus during
its cultivation.

MATERIALS AND METHODS

Isolation and cultivation. A culture of the diatom
Synedra acus subsp. radians was isolated from a natu-
ral population of the Listvenichnyi Bay of Lake Baikal.

679



680

ZAKHAROVA et al.

o~ W o

W
Numbers of S. acus,

10* cells/ml

2

e - e _

\9]

—_—

12

days

0

14 16 18 20

Fig. 1. Growth dynamics of the diatom Synedra acus and accompanying bacteria during cultivation: total bacterial number (/)

and S. acus number (2).

The culture was grown in a 100-1 photobioreactor as
described earlier [18] on DM 1 medium containing the
following, mg/1: Ca(NOs;), - 4H,0, 20; KH,PO,, 12.4;
MgSO, - 7H,0, 25; NaHCO;, 16; Na,EDTA, 2.25;
H;BO;, 2.48; MnCl, - 4H,0, 1.39; (NH,)¢Mo,0,, -
4H,0, 1.0; cyanocobalamin (vitamin B,), 0.04; thia-
mine hydrochloride (vitamin B,;), 0.04; biotin, 0.04;
and Na,SiO; - 5SH,0, 57 [19].

Microorganisms isolated from the algo—bacterial
culture were grown under aerobic conditions on petri
dishes with tenfold diluted fish peptone agar
(FPA/10), as well as on the original medium with the
algal extract (DA). To obtain the DA medium, the cells
of §. acus were accumulated on a filter. Then, 1 g of the
biomass was resuspended in 100 ml of water, brought
to boiling, and supplemented with 1.5 g of agar. The
initial algo—bacterial culture was inoculated into ster-
ile medium. Bacterial cultures grew on petri dishes
under aerobic conditions at 25°C; pure bacterial cul-
tures were isolated on the same medium using the
streak inoculation technique.

The physiological and biochemical properties of
bacteria were determined by the standard methods
[20, 21].

The amount of microalgal cells and the total number
of bacterial cells colonizing S. acus were determined
by epifluorescence microscopy of the preparations
stained with DAPI (4,6-diamidino-2-phenylindole)
(0.5 pg/ml); a known amount of the cell suspension
was filtered through 0.2-pm Nucleopore (PC) mem-
branes and examined under an Olympus epifluores-
cence microscope (Japan). Cell counting was per-
formed using the software package developed at
the Limnological  Institute, Siberian  Branch,

Russian Academy of Sciences (inventor’s certificate
no. 2005610667).

The morphological properties of the obtained
strains of microorganisms were determined by light
microscopy, scanning electron microscopy (Philips

SEM 525M; Netherlands), and transmission electron
microscopy (Leo 906E Zeiss; Germany). The strains

were identified to the species level using the manuals
[22, 23].

DNA extraction and PCR. DNA from pure bacte-
rial cultures was extracted using lysozyme, 10% SDS,
and phenol—chloroform extraction. PCR amplifica-
tion of the obtained DNA was performed using the
Amplisens kit (Moscow, Russia) and the following
universal primers for the 16S rRNA gene of eubacteria:
500L (5'-CGTGCCAGCAGCCGCGGTAA-3") and
1350R (5'-GACGGGCGGTGTGTACAAG-3'). The
PCR cycle parameters were as follows: 94°C for 1 min,
94°C for 20 s, 50°C for 20 s, 72°C for 30 s (30 cycles),
and 72°C for 5 min.

Determination of nucleotide sequences and phylo-
genetic analysis. Sequencing of the amplification
products was performed on a CEQ8800 automatic
sequencer (Beckman Coulter, United States) using
the GenomeLab DTCS Quick Start Kit (Beckman
Coulter, United States) and the above-mentioned
primers. The obtained nucleotide sequences of the
16S rRNA genes (570 bp) were deposited in the Gen-
Bank under accession numbers EU671061—
EU671073. The nucleotide sequences of the studied
strains were analyzed using the BioEdit 5.0.9 software
package; phylogenetic analysis was performed using
the MEGA 3.1. software package.

RESULTS AND DISCUSSION

During cultivation of the laboratory culture of
S. acus, inhibition of cell growth with the subsequent
cell death was observed. Microscopic examination of
DAPI-stained preparations revealed the accompany-
ing microflora colonizing the diatom cells. In the
course of the experiment, the number of bacterial cells
increased from 1.2 x 10° to 5.4 x 10° cells/ml (Fig. 1).
MICROBIOLOGY Wol. 79  No.

5 2010
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Fig. 2. Bacteria associated with the laboratory culture of S. acus. Localization of bacteria: (a) and (b) in the mucilage surrounding
the living cells of S. acus (red fluorescence, chloroplasts; blue fluorescence, nuclei and nucleoids of DAPI-stained bacterial cells);
(c) and (d) on the surfaces of S. acus cells; (e) inside dead S. acus cells; (f) on the frustules of the decomposed algal cells: (a) and
(c) epifluorescence microscopy; (b) and (d) scanning electron microscopy; and (e) and (f) transmission electron microscopy.

