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Abstract—Fluorescent in situ hybridization (FISH) with rRNA-specific oligonucleotide probes was used to
assess the numbers and phylogenetic diversity of prokaryotic microorganisms in the water of small boreal
lakes and peatland catchments of the swampy upper Volga basin. The abundance of bacterioplankton in lake
water was found to vary from 1.6 to 8.7 x 10° cells ml~!, with the highest values detected in neutral eutrophic
lakes. The total cell numbers in the peat of ombrotrophic bogs were 3.9-4.3 x 108 cells g~! of wet peat. The
proportion of bacteria identified by the group-specific probes decreased from 79—85% in neutral (pH 6.6—
6.9) mesotrophic and eutrophic lakes to 65—69% in acidic (pH 4.4—5.5) dystrophic lakes and to 51—58% in
the peat of acidic (pH 3.6—3.9) ombrotrophic bogs. The diversity of bacterial communities was highest in
lakes with neutral water. These communities were dominated by members of the phylum Actinobacteria (31—
44% of the total bacterial number), while the contribution of Alphaproteobacteria (16—19%), Bacteroidetes
(6—16%), Betaproteobacteria (6—7%), Planctomycetes (2—8%), and Gammaproteobacteria (4—5%) was also
significant. In acidic dystrophic lakes, Actinobacteria (25—35%) and Betaproteobacteria (25—34%) predomi-
nated, while peatland catchments were dominated by the Alphaproteobacteria (20—23%). The presence of
acidobacteria and some planctomycetes common for bogs in the water of acidic dystrophic lakes, as well as
the high proportion of bacteria (31—49%) that were not identified by the group-specific probes, suggest the
impact of microbial processes in peatland catchments on the microbial composition of the receiving waters.
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Ombrotrophic Sphagnum peat bogs of the water-
sheds, as well as swampy forests, are sources of water-
course formation in the level landscape of the Russian
boreal zone. Peatlands of the catchment areas deter-
mine the hydrological cycle of the north-flowing rivers
and are an important component of the hydrological
network. Microbial transformation of organic matter
in these peatlands results in the formation of dark, oli-
gotrophic waters enriched with stable humic com-
pounds. These waters, together with the surface flow,
feed the numerous lakes and rivers of this region. The
microbiological processes occurring in the bogs have a
decisive effect on the chemical composition of the
water [1—3]. Big lakes, due to their economic impor-
tance for the most densely populated part of Russia,
have been a subject of thorough investigation, includ-
ing microbiological research. Small and medium-
sized lakes, the feeding of which is mostly atmospheric
(ombrotrophic) by rain and by the water inflow from
the autonomous ombrotrophic bogs, have received less
attention. The communities of ombrophilic microor-
ganisms [4] formed in the low-mineral water of such

1 Corresponding author; e-mail: dedysh@mail.ru.

lakes are still insufficiently studied. In particular, the
effect of bog waters feeding small lakes on the forma-
tion of the lake microbial community remains unclear.

The goal of the present work was comparative anal-
ysis of bacterial communities in small forest lakes and
autonomous Sphagnum peat bogs of the boggy upper
Volga basin.

MATERIALS AND METHODS

Study sites. Research was carried out in the upper
Volga basin, where comparative limnological and
hydrochemical investigation of small lakes of different
trophic status and ombrotrophic bogs of the catch-
ment areas has been carried out in summer 2006—
2008. They included:

