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Group 1.1c Crenarchaeota are the predominating archaeal group in acidic boreal forest soils. In this study,
we show that the detection frequency of 1.1c crenarchaeotal 16S rRNA genes in the rhizospheres of the boreal
forest trees increased following colonization by the ectomycorrhizal fungus Paxillus involutus. This effect was
very clear in the fine roots of Pinus sylvestris, Picea abies, and Betula pendula, the most common forest trees in
Finland. The nonmycorrhizal fine roots had a clearly different composition of archaeal 16S rRNA genes in
comparison to the mycorrhizal fine roots. In the phylogenetic analysis, the 1.1c crenarchaeotal 16S rRNA gene
sequences obtained from the fine roots formed a well-defined cluster separate from the mycorrhizal ones. Alnus
glutinosa differed from the other trees by having high diversity and detection levels of Crenarchaeota both on fine
roots and on mycorrhizas as well as by harboring a distinct archaeal flora. The similarity of the archaeal
populations in rhizospheres of the different tree species was increased upon colonization by the ectomycor-
rhizal fungus. A minority of the sequences obtained from the mycorrhizas belonged to Euryarchaeota (order

Halobacteriales).

Nonthermophilic Crenarchaeota colonize several types of
soils and rhizosphere environments (e.g., references 12, 18, 22,
34, and 40). Several studies report that nonthermophilic Cre-
narchaeota represent between 0.5% and 3% of the total pro-
karyotic populations in different soils (4, 21, 30). In most stud-
ied soils, the predominant type of crenarchaeotal 16S rRNA
gene detected is group 1.1b of the uncultivated nonthermo-
philic Crenarchaeota, but group 1.1a Crenarchaeota have also
been found in some soil environments (5, 7). Nevertheless,
group 1.1a Crenarchaeota are more frequently found in marine
and other aquatic habitats (6, 14, 25). Group 1.1c Crenarcha-
eota appear to be restricted to more-specific environments, as
they have presently been found mainly in acidic boreal forest
soils (2, 3, 10, 12, 40).

Recent studies show that in addition to boreal forest soils,
group 1.1c Crenarchaeota also inhabit the soil of the Austrian
alps (19, 20), although group 1.1b Crenarchaeota are more
abundant. In the alpine soil, only group 1.1b Crenarchaeota
were found in young soil uncovered by ice for only 4 years and
lacking significant vegetation. However, 1.1c Crenarchaeota
formed an integral part of the community in soil that had been
free from ice cover for over 135 years and had a stable vege-
tation cover. An even richer diversity of 1.1c Crenarchaeota was
observed in 9,500-year-old vegetated soil. For the vegetated
and certainly mycorrhizospheric soils of the Rocky Mountains
(Colorado), Oline et al. (22) showed that group 1.1c Crenar-
chaeota colonized the soil from the foot hill forest (1,800 m
above sea level) to the alpine tundra (3,400 m above sea level),
but 1.1b Crenarchaeota were still the most abundant archaea.
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Crenarchaeota have been found to be associated with the
roots of a variety of plant species (5, 8, 31). In a recent study
(34), archaea were surveyed in roots of 13 different plant gen-
era, collected from their natural habitats, including turf, prai-
rie, agricultural, and forest sites in a temperate region. All the
archaea detected belonged to the 1.1b group, and the diversity
of these archaea did not vary significantly between plant gen-
era from the same site, only between plant roots and bulk soil.
There was more variability between the different geographical
locations than between the plant genera.

Pinus sylvestris is one of the dominant tree species in Finnish
forests. When grown in boreal forest humus, nonmycorrhizal
P. sylvestris fine roots harbor high numbers of bacteria (37), but
they appear to be nearly devoid of archaea (2, 3). In nearly all
cases in our previous work, archaea were detected in P. sylves-
tris fine roots only when they were colonized by mycorrhizal
fungi (3). Sliwinski and Goodman (34) were able to show
archaeal group 1.1b colonization in roots of Pinus species in
temperate forests but did not report the mycorrhizal status of
the sampled roots.

