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Abstract

The seasonal and spatial variations of microbial communities in Arctic fjelds of
Finnish Lapland were studied. Phospholipid fatty acid analysis (PLFA) and
terminal restriction fragment analysis (T-RFLP) of amplified 16S rRNA genes
were used to assess the effect of soil conditions and vegetation on microbial
community structures along different altitudes of two fjelds, Saana and Jehkas.
Terminal restriction fragments were additionally analysed from c. 160 cloned
sequences and isolated bacterial strains and matched with those of soil DNA
samples. T-RFLP and PLFA analyses indicated relatively similar microbial com-
munities at various altitudes and under different vegetation of the two fjelds.
However, soil pH had a major influence on microbial community composition.
Members of the phylum Acidobacteria dominated especially in the low pH soils
(pH 4.6-5.2), but above pH 5.5, the relative amount of terminal restriction
fragments corresponding to acidobacterial clones was substantially lower. Both T-
RFLP and PLFA analysis indicated stable microbial communities as the DNA and
fatty acid profiles were similar in spring and late summer samples sampled over 3
years. These results indicate that differences in microbial community composition
could be explained primarily by variation in the bedrock materials that cause

variation in the soil pH.

Introduction

Finnish Lapland is mainly situated in the taiga (boreal forest)
zone although Arctic-alpine tundra (treeless heaths) domi-
nate the environment in the far northwestern part of Lapland.
Arctic tundra soils are characterized by extreme conditions
such as long periods of low temperatures, multiple episodes
of freezing and thawing during spring and fall and relatively
wide annual temperature variation. It is often assumed that
below 0 °C microbial activity ceases, and in boreal and Arctic
environments the soil microbial activity is minimal outside
the growing season. However, microbial activity has been
reported in soil at subzero temperatures (Clein & Schimel,
1995; Mikan et al., 2002) and even at temperatures down to
—20°C (Rivkina et al., 2000). Larsen et al. (2002) reported
substantial carbon mineralization in soils of northern Sweden
during the winter months as compared to the annual carbon
flux. In tundra and taiga soils it was estimated that microbial
respiration during winter accounted for 10-30% of the
annual carbon loss (Clein & Schimel, 1995).

Global warming is expected to affect the Arctic ecosys-
tems severely as both increased air temperature and in-
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creased snow accumulation will lead to significant warming
of the soil and subsequently increased microbial activity and
CO, release from the Arctic tundra (Welker et al., 2000).
Microbial activity of Arctic tundra soils has consequently
received keen interest during the past decade. Studies of cold
soils have, however, concentrated mainly on analyzing
microbial respiration, carbon and nitrogen mineralization,
while the structures of microbial communities are poorly
characterized. Potential applications for cold-active micro-
organisms and microbial by-products have also been a
strong motivation for the exploration of extremely cold
environments and numerous novel bacterial species have
been isolated and described from the polar environments
(for a review, see e.g. Cavicchioli et al., 2002). Microbial
community structures of alpine tundra soils have been
studied in the Niwot Ridge, Colorado (Lipson et al., 2002;
Schadt er al., 2003; Lipson & Schmidt, 2004; Monson et al.,
2006) and a few reports exist on the microbial diversity of
high Arctic tundra in Siberia (Zhou et al., 1997) and Canada
(Neufeld et al., 2004). Amplified 16S rRNA genes of
alpine soils of the Niwot Ridge were dominated by Acid-
obacteria, Alpha- and Betaproteobacteria, members of the
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Fig. 1. Map of northern Finland showing the location of Kilpisjarvi.

Verrucomicrobia division and Bacteroidetes (Lipson &
Schmidt, 2004). Siberian permafrost tundra was dominated
by Alpha- and Gammaproteobacteria (Zhou et al., 1997)
while Deltaproteobacteria were reported to dominate in the
high Arctic of Canada (Neufeld ef al., 2004). Very little is
known, however, on the microbial community structures of
sub-Arctic and Arctic-alpine environments of the Fennos-
candia, where the microorganisms are challenged by not
only low temperatures but also repeated freeze—thaw cycles
and a relatively wide annual temperature fluctuation. Fen-
noscandian tundra environments extend from the mountai-
nous (fijeld) areas of southern Norway to the far
northernmost parts of Finland. In Finland, the Scandinavian
Caledonides extend to the Kilpisjarvi region (Fig. 1), which
is considered one of the coldest places in Continental
Europe with an annual temperature of —2.2°C and a
growing season of ¢. 100 days. The Fennoscandian tundra
differs from the arctic tundra of Canada and Siberia by the
absence of permafrost. Consequently these soils experience a
larger annual temperature variation as well as variation in
the soil water content when there is no permafrost to trap
the moisture (Richardson et al, 2003). Moreover, the
Fennoscandian tundra differs from the more temperate
alpine soils by e.g. a shorter plant growth season and
differences in the photoperiods.

The aim of this study was to investigate the major
bacterial groups dominating in the Arctic-alpine tundra
soils of Lapland. Particular interest was paid to the spatial
and seasonal stability of these microbial communities.
Therefore, the variability of the microbial community of
tundra soils was studied in two fjelds with two culture-
independent community profiling methods, phospholipid
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fatty acid analysis (PLFA) and terminal restriction fragment
analysis (T-RFLP), with the aim of assessing the effect of
altitude, vegetation and soil conditions, as well as the
seasonal variation in the microbial community composi-
tion. By comparing the data obtained from T-RFLP analyses
from soil DNA, cultivated isolates and a 16S rRNA gene
clone library, it was possible to link the community profiles
to a more detailed phylogenetic analysis of the bacterial
community.

Materials and methods

Study site and soil sampling

The fjelds located in the Kilpisjirvi region (69°01'N,
20°50'E) in the northwestern part of Finland (Fig. 1) belong
to the Scandinavian Caledonides. This part of Lapland is
unique in Finland, with peaks reaching 1000 m or higher,
including Saana, Malla and Jehkas fjelds. The bedrock differs
from other parts of Finland as it contains calcareous
dolomite, which makes the vegetation of the northwestern-
most Finland exceptionally lush. The area is characterized by
mountain birch (Betula pubescens ssp. czerepanovii) forests
which reach up to ¢. 600 m above sea level (a.s.l.) and treeless
tundra heaths with a mosaic vegetation of dwarf shrubs and
alpine grasses. The climate in Kilpisjarvi is suboceanic due to
the proximity of the Arctic Ocean. The growing season is
¢. 100 days with a mean annual temperature of — 2.2 °C. The
annual precipitation is ¢. 500 mm and snow accumulation in
the town of Kilpisjarvi ¢. 1 m in March. On the fjeld slopes,
snow accumulation varies within short distances depending
on wind exposure and topography. The wind-exposed ridges
may remain essentially snow free, while depressions can
receive more than 1 m of snow. Under the thick snow pack,
the soil temperature remains close to 0°C all winter, while
temperatures down to — 25 °C were measured in the wind-
exposed soils during the winters of 2004-2005 and 2005-2006
(M. Minnist6, unpublished data).