1. Two humic lakes of different trophic status
located in the Darwin State Preserve (Vologda oblast)
in the southern part of the peninsula between the
Mologa and the Sheksna reaches of the Rybinsk reser-
voir, namely, the neutral eutrophic Lake Khotavets
and the acidic dystrophic Lake Dubrovskoe. Over 40%
of the area of this preserve is occupied by Sphagnum
peat bogs and boggy forests, while the lakes are often
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surrounded by peatlands [5]. The limnological and
hydrochemical characteristics of these lakes have been
thoroughly investigated by scientists from the Papanin
Institute for Biology of Inland Waters, Russian Acad-
emy of Sciences [2, 6]. The feeding of these lakes
depends mostly on rainfall and on water inflow from
boggy catchments. An ombrotrophic Sphagnum peat
bog typical of northwestern European Russia located
50 m south of Lake Dubrovskoe was used for compar-
ison. The bog is forested by pine (Pinus silvestris),
while the soil is covered by Sphagnum mosses and low
shrub (Ledum palustre, Andromeda polipholia, Oxycoc-
cus quadripetalus).

2. The ecologically contrasting Lake Bragino and
Lake Lesnoe located in the Valdai national park
(Novgorod oblast) in the northwestern part of the Val-
dai Hills. The ombrotrophic bog chosen for investiga-
tion was located along the Lake Lesnoe shore and sur-
rounded by birch—pine forest. Sphagnum angustifo-
lium, Sph. fuscum, Carex sp., Oxycoccus sp., and
Vaccinium sp. prevailed in the ground cover.

Investigation techniques. The water was sampled
from the surface layers of the lakes (0.2—0.5 m depth).
The values of pH, temperature, and conductivity were
determined at the sampling site. The water color and
its hydrochemical characteristics were determined in
the analytical laboratory of the Papanin Institute for
Biology of Inland Waters, Russian Academy of Sci-
ences, according to the standard procedures [7]. The
ionic composition of the water was determined by
gas—liquid chromatography on a Staier ion chromato-
graph equipped with a conductometric detector.

For investigation of the phylogenetic structure of
bacterioplankton by fluorescent in situ hybridization
(FISH), the water samples were fixed at the sampling
site with 100% ethanol (1 : 1 vol/vol) and stored at
—20°C prior to analysis. Peat samples collected from
the nearby bogs at the water depth (5—10 cm) were
used for comparison. Peat samples for FISH analysis
were fixed as described earlier [8, 9].

For determination of the cell numbers and compo-
sition of bacterioplankton, the fixed samples (1—2 ml)
were filtered onto membrane filters (Millipore,
0.22 pm pore diameter). The filters were cut into eight
to ten sectors that were used for hybridization with
probes specific to different groups of prokaryotes. For
the members of the domain Bacteria, an equimolar
mixture of three probes—EUB338, EUB-338-1I, and
EUB338-111—was used (EUB338-mix), while the
Arch915 probe was used for archaeal cells. More
detailed identification of bacteria was achieved using
the group-specific probes for the Alphaproteobacteria
(ALF1b + ALF968), Betaproteobacteria (BET42a),
Gammaproteobacteria  (GAM42a),  Bacteroidetes
(CF319a + CFB560), Actinobacteria (HGC69a),
Planctomycetes (PLA46 + PLA886), and Acidobacte-
ria (HoAc1402). The nucleotide sequences of these
probes and the hybridization conditions used were
described in our previous publications [8, 9]. The
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peat-inhabiting planctomycetes Schlesneria palu-
dicola and Singulisphaera acidiphila were detected
with the probes Shl-129 and Sin-644 + Syn-588 devel-
oped in [10]. The Cy3-labeled oligonucleotide probes
were synthesized by Syntol (Moscow, Russia).

After hybridization, the preparations were stained
for 5 min with 0.5 uM solution of a DNA-specific
stain DAPI (4',6'-diamidino-2-phenylindole), washed
with distilled water, and air-dried. The preparations
were examined under a Zeiss Axioplan 2 (Jena, Ger-
many) epifluorescence microscope with Zeiss 20 and
Zeiss 02 filters for Cy3-labeled probes and DAPI,
respectively. The target microbial populations were
enumerated by counting the hybridized cells in 50—
100 fields of view with subsequent calculation of the
cell number per 1 ml of water or 1 g of wet peat.