In the present study, we surveyed the archaeal population
compositions in two coniferous and two deciduous tree species
developed in boreal forest humus. As the ectomycorrhizal fun-
gus Paxillus involutus is symbiotic with all four tree species, it
was used to test the effect of mycorrhizal colonization on the
archaeal populations on the roots.

MATERIALS AND METHODS

Synthesis of test mycorrhizospheres. Mycorrhizospheres were produced in
thin microcosms containing sieved boreal forest humus, as previously described
(2). The humus was retrieved from a dry pine forest in southern Finland
(60°28'N, 23°45'E). In this experiment, we used four different tree species [Pinus
sylvestris L., Picea abies (L.) H. Karst., Betula pendula Roth, and Alnus glutinosa
(L.) Gaertner], all of which are common in Finnish forests. P. sylvestris and P.
abies are evergreen coniferous trees, and B. pendula and Alnus glutinosa are
deciduous trees, which drop their leaves in the autumn. Ten replicate micro-
cosms of each species were prepared, each microcosm containing one individual
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nations used in PCR

No. of different OTU types (taxon)”

Combination no., taxon, . Positions Source or
. Primer sequence ) .
and primer name (E. coli numbering) reference Fr Mm Uh
1
Universal 8 (Crenarchaeota) 23 (Crenarchaeota)
8f (fD2) 5'-AGAGTTTGATCATGGCTCA-3’ 8-26 Modified from 7 (Bacteria) 2 (Bacteria)
reference 39
1512r (rP2) 5'-CCGGCTACCTTGTTACGACTT-3’ 1492-1512 7 (unidentified) 6 (unidentified)
Archaea
A109a 5'-ACKGCTCAGTAACACGT-3' 109-125 8
A934b 5'-GTGCTCCCCCGCCAATTCCCT-3' 915-934 35
2
Archaea 7 (Crenarchaeota) 7 (Crenarchaeota) 3 (unidentified)
Ar3f 5'-TTCCGGTTGATCCTGCCGGA-3' 7-26 12 2 (Bacteria) 2 (Euryarchaeota)
Ar9r 5'-CCCGCCAATTCCTTTAAGTTTC-3’ 906-927 12
Archaea
A109a 5'-ACKGCTCAGTAACACGT-3' 109-125 8
A934b 5'-GTGCTCCCCCGCCAATTCCCT-3' 915-934 35
3
Archaea 4 (Crenarchaeota)
Ar3f 5'-TTCCGGTTGATCCTGCCGGA-3' 7-26 12 5 (unidentified)
A934b 5'-GTGCTCCCCCGCCAATTCCCT-3' 915-934 35
Archaea
A109a 5'-ACKGCTCAGTAACACGT-3' 109-125 8
Ar9r 5'-CCCGCCAATTCCTTTAAGTTTC-3' 906-927 12

¢ Fr, fine root; Mm, mycorrhiza; Uh, uncolonized humus.

seedling. Prior to being planted, the tree seedlings were grown aseptically for 1.5
months in 100-ml test tubes containing sterile expanded-clay pellets (Leca) (36).
Five seedlings of each tree species were inoculated with the ectomycorrhiza-
forming fungus Paxillus involutus Batsch: Fr. (isolate PIL1). A total of 40 micro-
cosms were grown for 1.5 to 2.5 months, with a 20-h photoperiod, a photon
influence rate of 250 pmol m~2 s~ !, and temperatures of 15 to 20°C for shoots
and ca. 10°C for roots. Microcosms were kept moist with a distilled water spray.