For T-RFLP and PLFA analysis, soil was sampled from
Saana and Jehkas fjelds from 2001 to 2003 from different
sites varying in vegetation and soil conditions (Table 1). For
bacterial isolation, soil was sampled additionally from
Pikku-Malla fjeld in 2001 and 2002. All three fjelds are
located within 5km of each other in close proximity to the
town of Kilpisjarvi (Fig. 1). Microbial community structures
of Saana fjeld were followed from soil samples obtained in
August 2001, June 2002, September 2002 and June 2003,
whereas soil from Jehkas was sampled only once in June
2003. In 2001, soil samples were obtained from five altitudes
(Table 1) ranging from the mountain birch treeline (600 m
a.s.l.) to top of the field (1020 m a.s.l.). From each altitude,
four soil cores were obtained from the top 5cm of soil.
These samples were used to test DNA and PLFA extraction
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Table 1. Sampling sites and physico-chemical characteristics of soil samples from Saana and Jehkas fjelds

Total N (mgg™")* NH4-N (mgg™)
Sampling site™ Altitude (m a.s.l) pH 9/2002 6/2003 9/2002 6/2003 Other
S01_1 1020 4.9(4+£0.03)
S01_3 960 5.2 (£0.3)
S01_4 800 4.8(+0.29
S01_5 670 49(£0.1)
S01_6 600 6.1(+£0.2)
S02_1 1020 5.1(£0.1) 21.1 20.9 6.1 3.0 Shrub-dominated
S02_2 1020 5.0(£0.3) 23.7 32.8 8.2 1.7 Grass-dominated
S02_3 950 5.1(£0.3) 18.5 14.3 4.5 2.6
S02_4 850 49(£0.2) 8.9 329 2.3 10.8
S02_5 750 5.7 (£0.1) 16.4 23.1 11.6 13.4 Grass-dominated
S02_6 750 5.0(£0.3) 4.0 111 0.6 1.9 Shrub-dominated
S02_7 650 4.8(+£0.3) 2.0 12.8 0.8 0.9
S02_8 620 4.7(+£0.1) 37.3 54.4 13.6 11.4
J1/2003 960 5.1 (£0.05) ND 17.8 ND 2.7
J2/2003 940 6.2 (+0.04) ND 379 ND 21.6 Grass-dominated
J3/2003 940 5.2 (+£0.05) ND 10.3 ND 2.5 Shrub-dominated
14/2003 855 5.2 (+£0.05) ND 22.4 ND 14.0
J5/2003 790 5.5(£0.04) ND 10.0 ND 1.8
16/2003 755 5.8 (£ 0.05) ND 20.5 ND 7.6
17/2003 650 5.2 (£0.05) ND 39.0 ND 11.2
18/2003 620 4.8 (£0.05) ND 13.2 ND 1.1
J9/2003 580 4.6 (£0.03) ND 15.3 ND 1.3

*S and J in the sampling site codes refer to Saana and Jehkas fjelds, respectively.
S01 and SO2 refer to Saana samples obtained in years 2001 and 2002-2003, respectively.

Total-N and NH,-N concentrations are given as mg g™ soil dry weight.

methods as well as to obtain preliminary data of the
microbial community composition at different elevations.
In 20022003, soil was sampled from eight sites of Saana and
nine sites of Jehkas, as indicated in Table 1. The 2002-2003
samples were pooled by combining 10 soil cores to two
composite samples of each sampling site. The samples were
transported to the laboratory where they were homogenized
by hand. Plant debris, large roots and stones were removed
and the sample was mixed and stored at — 20 °C for DNA,
PLFA and soil analysis. For cultivation of bacteria, soil was
stored at close to ambient temperature (4 °C) for no more
than 4 weeks.

Soil pH was measured in 25% (v/v) soil-water suspen-
sion. Total and ammonium nitrogen were measured from
0.5M K,SO, extracts. For the extracts a subsample of c. 2 g
fresh soil was extracted with 50 mL of 0.5M K,SO, and the
NH,-N concentration in the extracts was determined by
flow injection analysis (FIA 5012, Tecator). Total extractable
N in the extracts was determined by oxidizing all extractable
N to NO3 (Williams et al., 1995), and then analyzing it as
NOj by automated flow injection (FIA 5012, Tecator).

Phospholipid fatty acid analysis

Phospholipids were extracted from 5 g of homogenized soil
as described by Ruess et al. (2005). Soil samples were
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extracted with 15mL of a one-phase mixture (1:2:0.8 v/v/
v) of chloroform, methanol and 0.05M sodiumphosphate
buffer (pH 7.4) overnight. The extraction was repeated with
7.5 mL extraction solvent for 3h and 2.4 mL each of H,O
and methanol was added to the solvent phase. After over-
night separation at 4°C, the chloroform fraction was
removed and phospholipids were fractionated with silicic
acid columns (Ruess et al., 2005). Fatty acids were saponi-
fied and methylated following the MIDI protocol (Miller &
Berger, 1985) and the fatty acid methyl esters analyzed as
described earlier (Médnnisto & Haggblom, 2006). Fatty acids
are designated by the total number of carbon atoms: num-
ber of double bonds following the position (when known)
and geometry (cis/trans) of the double bond from the
aliphatic (®) end of the molecule. Prefixes i, a and cyc refer
to iso- and anteiso branched fatty acids and cyclopropane
fatty acids, respectively. 10- and 11-Me refer to a methyl
branch in the 10th or 11th carbon from the carboxyl group.