Scale bar: a, ¢, and d, 10 pm; b, 1 um; e and f, 20 um.

During the first 6 days, an increase in the numbers
of both 5. acus and bacterial cells was observed. The
results of microscopic examination demonstrated
that, during the first several days of cultivation, bacte-
ria were localized in the mucilage surrounding the
cells of living diatoms, in which chloroplasts and
nuclei were clearly visible (Figs. 2a and 2b). During
the stationary phase of microalgal growth (6—9 days),
exponential growth of bacteria actively colonizing the

MICROBIOLOGY Wl.79 No.5 2010

surface of S. acus cells was observed (Figs. 2c and 2d).
Subsequently (12—14 days of incubation), the concen-
tration of .S. acus cells decreased sharply, whereas the
concentration of bacterial cells continued to increase,
it was found that they actively colonized the surfaces of
algal cells (Figs. 2c and 2d), penetrated dead diatoms
(Fig. 2e), and localized on the frustules of decom-
posed algal cells (Fig. 2f).
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Fig. 3. Morphology of the cultivable bacteria isolated from the laboratory algal bacterial culture of S. acus: baik7s (a), baik37s (b),
baik22s (c), and baik17s (d). Scanning electron microscopy. Scale bar, 10 um.

From the S. acus at the stage of growth inhibition,
13 strains with different morphological (Figs. 3 and 4)
and biochemical properties (table) were isolated on
solid media and described. The strains baik7s, baik8s,
baik14s, baikl16s, baik21s, baik22s, baik25s, and
baik26s were isolated on the FPA/10 medium; the
strains baik17s, baik20s, baik27s, baik28s, and baik37s
were isolated on the DA medium at 25—-28°C and
pH 6.8—7.0. The phylogenetic tree shows that the iso-
lated strains are grouped into three clusters; the strains
isolated on the DA medium form a separate cluster
(Fig. 5).

On the basis of its morphological and biochemical
properties, strain baik7s was assigned to the genus
Sphingomonas. The cells are rod-shaped (0.4—0.5 x
0.8—1.0 um) (Fig. 3a) and gram-negative. According
to the results of comparative analysis of the obtained
16S rRNA gene sequences and all the known
sequences in the GenBank database, strain baik7s dis-
played the highest similarity (92%) to Novosphingo-
bium subterraneum (Sphingomonas subterranea) iso-
lated from marine sediments (Fig. 5).

The cells of strain baik8s are straight or slightly
gram-negative curved rods (0.4—0.5 x 1.2—1.5 um)
arranged individually or in pairs (Fig. 4a). According
to the results obtained, the properties of strain baik8s
correspond to the main properties of Alcaligenes para-
doxus which, according to its taxonomic characteris-
tics [22] was transferred into the genus Variovorax with
a new name, Variovorax paradoxus. According to the
data obtained by the 16S rRNA gene analysis (Fig. 5),
strain baik8s showed a 100% similarity with the V. par-
adoxus strain isolated from plant rhizosphere.

A number of properties of the strains baikl4s,
baik16s, baik25s, and baik26s allowed us to identify
them as Pseudomonas fluorescens [23]. The cells of
these strains are rods (0.5—0.8 x 1.0—2.0), motile by
means of several polar flagella (Figs. 4b and 4c). Dur-
ing growth on the medium, the cells excreted a fluo-
rescent pigment. According to the results of analysis of
the obtained 16S rRNA gene sequences (Fig. 5), strain
baik14s displayed the highest similarity (99%) with the
P. fluorescens strain isolated from river water; the sim-
ilarity levels between the strains baik16s, baik25s, and
baik26s and this P. fluorescens strain were slightly
lower (98, 97, and 96%, respectively).

The morphological and biochemical properties of
strain baik21s were similar to those of Microbacterium
trichothecenolyticum. The cells are slightly curved rods
(0.4—0.5 x 1.2—1.4 pum) (Fig. 4d), motile. Analysis of
the 16S rRNA gene sequences (Fig. 5) indicated that
strain baik21s was most closely related to M. tricho-
thecenolyticum (99% homology) isolated among the
symbionts of a Chlorella culture.

On the basis of its morphological and biochemical
properties, strain baik22s was assigned to the genus
Rhodococcus. The cells of a 1-day culture were
rounded or ovoid and appear separately. In old cul-
tures, cocci (0.4—0.8 pm) germinated into short rods
(0.4—0.5 x 0.8—1.0 pum), which then became elon-
gated (0.5 x 3.0—6.5 um) and curved (Fig. 3d).
According to the data obtained by the 16S rRNA gene
analysis, strain baik22s showed 100% similarity to the
strain of an unidentified species of the genus Rhodo-
coccus, isolated from Antarctic water (Fig. 5).