Cultivation and identification of bacteria from the
water of dystrophic lakes. The actinobacterial strain
NKI10 was isolated by plating the water sample from
the dystrophic Lake Dubrovskoe on tenfold diluted
standard R2A agar medium (Difco). The plancto-
mycete isolate L1 was obtained by plating of a water
aliquot from the same lake on the complex M31 agar
medium with ampicillin, which has been previously
used for isolation of peat-inhabiting planctomycetes
[10, 11]. The isolates were identified by partial 16S
rRINA gene sequencing (~500 bp), as was described
previously [10—12]. The samples for scanning electron
microscopy were prepared according to the standard
procedure [12].

RESULTS

Limnological and physicochemical characterization
of the water. The major limnological and hydrochem-
ical characteristics of the investigated lakes and bogs
are listed in Tables 1 and 2. Due to the differences of
the respective catchment areas, the lakes differed in
pH and the chemical composition of water, as well as
in the content of humic compounds. The water of
boreal lakes with peatland catchments had low miner-
alization, pH, and conductivity. Intense coloration of
water in these lakes indicated high content of humic
compounds, which were exported from the boggy
catchment area. The water of neutral eutrophic lakes
was collected mostly from fens and swampy forests [2]
and was enriched with calcium and magnesium
leached from the catchment area.

Total microbial cell numbers. The numbers of
microbial cells revealed by DAPI staining in the
lakes of different trophic status varied from 1.6 to 8.7 x
10° cells ml~!; the highest values were found for the
neutral eutrophic lakes (Table 1). The number of cells
hybridized with the universal bacterial probes was 1.5—
2.0 x 106 cells ml~! (35—55% of the total number of
DAPI-stained cells (Table 3). The number of archaeal
cells was lower by an order of magnitude and varied
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Table 2. Chemical composition (mg 1~!) of the water of investigated lakes and ombrotrophic peat bogs

Lakes and bogs pH | CI- Soif NO; Poif aa?éils Na* | K+ NH:‘r Mg+ | Ca?t nggqls

Darwin Lake Khotavets 6.6 [0.90]0.80] 020 0.00 | 1.90% [0.50] 0.10 ] 0.10 [11.00]11.67] 23.37
Ssgfvtz Pre- |1 ake Dubrovskoe | 4.4 [ 1.00| 1.20 [ 0.70 | 0.00 | 2.90 | 084 |0 |0.00]| 050 1.30| 1.90
Sphagnum peatbog 1| 3.9 [ 0.70 | 1.30 | 0.03 | 0.02 | 2.05 | 030 0.50 [ 0.00 | 0.40| 4.50| 5.70

Valdai na- | Lake Bragino 6.9 [0.95] 1.30 | 0.14 | 0.00 | 225 | 1.46 | 0.90 | 0.00 | 2.09| 9.83| 14.28
tional park |y ae I esnoe 5501.23/081]000] 000 | 204 |041]079]000]| 029 1.67| 3.6
Sphagnum peat bog 2| 3.6 | 2.66 | 1.38 | 0.30 | 0.41 | 4.04 | 1.00| 1.83|044 | 0.18] 0.57| 4.02

* HCO5 concentration is 22.45 mg L

Table 3. Cell numbers in lake water and peat bog revealed by hybridization with oligonucleotide probes specific for the in-