Molecular analyses of soil samples

In 2001 soil DNA was extracted from 0.3 g (wet weight) of
individual homogenized soil cores using two methods: the
method developed by Zhou et al. (1996) and the Mobio
Ultraclean™ soil DNA extraction kit (MoBio Laboratories,
Inc., Carlsbad, CA). DNA extracted by the Zhou method
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was purified using Sepharose 4B filled columns as described
by Jackson et al. (1997). As both methods gave comparable
T-RFLP patterns, only the Mobio Ultraclean™ soil DNA
extraction kit was used for the subsequent samples. PCR
amplification of 16S rRNA genes was performed using
forward primer 27f and reverse primer 1522r (Johnson,
1994). PCR was carried out in a final volume of 50 UL using
0.5 pL template DNA, 200 uM of each dNTP, 0.3 uM of each
primer and 1 U DyNAzyme II polymerase with 1 x concen-
tration of the supplied buffer (Finnzymes, Espoo, Finland).
PCR amplification was performed in a PTC-100 thermal
cycler (MJ Research, Waltham, Mass.) as follows: initial
denaturation at 95°C for 5min, 30 cycles at 94 °C for
0.5 min, 55 °C for 1 min and 72 °C for 2 min, and the final
extension step at 72 °C for 10 min. For T-RFLP analysis the
forward primer was labeled with FAM (6-carboxyfluores-
cein). Three PCR amplification products from each DNA
preparation were pooled and purified using a High Pure
PCR product purification kit (Roche). Approximately
100ng of the purified PCR product was digested with
restriction enzymes Mspl (Fermentas) and Hhal (Roche).
From the 2001 samples, the T-RFLP of each soil DNA extract
was analyzed, but from the 2002-2003 samples, the restric-
tion digestions of DNA extracts of three soil samples were
pooled for T-RFLP analysis. Consequently, each T-RFLP
profile is a mixture of restriction digestions of three replicate
DNA samples. T-RFLP profiles were analyzed by the Frag-
ment analysis service of University of Turku using an ABI
PRISM 377 automatic sequencer and GeneScan -500 TAM-
RA (Applied Biosystems) DNA fragment length standard.

Identification of dominating soil bacteria

A total of c. 200 bacterial strains were isolated from the
tundra soil of Kilpisjarvi, of which 150 were reported earlier
(Ménnist6 & Haggblom, 2006). The 50 strains isolated in
this study were cultivated from soil sampled from the north
ridge of Saana using 20% R2A agar, polysaccharide agar,
sugar agar and extract agar. R2A agar was prepared with
3.6 g of R2A per liter (20% of the recommended strength,
Difco) and 6 g of agar per liter (Difco). Polysaccharide agar
contained: 0.5 g each of carboxy methylcellulose, xylan and
starch per liter and 0.3 g of yeast extract per liter prepared in
1/4 strength DMS465 mineral salts solution (pH 6.0, http://
www.dsmz.de/microorganisms/html/media/medium0465.
html). Sugar agar contained: 0.5mM each of glucose,
xylose, lactose, and cellobiose prepared in 1/4 strength
DSM465 mineral salt solution (pH 6.0), 0.2% soil extract
(Ménnist6 & Haggblom, 2006) and 15 gagar per liter. The
extract agar contained: 50 mL of each soil, moss and plant
extract per liter amended with proteose peptone (0.3gL™),
yeast extract (0.3 g LY, glucose (0.2 g L), Tween80 (0.02%
v/v) and agar (15 gL_l). Soil and moss extracts were
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prepared as described earlier (Minnist6 & Héaggblom,
2006). Plant extract was prepared from 500g of plant
material (shrubs and grasses) that was collected from the
Kilpisjarvi tundra. The leaves and grasses were simmered for
30min in 1000 mL of tap water. After cooling, the plant
material was removed by filtering the extract through cotton
and the extract was sterilized by autoclaving. The pH of the
extract agar was c. 5.5.

The bacterial isolates were identified by their whole cell
fatty acid compositions and partial 16S rRNA gene se-
quences as described earlier (Ménnisto & Haggblom, 2006).
Based on these results, 60 different isolates were selected for
T-RFLP analysis. T-RFLP analysis of the bacterial strains was
performed from 2 to 5ng of DNA as described for the soil
samples.

For cultivation-independent analyses the 16S rRNA gene
PCR product amplified from the Saana soil DNA sample
(S02_1) was inserted into a pCR4-TOPO vector and trans-
formed to Escherichia coli TOP10 cells using TOPO TA
Cloning Kit for Sequencing (Invitrogen). Putative positive
colonies were selected by blue/white screening and plasmid
DNA was extracted using the Qiaprep spin miniprep kit
(Qiagen).

T-RFLP sizes of 100 clones were analyzed from 1 to 2 ng
of PCR products that were amplified and digested using the
same protocol as described for the soil DNA samples. Based
on the T-RFLP analyses, two clones representing 13 of the
major peaks in the soil T-RFLP profiles were selected for
partial sequencing of the 16S rRNA genes using primer 27f
on an ABI3700 DNA sequenzer. Similarity searches of
sequences were performed using BLAST (Altschul et al.
1997). T-RFLP fragments of clones and bacterial isolates
corresponding to the 13 soil T-RFLP peaks were analyzed
from 1 to 2 ng of PCR products similarly as described for the
soil samples. For each T-RFLP peak, between one and six
corresponding sequences were obtained.

Data analysis

The T-RFLP data of each sampling period (August 2001,
June 2002, September 2002 and June 2003) was analyzed
separately. TRFs of 70-500 bp in length and with heights of
> 50 fluorescent units were included in the final analysis.
TRF peaks that differed by more than 0.5 bases were
considered unique. T-RFLP data was normalized to the total
fluorescence of each sample, as described by Dunbar et al.
(2001). PLFA peaks that represented at least 0.5% of total
peak areas were considered for the analysis. The mole
fraction of each fatty acid was used for the PLFA patterns.
The PLFA and T-RFLP patterns of various soil samples
were compared using nonmetric multidimensional scaling
(NMS) using the program package pc-orp (McCune &
Mefford, 1999). NMS ordination was used as it is well suited
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for data that is nonnormal or arbitrary, discontinuous or
with otherwise questionable scales and does not assume
linear relationships among variables (McCune & Grace,
2002). NMS ordination was calculated using the Sorensen
(same as Bray-Curtis) distance method and autopilot mode
on medium speed. The graphical presentation of the NMS
ordination was used to find the most (dis)similar sample
points and to visualize any relationships between environ-
mental conditions and PLFA/T-RFLP compositions. PLFA
and T-RFLP patterns were correlated to the soil physico-
chemical properties using Pearson correlation. For this the
ordination scores (component 1 and 2) of each sample was
correlated with soil total-nitrogen, ammonium, pH, organic
matter content and moisture using bivariate correlation
with Pearson correlation coefficient and two-tailed test of
significance on the spss 14.0 program package. The effect of
DNA extraction method and sample altitude on T-RFLP
ordination scores of the year 2001 samples was tested using
two-way ANOVA followed by a posthoc Tukey’s test.

Accession numbers

The partial 16S rRNA gene sequences have been submitted
to GenBank under accession numbers AM397026
—-AM397057.