Ten individual mycorrhizal root tips (0.02 g [fresh weight {fw}]) were collected
from each P. involutus inoculated seedling, and 10 to 15 individual fine roots
(0.02 g [fw]) were collected from each noninoculated seedling. The mycorrhizas
or fine roots obtained from one seedling were considered one mycorrhizal and
one fine-root sample, respectively. Totals of 20 mycorrhizal and 20 fine-root
samples, representing five replicates of each tree species, were collected with
sterile forceps from the microcosms for DNA extraction. Five samples of 0.2 g
(fw) uncolonized forest humus outside the mycorrhizosphere were also harvested
from different microcosms. The samples were kept at —80°C until DNA extrac-
tion.

DNA extraction and PCR. The mycorrhizal and fine-root samples were ground
with sterilized quartz sand in 50 pl sterile double-distilled water to disrupt the
plant and fungal tissues prior to DNA extraction. The humus samples did not
require any preextraction treatment. DNA was extracted with a MoBio soil DNA
extraction kit (MoBio Laboratories, Inc.) according to the manufacturer’s in-
structions.

A nested PCR was performed with an Eppendorf MasterCycler gradient
(Eppendorf) to detect archaeal 16S rRNA genes. To test the effects of primer
combinations, PCRs were carried out with three different primer sets on all
samples (Table 1). All primer sets targeted sequences at the beginning (forward
primers) and middle (reverse primers) of the 16S rRNA gene. All primers used
in this study were designed by others to be specific to and target most archaea.
PCRs were performed with Phusion proofreading PCR polymerase (Finnzymes)
according to the manufacturer’s instructions. The sizes and quality levels of the
PCR products were checked with 1% agarose-ethidium bromide gels according
to standard protocols (29).

DGGE analysis. Nested PCR products of approximately 800 bp were sepa-
rated by denaturing gradient gel electrophoresis (DGGE) in a 6% acrylamide-bis
(37.5:1) gel with a 40 to 60% urea-formamide gradient. The electrophoresis was
run at 65 V for 17 h at 60°C. The gels were stained with Sybr green II (Promega)
according to the manufacturer’s instructions. The gels were imaged with a

GelDoc XR UV light imager (Bio-Rad). Bands were divided into groups ac-
cording to their mobility compared to that for the 1-kb molecular size standard
(Invitrogen). Each gel was run with three standard lanes, one in the middle of the
gel and one on each side of the gel. The mobility of each DGGE band was
compared to that for the standard lanes, and DGGE bands having the same
mobility were considered to belong to a group of operational taxonomic units
(OTUs). The most prominent bands were excised from the gels with a sterile
scalpel, and the DNA was eluted using the “crush and soak” method (23).

Sequencing. Isolated DGGE fragments were reamplified for sequencing with
the same nested primer pair used for the original amplifications (A109a/A934b
or A109a/Ar9r) and sequenced at the Haartman Institute, University of Helsinki,
with primers Ar514r (11) and Ar344f (28). The sequences obtained with these
primers overlapped in the middle of the fragment, as they were produced from
the middle toward the ends of the gene fragment (as in reference 22). This
method also resulted in sequences of different lengths, as the signal of the
sequencing reaction subsided variably. After an initial sequencing of one repre-
sentative band from each OTU group, two or more comigrating bands from
different samples of the same type, obtained with the same primer combination,
were chosen for sequencing to test the reproducibility of the DGGE method. The
sequences were edited with the program package Vector NTI (InforMax) and
compared to all archaeal and bacterial 16S rRNA gene sequences in the DDBJ/
EMBL/GenBank databases with BLASTn. Most sequences obtained were 450 to
700 bp. The sequences were tested for chimeras with the Chimera Check tool in
Ribosomal Database Project IT (http://rdp.cme.msu.edu/index.jsp). No chimeri-
cal sequences were found, but all unspecific and bacterial sequences were sub-
tracted from the analysis.