dividual groups of prokaryotes

Cell number determined by hybridization with group-specific probes
Area of (N x 10° cells mI~! water and N x 108 cells g~! wet peat)
investiga-| Objects c
tion . CF319a+ | PLA46 +
EUB338-mix| Arch915| ALF1b | BET42a | GAM42a| HGC69a CFB560 886 HoAc1402
Darwin |Lake 1.96 + 008+ | 030 | 1.14%+ | 0.09+t | 0.85% 0.13+ 0.15+ 0.0004
State Khotavets 0.31 0.02 | 0.05 .02 0.01 0.01 0.01 0.02 .0002
Preserve Ip ake 150+ | 0.06+ | 003+ | 039+ | 0.14% | 054+ | 005+ 006+ | 004+
Dubrovskoe 0.11 0.03 0.004 0.08 0.01 0.01 0.01 0.01 0.01
Sphagnum 1.48 £ 023+ | 036+ | 0.12+ | 0.03+ | 0.08=* 0.13x 0.08 £ 0.07 =
peat bog 1 0.33 0.06 0.08 0.03 0.01 0.02 0.03 0.02 0.01
Valdai  [Lake 2.02+ 005+ | 036+ | 0.12+ | 0.11+ | 0.63* 032+ 0.05x 0.002 £
national |Bragino 0.11 0.02 0.05 0.02 0.04 0.01 0.02 0.01 0.001
park Lake Lesnoe| 1.72 + 004+ | 0.03£ | 058+ | 0.01£ | 044+ 0.04 + 0.1+ 0.003 +
0.23 0.01 0.007 0.02 0.003 0.01 0.01 0.03 0.001
Sphagnum 1.5+ 029+ | 029+ | 0.08+ | 0.04+ | 0.03% 0.04 + 0.08 + 0.05 +
peat bog 2 0.30 0.04 0.04 0.02 0.01 0.02 0.02 0.03 0.02

from 0.4 to 0.8 x 10° cells ml~! (1-2.5% of the total
cell number).

In the peat samples collected at the water level, the
number of microorganisms was 3.9—4.3 x 108 cells g
wet peat. About 35% of these cells hybridized with
EUB338-mix. The number of archaea in peat was lower
by an order of magnitude (2.3—2.9 x 107 cells g~ wet
peat) (Table 3).

Phylogenetic structure of bacterial communities.
The total proportion of bacteria identified with the
group-specific probes applied in this study was 79—
85% in the water of neutral mesotrophic and eutrophic
lakes, 65—69% in the water of acidic dystrophic lakes,
and only 51-58% in the peat of acidic ombrotrophic
bogs. Thus, the highest proportion of unidentified
organisms was detected in acidic and oligotrophic
ecosystems (Fig. 1).

The structure of bacterial communities in the neu-
tral eutrophic lakes Khotavets and Bragino exhibited
the highest diversity. These communities were domi-

nated by members of the phylum Actinobacteria (31—
44% of the total bacterial number), while Alphaproteo-
bacteria (16—19%), Bacteroidetes (6—16%), Betapro-
teobacteria (6—7%), Planctomycetes (2—8%), and
Gammaproteobacteria (4—5%) were also present in sig-
nificant numbers. Most cells revealed in the water of
acidic dystrophic lakes Dubrovskoe and Lesnoe
belonged to the Actinobacteria (25—35%) and Betapro-
teobacteria (25—34%). Other phylogenetic groups of
bacteria were numerically insignificant. The numbers
of the Alphaproteobacteria, Gammaproteobacteria,
Bacteroidetes, and Planctomycetes in dystrophic lakes
were lower than in eutrophic ones. The structure of
bacterial populations in the bogs of the catchment
areas was different from that of lake water. Alphapro-
teobacteria (20—23% of the total number of the cells
hybridizing with EUB338-mix) was the most numer-
ous group of prokaryotes, while Actinobacteria consti-
tuted only ~5%.

In contrast to lake water, microbial community in
the peatlands had a significant proportion of the Aci-
No. 4
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Fig. 1. Composition of bacterial communities in small lakes of different trophic status and Sphagnum peat bogs of the catchment
areas: Alphaproteobacteria (1), Betaproteobacteria (2), Gammaproteobacteria (3), Actinobacteria (4), Bacteroidetes (5), Plancto-
mycetes (6), Acidobacteria (7), and cells unidentified by the probes (&).

dobacteria, which are among the most characteristic
peat-inhabiting microorganisms. Practically no aci-
dobacteria were revealed in the water of the lakes Kho-
tavets, Bragino, and Lesnoe, with water pH above 5.0.
However, in the more acidic Lake Dubrovskoe
(pH 4.4), some cell aggregates of acidobacteria were
revealed with the probe HoAc1402 (Figs 2a, 2b).
Detection of peat-inhabiting planctomycetes
Schlesneria paludicola (Figs 2b, 2d) and Sin-

MICROBIOLOGY Vol. 80
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gulisphaera acidiphila in the water of Lake Dubrovskoe
was another evidence for the impact of peatland
catchments on the composition of microbial commu-
nities in the nearby lakes.