Results

Assessment of soil microbial community
structures

We analyzed the microbial community structure of arctic
fjeld soils using culture-independent methods to assess
seasonal variation and the effects of altitude, vegetation and
soil conditions on community dynamics. In addition, the
TRE sizes of isolated bacterial strains and cloned sequences
were compared to the soil T-RFLP profiles as an attempt to
identify dominating bacterial species in the tundra soils.
Two fjelds in the Kilpisjarvi region were compared, Saana
and Jehkas, with soil samples taken from different vegetation
regions from the treeless tundra heaths to the mountain
birch forest.

The Zhou DNA extraction method was comparable to the
Mobio Ultraclean"™soil DNA extraction kit as the T-RFLP
profiles were not significantly affected by the DNA extrac-
tion method. This is indicated in Fig. 2, which shows the
NMS ordination of the T-RFLP profiles (Hhal digestion) of
Saana soil sampled in 2001. A similar trend was observed
when using Mspl for digestion (data not shown). The
Mobio soil kit was used for all subsequent experiments. T-
TRFLP profiles indicated relatively similar microbial com-
munities above the tree line that differed substantially from
the microbial community of the higher pH soils in the
mountain birch zone. NMS ordination grouped samples
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Fig. 2. NMS ordination of T-RFLP data (Hhal digestion) of soil collected
from the treeline (S01_6) to the top (S01_1) of Saana fjeld during August
2001. See Table 1 for sample codes. Letter M after the sample code refers
to DNA extracted with the Mobio Ultraclean™ soil DNA extraction kit
whereas letter Z refers to DNA extracted by the Zhou method.

S01_1-S01_5, which were from 670 to 1020 m, relatively
close together while T-RFLP samples of S01_6 (600 m)
separated from the higher elevations (Fig 2). Two-way ANOVA
of the NMS ordination scores confirmed that elevation
significantly affected T-RFLP profiles. The T-RFLP profile
of the sample S01_6 (600 m) differed substantially from all
the higher elevations in respect to many terminal restriction
fragments (TRF) which grouped it apart all other samples.
Furthermore, Tukey’s test indicated that sample S01_6 was
significantly different (P < 0.01) from all other samples
while sample S01_5 differed from S3 to S6. Apart from the
altitude, the vegetation was substantially different at site S6
compared to all other sampling sites. The site was located in
the mountain birch zone and the ground vegetation was
notably richer than in the higher sites which presumably had
a strong influence in the soil microbial communities. In
addition, the soil pH of S01_6 (6.0) was notably higher than
that of the other soil samples (4.7-5.3; Table 1), reflecting
the high carbonate content of the soil.

In 2002 and 2003, soil samples were obtained from eight
sites of Saana and nine sites of Jehkas fjelds (Table 1). Sites
S02_1-S02_4 were located on the relatively sheltered summit
plateau of Saana, which receives about 0.5-1m of snow
during the winter and becomes snow-free generally in early
June. Sites S02_5and S02_6 were from a more wind-exposed
ridge at an elevation of 750 m. These two sites, S02_5 and
S02_6, were only 10-20 m apart but differed noticeably in
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Fig. 3. NMS ordination of T-RFLP (Mspl digestion) profile of Saana (a) and Jehkas (b) samples. See Table 1 for sample codes. Sample altitudes are

indicated in parentheses.

their vegetation. Site S02_5 was a grass-dominated area
whereas S02_6 samples were from shrub (mainly Empetrum
nigrum ssp. hermaphroditum)-dominated soil. S02_7 and
S02_8 were sampled further down the northwestern ridge,
and S02_7 a little above and S02_8 below the treeline. S02_8
represented as similar a vegetation type as the higher sites as
possible and was not as fertile and lush in vegetation as the
site SO1_6 of the 2001 sampling. Soil samples of Jehkas were
obtained from the treeline (sample J9, 578 m) to the top of
the fjeld (J1, 960 m). The vegetation was similar to that of
Saana and was dominated by dwarf shrubs such as Empe-
trum nigrum ssp. hermaphroditum, Cassiope tetragona, Be-
tula nana and Vaccinium vitis-idaea, alpine grasses, mosses
and lichens.

Soil pH varied on Saana from 4.7 to 6.1 and on Jehkas
from 4.6 to 6.2 (Table 1). A large variation in pH was
observed within short distances on both fjelds which was
most likely due to the presence of local basic bedrock
materials (dolomite) and/or seepage waters which bring
electrolytes from the dolomite rich areas. This was apparent
for instance at the elevation of 750 m on Saana fjeld. A small
stream of melting waters with pH close to 7 flowed between
sample sites S02_5 and S02_6, which most likely was the
source of nutrients and carbonate for site S02_5 that
contained higher pH and nutrient levels (Table 1). A similar
pH difference within a short distance was observed in Jehkas
at 940 m between samples J2 and J3.

To determine whether altitude and the accompanying
changes in vegetation and soil conditions affect microbial
community structure, T-RFLP profiles along the north-
western slopes of Saana and Jehkas of samples from 2003
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were compared. The NMS ordination patterns were highly
similar with both restriction enzymes (MspI and Hhal) and
only the Mspl results are shown. In both fjelds, the samples
with the highest (S02_5, J2) and lowest (S02_8, J9) pH
(Table 1) separated most clearly from each other by NMS
ordination (Fig. 3). Sampling site S02_5 separated from the
other Saana sites also in the June and September 2002
samples (data not shown), indicating that the differences in
the soil microbial communities were stable. When the scores
of components 1 and 2 of the NMS ordination were
correlated with pH, total nitrogen, ammonium, organic
matter and soil moisture, pH correlated significantly
(P <0.01) with component 1 and generally also with
component 2 in all sample sets. Other soil properties did
not correlate or correlated weakly and/or inconsistently with
T-RFLP profiles indicating that pH was the most important
factor controlling the T-RFLP profiles. To further analyze
the significance of pH to the microbial community struc-
tures, all samples obtained from Saana and Jehkas were
combined and classified in three pH categories: pH < 5,
pH=5.0-5.5and pH > 5.5. NMS ordination of all samples
classified in the three pH categories further indicate that pH
was the main factor controlling the T-RFLP profiles (Fig.
4a). Soil samples with high pH (> 5.5) separated from the
lower pH soil T-RFLP profiles of soil sampled from both
fjelds.