MICROBIOLOGY Wl.79 No.5 2010
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Fig. 4. Morphology of the cultivable bacteria isolated from the laboratory algal bacterial culture of S. acus: baik8s (a), baik14s (b),
baik16s (c), baik21s (d), baik28s (e), and baik17s (f). Transmission electron microscopy. Scale bar: a, 1 um; b-e, 2 um; f, 5 pm.

The strains with similar cultural properties, which
were isolated on DA medium, belonged to the Caulo-
bacter and Brevundimonas morphotypes. On solid
media, these strains formed very small (less than 1
mm), pinpoint, convex, transparent colonies. The
cells of 1-day cultures of the strains baik28s and
baik37s were vibrioid (0.2—0.4 x 1.0—2.5 um) (Figs. 3b
and 4e), gram-negative, with prosthecae, and are

MICROBIOLOGY WI1.79 No.5 2010

motile by means of flagella. The morphological and
biochemical properties of the strains baik28s and
strain baik37s were similar to those of Caulobacter
vibrioides. According to the data obtained by the 16S
rRNA gene analysis (Fig. 5), the strains baik28s and
baik37s were clustered together with Caulobacter tun-
drae (91 and 93% similarities with baik28s and
baik37s, respectively) and Brevundimonas vesicularis
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diatom S. acus from Lake Baikal constructed on the basis of the

analysis of the 16S rRNA gene sequences (570 bp) using the neighbor-joining method. The numerals at the branching points show

the results of the bootstrap analysis. The sequences in bold were

strains (96 and 95% similarities with baik28s and
baik37s, respectively). The cells of the strains baik17s,
baik20s, and baik27s were bacteroids, rods with
rounded ends (0.4—0.5 x 1.0—1.5 pm), motile by
means of one to three flagella; prosthecae were not
detected (Figs. 3d and 4f). The biochemical properties
of the strains baik17s and baik20s were similar to those
of B. vesicularis. According to the results of the 16S
rRNA gene analysis (Fig. 5), the strains baik17s and
baik20s were also closely related (99 and 95% similar-

determined in this work.

ities, respectively) to the described strain of B. vesicu-
laris isolated from a freshwater basin in Germany.
Analysis of the 16S rRNA gene sequence (Fig. 5) of
strain baik27s revealed its similarity with B. vesicularis
(92% homology) (Fig. 5).

It is well known that freshwater bacteria are able to
grow in an algal culture in the absence of organic sub-
strates, using polysaccharide secretory products of the
diatoms as a sole carbon source [13]. Proteases, phos-
phatases, amylases, and lecithinases produced by bac-

MICROBIOLOGY Vol. 79 2010
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teria can hydrolyze proteins, carbohydrates, and other
polymers produced by diatoms, which results in the
removal of the protective organic layer from the sur-
faces of their silica frustules, thereby hastening the
process of their dissolution [12]. The isolated strains
exhibited various enzymatic activities; the broadest
range of enzymatic activities was exhibited by strains
baik7s (Sphingomonas sp.), baik8s (Variovorax para-
doxus), and baik17s (Brevundimonas vesicularis).

The proposed technique for bacteria cultivation on
the medium with the algal extract allowed us to isolate
oligotrophic bacteria belonging to the genera Brevun-
dimonas and Caulobacter of the class Alphaproteobac-
teria, which have not been previously described as dia-
tom satellites. It was shown that the cells of the
Brevundimonas and Caulobacter morphotypes pene-
trate into the dead diatom cells and localize on the
frustules of the decomposed algal cells (Figs. 2e and
2f).

The results of phylogenetic analysis have demon-
strated that the isolated strains, which were associated
with the freshwater diatom .S. acus during its cultiva-
tion, were diverse, belonging to various taxonomic
groups. Six strains (baik7s, baik17s, baik20s, baik27s,
baik28s, and baik37s) belong to the class Alphaproteo-
bacteria, one strain (baik8s) was affiliated to the Betap-
roteobacteria, four strains (baik14s, baik16s, baik25s,
and baik26s) belong to the Gammaproteobacteria, and
two strains (baik21s and baik22s) were affiliated to the
Actinobacteria. Comparative analysis of the taxonomic
diversity of the isolated pure cultures by traditional
microbiological methods and molecular biological
techniques made it possible to reveal with a high reli-
ability the species diversity of the studied bacteria and
affiliate them with the following taxa: Sphingomonas
sp., Variovorax paradoxus, Pseudomonas fluorescens,
Microbacterium trichothecenolyticum, Rhodococcus
sp., Caulobacter vibrioides, and Brevundimonas vesicu-
laris.
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