Isolation of some bacterial cultures from the water
of dystrophic lakes. Microscopy with the fluorescently
labeled probes revealed small C-shaped cells as the
predominant actinobacterial morphotype in the water
of dystrophic lakes. One bacterium of a similar mor-
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Fig. 2. Specific detection of acidobacteria (a, b) and peat-inhabiting planctomycetes (c, d) in the water of dystrophic Lake
Dubrovskoe: phase contrast (a, ¢), epifluorescence microscopy with the probe HoAc1402 specific for the Acidobacteria (b), and
epifluorescence microscopy with the probe Shl-129 specific for planctomycetes Schlesneria paludicola (c). Scale bars, 10 pm.

phology was isolated from the water of Lake
Dubrovskoe and designated isolate NK10 (Fig. 3a).
Analysis of 16S rRNA gene sequences of the isolate
identified it as one of the chemoorganotrophic nitrate-
reducing members of the family Microbacteriaceae,
Leifsonia aquatica (98% similarity).

Detection of peat-inhabiting planctomycetes in the
water of dystrophic lakes was confirmed by their isola-
tion in pure culture. For example, a new plancto-
mycete strain L1 was isolated from the water of Lake
Dubrovskoe (Fig. 3b). Analysis of the 16S rRNA gene
sequence of this isolate revealed 99% similarity to the
corresponding gene sequences of the recently
described planctomycetes Singulisphaera acidiphila
[12].

DISCUSSION

Prior to the mid-1990s, the structure of bacterial
populations in freshwater habitats was considered tax-
onomically similar to that of the prokaryotes in adja-
cent terrestrial ecosystems [13, 14]. This conclusion
was drawn from the results of cultivation-based stud-
ies, which reveal only a minor fraction of the microbial
diversity in natural environments. Since plating of
water samples underestimates Actinobacteria, they
have been traditionally considered typical soil organ-

isms. Accumulation of data on microbial diversity
obtained by molecular techniques, which make it pos-
sible to identify microorganisms in environmental
samples without cultivation, resulted, however, in a
drastic change of our understanding of the component
structure of microbial populations in various ecosys-
tems, including freshwater ones [15]. Analysis of 16S
rRNA gene sequences revealed considerable similarity
in the composition of bacterioplankton in geographi-
cally remote natural water bodies [16]. Members of
Actinobacteria and Betaproteobacteria were found to
predominate in all these ecosystems, while Alphapro-
teobacteria, Gammaproteobacteria, Bacteroidetes, and
Verrucomicrobia were revealed as minor components
[16, 17]. Interestingly, 16S rRNA gene sequences of
bacteria from freshwater environments form compact
clusters, which do not contain any clones from marine
of soil ecosystems. Most of these “typically freshwa-
ter” clusters have no cultured members.