Phospholipid fatty acid analysis of the soils resulted in
35-40 distinct FAME peaks. The main fatty acids were
straight chain C;4 and C,g fatty acids and iso, anteiso and
methyl branched C,,—C;g fatty acids (Fig. 5¢ and d).
Component 2 of the NMS ordination of Saana and Jehkas
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Fig. 4. NMS ordination of T-RFLP (Mspl digestion) profiles (a) and PLFA profiles (b) of all soil samples obtained in 2002-2003 from Saana and Jehkas

fjelds classified in three pH categories: pH < 5.0, pH 5.0-5.5 and pH > 5.5.

soil samples correlated (P < 0.01) significantly with pH,
indicating that also the soil PLFA profiles were influenced by
soil pH (Fig. 4b).

A comparison of the most abundant TRFs and PLFAs of
soils which differed in pH and separated thus in the NMS
ordination is shown in Fig. 5. In general, the dominating
TRFs and PLFAs were similar in all soil samples but their
relative abundance varied. The TRFs (Mspl digestion) 265,
288/289 and 305 were present at much higher abundance in
all low pH soils than in the high pH soils, whereas TRFs 138,
140 and 489/490 were present at higher proportion in the
high pH samples of Saana and Jehkas (Fig. 5a and b). The
highest variation in the PLFA profiles was generally observed
in the Cyg fatty acids. There was a high variation in the
fungal fatty acid 18: 2 in some replicate samples, which may
at least partially be due to technical reasons. The samples
were not sieved, which may have resulted in heterogeneous
samples with varying amounts of fine roots and fungal
biomass. Nevertheless, the relative proportion of 18:2 and
18: 1®9c clearly increased at low pH, whereas 18: 107¢ was
present at higher amounts at higher pH (Fig. 5¢ and d).
Variation was observed also in the relative proportion of
16:0, 16:1, a-15:0 and cyclopropane fatty acids. Generally
cyc-17:0, a-15:0 and 16:1 fatty acids increased as pH
increased, while the opposite was true for cyc-19:0 which
was present at higher amounts in the low pH soils.

Comparison of T-RFLP and PLFA profiles of samples
from early (June 2002 and June 2003) to late (August 2001
and September 2002) summer showed very little seasonal
variation in the PLFA and T-RFLP profiles (data not
shown). There were no substantial differences in the major

© 2006 Federation of European Microbiological Societies
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T-RFLP peaks in early and late summer samples, indicating
that the microbial communities were stable. Some variation
was observed in the straight chain and branched fatty acids.
Fatty acids iso-16:0, 18:2 and 18:1w7c were slightly
elevated in the early summer where as 16:0, 16:107c,
16: 1m5¢ and 18: 1o5c¢ increased towards late summer (data
not shown).

Identification of dominant bacteria of the fjeld
soils

As an attempt to identify the most dominating bacterial
species in the tundra fjeld soils, TRF sizes of 100 clones and
60 isolated strains were analyzed. The 60 isolates were
selected to represent different taxa based on fatty acid
profiling and 16S rRNA gene sequencing of a total of 200
isolates. The most abundant TRF sizes of the cloned
sequences were different from those observed most fre-
quently in isolated strains, indicating that the cultivated
strains were different from those obtained by molecular
methods. T-RFLP analysis of the cloned sequences resulted
in 56 different TRF sizes. The most common TREF size of the
clones matched with the highest TRF peak A (Fig. 5a and b).
This TRF was found in 19% of the clones which is in good
agreement with the abundance of this TRF in the soil profile
(15-20% of total fluorescence). Other clone TRFs matched
peaks I (five clones), B (four clones), F (four clones), G
(three clones), E (two clones), C (two clones) and K (two
clones). In general, all TRFs that were represented by two or
more clones matched with the dominating (> 2% of total
peak areas) soil TRF peaks further indicating good

FEMS Microbiol Ecol 59 (2007) 452-465
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Fig. 5. Relative abundance of dominating TRFs (a, b) and PLFAs (c, d) of different pH soil sampled from Saana (a, ¢) and Jehkas (b, d). Only the
fragments detected at ¢. 2% or more are shown. The asterisks indicate TRFs that correlated significantly (* =P < 0.05, **=P < 0.01) with soil pH. The
letters indicate the clones and isolates that matched with the soil TRFs (Table 2). See Table 1 for sample codes. The error bars indicate SD (n=2).

correlation with the T-RFLP analysis and cloning. The most
common TRF sizes in isolated strains were 489-491bp
matching the soil TRF peaks M and N. In addition several
isolates matched TRF peaks C, D and F. One of the isolates,
strain SP1PR4, corresponded to one of the highest soil T-
RFLP peaks (peak I). This strain was isolated from the
extremely wind-exposed north ridge of Saana fell. The
isolate grew extremely slowly and produced minute pale
red colonies on R2A agar. Partial (700 bp) 16S rRNA gene
sequence analysis placed it among the phylum Acidobacteria
with 95.7% sequence similarity to Acidobacterium capsula-
tum.

Sequence analysis of two clones indicated the dominance
of Acidobacteria in the tundra soil, as 16 of the sequences
were most closely related to sequences of this phylum (Table
2). Comparison of the TRF sizes of the isolates and cloned
sequences to the soil T-RFLP profiles further indicated the
dominance of Acidobacteria. Three of the most dominating
terminal fragments (peaks A, I and J in Fig. 5a) could be

FEMS Microbiol Ecol 59 (2007) 452-465

matched to nine acidobacterial sequences (Fig. 5a, Table 2).
In addition, TRF peaks B, E and F matched Acidobacteria,
but could also be attributed to a Firmicutes clone (peak B)
and isolates identified as Bacillus sp. (peak E) and Sphingo-
monas spp. (peak F). TRF peaks C and G matched clones
that fell in to Alpha- and Betaproteobacteria, closest to
Burkholderia spp. and Bradyrhizobium spp. Soil TRF peaks
H and K were more abundant in the Jehkas soil than in
Saana and matched with clones that fell in the Planctomy-
cetes and Actinobacteria, respectively. Among the isolates,
the most common TRFs (490 £ 1bp) could be assigned to
several beta- and gammaproteobacterial taxa, including
Pseudomonas spp., Collimonas spp. and Janthinobacterium
spp. Peaks C and D matched three isolates that were
identified as Burkholderia spp. and three isolates matching
TRF peak F were identified as Sphingomonas spp. The TRF
size of a Bacillus sp. and a Paenibacillus sp. isolate matched
peaks E and G, respectively. The Acidobacteria sp. SP1PR4
isolate matched peak I together with four acidobacterial
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Table 2. Phylogenetic assignment of tundra soil clones and isolated strains that matched the dominating soil T-RFLP peaks

TRF  Corresponding
peak clone(s) or isolate(s)

Accession  Phylogenetic
number affiliation

Closest cultured relative™ Accession number Similarity (%)"

A Clone CI1.59 AM397026 Acidobacteria

Clone CI1.63 AM397027 Acidobacteria
Clone ClI1.102 AM397028 Acidobacteria
Clone CI1.138 AM397029 Acidobacteria

B Clone CI1.130 AM397030 Acidobacteria
Clone CI1.121 AM397031 Acidobacteria
Clone CI1.116 AM397032 Firmicutes

C Clone Cl1.54 AM397033 Betaproteobacteria
Clone CI1.109 AM397034 Betaproteobacteria

Burkholderia sp. S2J1

D Burkholderia sp. SPAMA1
Burkholderia sp. M1S2

E Clone CI1.57
Bacillus sp. S5R4

F Clone CI1.110

AM397046 Betaproteobacteria
AM397047 Betaproteobacteria
AM397054 Betaproteobacteria
AM397035 Acidobacteria
DQ234527 Firmicutes
AM397036 Acidobacteria

Clone CI1.141 AM397037 Acidobacteria
Clone ClI1.23 AM397038 Acidobacteria
Clone ClI1.49 AM397055 Acidobacteria

Sphingomonas sp. M2J2
Sphingomonas sp. SP1PSA7
G Clone CI1.96
Paenibacillus sp. M1TS4
H Clone C11.81

DQ234495 Alphaproteobacteria
AM397048 Alphaproteobacteria
AM397039 Alphaproteobacteria
DQ234493 Firmicutes
AM397040 Planctomycetes

| Clone CI1.88 AM397041 Acidobacteria
Clone CI1.104 AM397042 Acidobacteria
Clone CI1.16 AM397043 Acidobacteria
Clone CI1.30 AM397056 Acidobacteria
Acidobacterium sp. SP1PR4 AM397049 Acidobacteria
Clone CI1.41 AM397044 Acidobacteria
Clone CI1.103 AM397045 Actinobacteria

Sphingobacteriaceae sp. SPAAG4 AM397050 Bacteroidetes
Janthinobacterium sp. S3T4 DQ234521 Betaproteobacteria

T A=

Pseudomonas sp. M1TS5

AM397051 Gammaproteobacteria

Pseudomonas sp. STM1 DQ234511 Gammaproteobacteria
Collimonas sp. M2T1a DQ234496 Betaproteobacteria
Pseudomonas sp. SPAPAG1 AM397052 Gammaproteobacteria
Pseudomonas sp. S3B2 DQ234519 Gammaproteobacteria
N Pseudomonas sp. SP1PLEA1 AM397053 Gammaproteobacteria
Collimonas sp. S5T54 DQ234529 Betaproteobacteria

Bacterium K-5b2 AF524860 96.7
Acidobacteria Ellin7137 AY673303 97.0
Bacterium Ellin5095 AY234512 95.7
Acidobacteria Ellin7137 AY673303 94.9
Uncultured soil bacterium AB240251 96.1
Bacterium Ellin7184 AY673350 96.2
Uncultured soil bacterium AY913479 90.3
Bacterium Ellin6095 AY234747 94.9
Burkholderia glathei isolate Hg 19 AY 154379 91.5
Burkholderia sp. SB5 AJ971354 99.2
Burkholderia glathei isolate AY605695 99.8
Burkholderia sp. SB5 AJ971354 100.0
Bacterium Ellin7184 AY673350 93.3
Bacillus sp. NIPHL0O90904/B 1 AY748912 99.5
Solibacter usitatus Ellin6076 AY234728 93.7
Solibacter usitatus Ellin6076 AY234728 92.9
Solibacter usitatus Ellin6076 AY234728 93.1
Bacterium Ellin5121 AY234538 90.9
Sphingomonas sp. Pmxh3 DQ314734 99.7
Sphingomonas sp. Enf2 DQ339610 99.0
Bradyrhizobium elkanii strain NW-6 ~ AY568513 95.7
Glacier bacterium FJS42 AY315170 99.8
Uncultured Planctomyces sp. AB015527 97.5
Solibacter usitatus Ellin6076 AY234728 92.7
Bacterium Ellin7137 AY673303 96.1
Bacterium Ellin5056 AY234473 97.6
Bacterium Ellin7137 AY673303 97.8
Acidobacteriaceae bacterium TAA43 AY587228 96.8
Bacterium Ellin7184 AY673350 90.4
Actinobacterium WJ25 AY495954 89.9
Bacteroidetes bacterium CHNCT12  DQ337558 95.6
Janthinobacterium sp. HHS7 AJ846272 99.2
Pseudomonas gingeri" AF320991 98.4
Pseudomonas sp. BE1dil AY263471 99.9
Collimonas sp. CTO 291 AY281143 99.0
Pseudomonas sp. SE22#1a AY263477 99.9
Pseudomonas frederiksbergensis' ~ AJ249382 100.0
Pseudomonas borealis AJ012712 99.7
Collimonas sp. CTO 291 AY281143 99.2

*The uncultivated relatives are shown to sequences for which no close relatives (> 90% sequence identity) were found among the cultivated organisms

but for which a close relative was found among uncultivated organisms.
The sequence lengths compared were between 400 and 1000 bp.

clones. In addition to the two clones in Table 2, we
sequenced several clones that did not match any dominating
TRF peak of the soil samples. Among these were sequences
related to Firmicutes (three clones), Actinobacteria (two
clones) Chloroflexi (one clone), Cyanobacteria (two clones)
and Alphaproteobacteria (two clones).

The effect of soil pH on microbial community composi-
tion was apparent. Of the TRFs that were more abundant at
low than high pH soils (Fig. 5a and b) on Saana and/or
Jehkas, three (peaks A, I and J) matched exclusively with

© 2006 Federation of European Microbiological Societies
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acidobacterial sequences. One major peak (305bp) did not
match any of the clones or isolates. Peaks B, C, H and M,
which were more abundant at the high pH soils, matched
two acidobacterial clone sequences (B), a betaproteobacter-
ial sequence and an isolate closely related to Burkholderia
spp. (C), a Planctomycetes sequence (H), and several beta-
and gammaproteobacterial isolates (M) (Table 2). TRF peak
B matched also a clone that fell closest to Firmicutes. In
addition, peak G matched with an alphaproteobacterial
sequence and an isolate closest to Bacillus sp. These results
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Fig. 6. Phylogenetic relationship of the acidobacterial sequences and isolate SP1PR4 and their closest relatives based on partial 165 rRNA gene
sequences. The phylogenetic tree was constructed using the neighbor-joining method with Jukes-Cantor corrections of 436 nucleotide positions. The
corresponding TRF peaks (letters A—H) that matched each clone and the isolate are indicated. Closed circles indicate bootstrap support over 90%, open
circles indicate bootstrap support over 60%. The scale bar indicates 0.1 changes per nucleotide. Accession number of Cl1.79 is AM397057. All other
accession numbers are shown in Table 2. The accession numbers for the reference sequences are shown in parenthesis.

indicate that low pH enriches Acidobacteria while at higher
pH (> 5.5) the share of Proteobacteria increases. Further-
more, phylogenetic analyses indicated that the acidobacter-
ial clones and the SP1PR4 isolate obtained in this study were
widely distributed in four subdivisions of the division
Acidobacteria (Fig. 6). Acidobacterial clones that matched
peaks A and I belonged generally to subdivision 1, while
those corresponding to peak F belonged mostly to subdivi-
sion 3. Clones matching TRF peaks B, E, F and J belonged to
subdivision 2 of Acidobacteria, except clone Cl1.130, which
was closest to subdivision 7 sequences (Fig. 6).