Predomination of Actinobacteria and Betaproteo-
bacteria was also found in the eutrophic and dystro-
phic lakes investigated in the present work. Both in
neutral and acidic waters, actinobacteria were among
the most numerous groups of bacterioplankton.
Detailed analysis of their phylogenetic position was
not among the goals of the present work. While up to
four phylogenetic clusters (acl—aclV) are presently

MICROBIOLOGY Vol. 80
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Fig. 3. Cell morphology of actinobacterial isolate NK10 (a) and planctomycete L1 (b) isolated from the water of dystrophic Lake
Dubrovsloe: scanning electron microscopy, scale bar, 1 um (a), phase contrast, scale bar, 10 um (b).

distinguished among “freshwater” actinobacteria
[20], the cultures of the representative organisms have
been isolated only for two of them, acl and acll
[19—21]. These are characterized by small size (cell
volume < 0.1 um?®) and C-shaped cells. Such bacterial
morphotypes were shown to be more resistant to pro-
tozoan grazing [19]. These actinobacteria were diffi-
cult to cultivate and did not grow in the absence of
microbial satellites. They were therefore described as
candidates for the new genus- and species-level taxa:
“Candidatus Planktoluna difficilis,” “Candidatus Aqui-
luna rubr,” “Candidatus Flaviluna lacus,” “Candidatus

Rhodoluna limnophila,” “Candidatus Rhodoluna
planctonica,” “Candidatus Rhodoluna lacicola,”
“Candidatus Limnoluna rubra,” and “Candidatus

Planctophila limnetica” 20, 21]. Apart from “Candi-
datus Planctophila limnetica,” all of them belong to the
family Microbacteriaceae. Although the isolate NK10
obtained from the water of acidic Lake Dubrovskoe
has similar cell morphology and belongs to the same
family, it does not belong to the acll cluster of actino-
bacteria. Since a group-specific probe was used in the
present work, it was not possible to determine the pro-
portion of NK10-like organisms among actinobacte-
ria.

The Betaproteobacteria, which were especially
numerous in the water of acidic dystrophic lakes
(Fig. 1), also had small cells. This correlates well with
the results of other studies, which showed predomi-
nance of betaproteobacterial sequences in the 16S
rRINA gene clone libraries obtained from humic acidic
boreal lakes [22—24]. The water of such lakes has a
high content of humic substances, which are resistant
to microbial degradation, while a small fraction con-
sisting of sugars and organic acids [25] is available to
microorganisms. Betaproteobacteria were the first to
react to the addition of available organic matter to the
water of a dystrophic lake, which was evident from a
drastic increase in their cell numbers [22, 23].

The present work demonstrated that the phyloge-
netic structure of prokaryotic microbial communities
MICROBIOLOGY Vol. 80

No. 4 2011

in the water of boreal lakes varying in their trophic sta-
tus differs significantly from that found in the peat
bogs of the catchment areas. The latter are dominated
with the Alphaproteobacteria and are characterized by
significant cell numbers of the Acidobacteria and
Planctomycetes. This correlates with the results of an
earlier molecular analysis of the bacterial diversity in a
Sphagnum peat bog [8]. Bog water from swampy
catchments feeds the boreal lakes located among the
peatlands with the surface flow. While Actinobacteria
and Betaproteobacteria predominate in such lakes, the
typical peat-inhabiting acidobacteria, as well as planc-
tomycetes Schlesneria paludicola and Singulisphaera
acidiphila, were also found [11, 12]. The latter were
revealed by both FISH analysis and by the isolation of
the new planctomycete strain L1, which was identified
as S. acidiphila. Thus, acidobacteria and plancto-
mycetes act as markers of bog waters feeding a lake.
The degree of this external influence on formation of
bacterioplankton populations in lakes depends, how-
ever, significantly on the water exchange rates [26]. A
short-term cycle of complete water exchange is known
to be typical of the small lakes of the boreal zone [27].
In such lakes, the export of microbial cells, together
with allochthonous organic matter from the boggy
catchments, is a significant factor affecting the struc-
ture of bacterioplankton [26]. On the contrary, in big
lakes with low rates of water exchange, the structure of
microbial communities depends mainly on the indig-
enous autochthonous processes in the water column
[27].

These results extend the present knowledge of bac-
terially mediated processes involved in formation of
oligotrophic waters in the boggy catchments that are
common in northern Russia. They may be used for
prediction of the ecological consequences of extreme
natural and anthropogenic impacts.
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