Discussion
Microbial community structures of Arctic tundra soils are

poorly characterized and while it is known that these

FEMS Microbiol Ecol 59 (2007) 452-465

environments harbor cold-adapted microorganisms that
are active also at subzero temperatures (Schmidt & Lipson,
2004), very little is known about the species diversity and
seasonal variation of the communities. We have analyzed
bacterial community compositions of the Arctic-alpine
tundra soils by culture-based methods (Ménnisto &
Hiaggblom, 2006) which identified several novel bacterial
taxa that were active at 0 °C or below. This study is the first
description of the Fennoscandian tundra microbial commu-
nities using molecular methods.

Based on molecular analysis, the division Acidobacteria
dominated the Kilpisjarvi tundra fjeld soils. This was
anticipated as Acidobacteria are widely distributed in the
terrestrial environments (Barns et al., 1999). Acidobacteria
have been reported as dominating bacteria in various soils
(for a review see Janssen, 2006), including tundra soils of the
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Colorado Niwot Ridge (Lipson & Schmidt, 2004) and
Siberia (Zhou et al., 1997). The diversity of the Acidobacteria
in the tundra soils of Kilpisjarvi was high as the 17 cloned
acidobacterial sequences represented at least four of the
seven subdivisions of Acidobacteria (Hugenholtz et al.,
1998). While Acidobacteria are commonly detected in soil
environments by molecular methods, they are rarely culti-
vated. We isolated one Acidobacterium strain during this
study. The strain SP1PR4 was cultivated on 20% R2A at pH
7 indicating that general medium and neutral pH can
support the growth of this taxon. However, a long incuba-
tion time (2 months at 5°C) was required for the initial
growth of this strain. Besides Acidobacteria, Gamma- and
Deltaproteobacteria have been reported to be abundant in
Arctic tundra, while Verrucomicrobia have been detected in
high frequency in the Alpine tundra soils of Niwot Ridge
(for review, see Nemergut et al., 2005). T-RFLP and clone
analysis indicated that Alpha- and Betaproteobacteria were
also abundant in the Kilpisjarvi tundra soil. Sequences
related to Burkholderia and Bradyrhizobium matched with
dominating TRF peaks.

The microbial community composition of the Kilpisjarvi
fjelds was very resilient as indicated by stable T-RFLP
profiles in the beginning and end of the growing season
and over a 2-year sampling period. This was unexpected, as
our initial assumption was that the freezing of soil and
freeze—thaw events during the spring would alter the micro-
bial communities that flourish during the warm summer
months. A slight increase in straight chain C,4 and C,g fatty
acids and a decrease in iso-16:0 and 18:2 fatty acids was
observed in the PLFA profiles of the late summer samples.
Differences in the PLFA profiles may, however, be attributed
to thermal adaptation of microbial membranes (e.g. Suutari
& Laakso, 1994) rather than changes in microbial commu-
nity composition as the temperature may be up to 10°C
lower in early compared to late summer. Decrease of the
fungal fatty acid 18:2 towards late summer is in agreement
with other studies (Lipson et al., 2002) that have reported
higher abundance of fungi in cold vs. warm seasons.
Seasonal changes in the microbial activity and community
compositions have been detected in other studies (Lipson &
Schmidt, 2002, Lipson & Schmidt, 2004, Monson et al.,
2006). In Niwot Ridge alpine soil, different bacterial species
were reported to dominate in winter and summer soils
(Lipson et al., 2004; Monson et al., 2006) indicating that
there was a shift in the microbial community composition as
soil freezes. In Niwot Ridge, the relative proportion of
Acidobacteria was most abundant during spring, Betaproteo-
bacteria and Verrucomicrobia were most abundant during
summer and Bacteroidetes peaked in the winter soils (Lipson
& Schmidt, 2004). In addition to seasonal changes, differ-
ences in topography-driven soil moisture appears to have a
strong impact on microbial communities. The share of

© 2006 Federation of European Microbiological Societies
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Acidobacteria and Alphaproteobacteria was higher in dry
meadows while Chloroflexi sequences were more abundant
in the wet meadows of Niwot Ridge (Nemergut et al., 2005).

In addition to the stable T-RFLP profiles over the 2-year
sampling period, the microbial communities were relatively
similar at different elevations and even different fjelds as
long as the soil pH was similar. Although snow depths were
not monitored at the sampling sites, observations during the
winter 2005-2006 indicated that snow accumulation at
wind-exposed sites S5-S7 was considerably less (between 5
and 30 cm in April 2006) than at the other sites of Saana
(> 50 cm in April 2006). Snow accumulation has a signifi-
cant effect on winter soil temperatures. We have measured
temperatures down to — 25 °C in top soil with < 5cm of
snow, while under thick (50cm or more) snow pack the
temperature is relatively independent of air temperature and
remains close to 0°C throughout the winter months (M.
Minnisto, unpublished data). We did not detect consider-
able differences in T-RFLP profiles of the samples from
wind-exposed vs. sheltered ridges, suggesting that the winter
soil temperature did not have drastic effects on the fjeld
tundra microbial communities. More detailed studies on the
effects of soil temperature variation and freeze—thaw cycles
on microbial community structures are currently underway.

Based on both T-RFLP and PLFA profiles, out of the
environmental conditions analyzed, pH influenced most
clearly the microbial community compositions in the Kil-
pisjarvi tundra soil. The Kilpisjirvi region is unique in
Finland as the Scandinavian mountain range extends only
to this part of Finland. Due to the presence of limestone in
the bedrock of the Kilpisjarvi region, soil pH is higher there
than in many other parts of Finland. Due to the stratifica-
tion of different bedrock materials, pH varies within
short distances in the fjeld soils. Fierer & Jackson (2006)
reported recently that bacterial diversity and richness
in soils sampled across North and South America could
largely be explained by soil pH, while temperature, latitude
and other environmental conditions had little influence on
the bacterial diversity. Furthermore, there was no clear
relationship between plant diversity and soil bacterial diver-
sity (Fierer & Jackson, 2006). This is in agreement with our
observations that bacterial T-RFLP profiles do not correlate
well with plant species composition (M. Mannisto, unpub-
lished data) and soil pH is the most significant factor
influencing soil bacterial diversity. Our results indicate that
low pH enriches especially for members of the phylum
Acidobacteria.

PLFA results indicated that pH influences also the relative
abundance of fungi in the tundra soil, as low pH soils of
Kilpisjarvi were enriched especially with fatty acids 18:2
and 18: 1c09c while the share of a-15:0 and 16: 1 fatty acids
was higher in the high pH soils. The higher abundance of
18:2 and 18:1m9c¢ indicates a higher proportion of fungal
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biomass at low pH (Olsson, 1999; Ruess et al., 2002). Soil
pH has been reported to significantly influence the micro-
bial community compositions also in forest soils (Hackl
et al., 2005; Baath and Anderson, 2003). Similarly to what
we observed in the fjeld soils, a higher abundance of fungi in
low pH soils was reported in forest soils (Baath & Anderson,
2003; Hackl et al., (2005), while a higher share of bacterial
16:1 and cyc-17:0 fatty acids at higher pH was found
(Baath and Anderson; Hackl et al., 2005). Arao (1999)
studied the effect of pH in microbial community composi-
tion by incubating soils with '>C acetate and found that at
low pH "*C was incorporated mainly to 18:2, 18: 109c and
16:0, while increased incorporation of ">C into bacterial
PLFAs was detected at pH 7-8. Baath & Anderson (2003)
detected a decrease of i-15: 0 and i-16: 0 as the pH increased
while no pH effect on anteiso fatty acids was reported. We
observed an increase of a-15:0 at higher pH, while i-15:0
was not affected by pH, similar to what was observed by
Hackl et al. (2005). Iso- and anteiso branched fatty acids are
generally considered as biomarkers for Gram-positive bac-
teria. Although they are present in most Gram-positive taxa,
several Gram-negative bacteria also contain significant
amounts of iso/anteiso fatty acids. Moreover, the assignment
of signature fatty acids is based on cultivated species,
although it is well known that the majority of environmental
bacteria remain to be cultivated and the fatty acid composi-
tion of the great majority of soil bacteria is still unknown.
Both Acidobacterium capsulatum (Kishimoto et al., 1991)
and the Acidobacterium isolate of this study (M. Ménnisto,
unpublished data) contain high amounts of iso-branched
fatty acids (especially i-15:0), indicating that Acidobacteria
may be important contributors to the iso-branched fatty
acids of soil PLFA profiles. T-RFLP analysis indicated a
significant decrease of Acidobacteria at soil pH higher than
5.5. There was, however, no significant differences in the
share of iso-branched fatty acids at high and low pH soils.
This may indicate that while the share of Acidobacteria
decreased at high pH, the share of some other iso-branched
fatty acid containing taxa increased. The relatively high
amount of 10-methyl branched fatty acids suggested high
abundance of Actinobacteria in the Kilpisjarvi tundra soils
(Kroppenstedt, 1985). Actinobacteria were not, however,
connected to the major T-RFLP peaks of the soil profiles
although three cloned sequences fell in to this phylum. It is
possible that actinomycetes were resistant to the DNA
extraction method and hence underrepresented in T-RFLP
profiles.

Of the soil T-RFLP profiles, eight major TRF peaks
(present at > 5% of total fluorescence) could be matched
with TRF sizes of cloned sequences or isolated strains. As
several phylogenetically disparate organisms may have iden-
tical terminal restriction sites, a single soil T-RFLP peak may
correspond to multiple species. The major TRF peaks A and
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I matched exclusively with four and five acidobacterial
sequences, respectively, suggesting that at least these TRF
sizes are strongly associated with the phylum Acidobacteria.
In contrast, peak M matched with several beta- and gamma-
proteobacterial genera suggesting that this terminal restric-
tion site is ubiquitous among several taxa. T-RFLP analysis
of soil samples coupled to analysis of cloned sequences and
isolates suggested that the abundance of Acidobacteria was
dependent on soil pH. Subdivision 1 Acidobacteria have
recently been reported to be significantly more abundant in
low pH soils (Sait et al., 2006). We detected a strong
correlation with pH in the abundance of TRF peaks that
matched with subdivision 1, 2 and 3 acidobacterial clones.
These results indicate that in addition to subdivision 1 (Sait
et al., 2006), the occurrence of also other subdivisions of
Acidobacteria may be strongly influenced by pH. In the
higher pH soils (S5, ]2, J6) the relative abundance of TRFs
that matched beta- and gammaproteobacterial sequences
and isolates was higher than at low pH suggesting that the
Beta- and Gammaproteobacteria that were frequently iso-
lated from the soils may be more common in the high pH
than low pH soils. More studies are, however, needed to
confirm the relationship of soil TRF sizes with various
bacterial taxa. The cultivation of most of the isolates was
done at pH 6-7 which most likely enhanced the growth of
the Proteobacteria. We have analyzed growth pH range of
several beta- and gammaproteobacterial isolates which has
indicated that most of the Proteobacteria grow poorly at pH
below 5 (M. Minnist6, unpublished data). The high abun-
dance of Acidobacteria at low pH may thus result from the
inability of proteobacterial species to compete in the low pH
soils.

In summary, similarities in the soil microbial commu-
nities at the two fells (Saana and Jehkas), as indicated by T-
RFLP, the clonal library and PLFA analyses, as well as
cultivation, suggested that certain bacterial taxa may be
ubiquitously distributed in the Arctic tundra. Moreover,
many clones of this study were closely related to GenBank
sequences from Alaska (Toolik Lake) tundra soils indicating
circumpolar distribution of these species in the tundra
environments. Furthermore, these microbial communities
appear to be stable with little variation observed during the
summer season or from year to year. Variation in structure
of the soil microbial communities appears to be controlled
by pH more than temperature fluctuations. The results of
this study indicate that soil temperature may have a limited
impact on bacterial community composition. Climate
change and subsequent increase of temperature fluctuations
and freeze—thaw events may therefore not modify the soil
bacterial communities as much as generally thought. More
detailed research is, however, needed to assess the microbial
community structures in frozen soil and after various
freeze—thaw cycles.
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