Phylogenetic analyses. The edited sequences were aligned using the ClustalW
alignment tool (http://www.ebi.ac.uk/) with default settings, except that the Gon-
net matrix was used. The alignments were checked and manually edited with the
BioEdit alignment editor (version 7.0.5; Tom Hall). Maximum-likelihood and
maximum-parsimony analyses were performed with PAUP 4.0b (Sinauer Asso-
ciates, Sunderland, MA), using heuristic search parameters for 10 repeats of
stepwise addition of random sequence with a tree bisection-reconnection branch-
swapping algorithm. A maximum of 10,000 trees was set for the maximum-
parsimony analyses. Consensus bootstrap trees were calculated for both maxi-
mum-parsimony and maximum-likelihood phylograms with 1,000 bootstrap
replicates. For the initial phylogenetic analyses, all sequences were used. How-
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FIG. 1. Representative lanes of DGGE runs of all different sample types. Samples in the upper sectors are from fine roots (Fr; nonmycorrhizal),
and those in the lower sectors are from mature mycorrhizas (Mm; inoculated with P. involutus). The tree species is marked above each sector, with
the sector furthest to the right representing uncolonized humus (Uh) samples. A molecular marker (M) is shown, and the primer combination
numbers (Table 1) are marked above each pair of lanes. The archaeal bands are marked with a number corresponding to the OTU codes. b,

bacteria; *, unidentified.

ever, some of the sequences were too short to be used for reasonable phyloge-
netic analyses and were left out of the final analysis.

Statistical analyses. Statistical significance for differences between frequencies
of occurrence of archaeal OTUs in different sample types was determined by
Kruskal-Wallis nonparametric one-way analysis of variance and post hoc analysis
using Dunn’s multiple comparison test (InStat package; GraphPad Software,
Inc.). The tests were performed on the combined results for OTUs obtained by
all three primer sets. Nonarchaeal and unidentified OTUs were omitted from the
analysis.

Nucleotide seq e acc s. The GenBank accession numbers for
the new sequences are AM903346 to AM903374.

N

RESULTS

Detection of archaea by PCR. PCR products containing ar-
chaeal 16S rRNA gene sequences were retrieved from 32 of 45
samples. No PCR products were amplified from P. sylvestris
fine-root samples, whereas P. abies, B. pendula, and A. gluti-
nosa fine roots gave positive PCR amplification products (Fig.
1). PCR products of the expected size were retrieved from two
of the five uncolonized humus samples and all mycorrhizal
samples.

The different primer combinations showed a clear variation

in levels of PCR success as well as in OTU (DGGE band type)
richness in the different samples (Table 1 and Fig. 1). Primer
combination 1 showed the highest number of different archaeal
OTUs in this study. However, the specificity to archaea was
lowered by using universal first-round primers. The effect was
particularly clear in fine roots, where 7/22 detected DGGE
bands were bacterial. Primer combination 2 produced only 2
bacterial OTUs among the 21 obtained OTUs, both from A.
glutinosa fine-root samples. Primer combination 3 produced
exclusively archaeal OTUs. Only archaeal OTUs were submit-
ted for statistical analysis. Upon sequencing, no redundancy
was detected between the OTUs produced with the different
primer pairs.

Comparison of average appearances of archaeal OTUs. The
number of archaeal OTUs was statistically significantly higher
in mycorrhizal samples than in fine-root samples of P. abies
and B. pendula (two-tailed P = 0.007 and 0.003, respectively)
(Fig. 2). The result was the same for P. sylvestris, but statistical
analyses were not carried out, due to a complete absence of
archaeal OTUs in fine roots. The same trend could be seen in
the A. glutinosa samples with primer combinations 1 and 2,
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FIG. 2. Average number of archaeal OTUs per sample type, ob-
tained from five replicate samples. The fine-root (Fr; nonmycorrhizal)
and mycorrhizal (Mm; inoculated with P. involutus) samples of the
same tree are shown in pairs. The tree species of each sample type is
given below the x axis. Error bars show standard errors of means. The
occurrences of OTUs in fine-root and mycorrhizal samples of the same
tree species are shown above the column pairs as statistically signifi-
cant (**) or not significant (ns). P. sylvestris fine roots could not be
tested for statistical significance. The patterns on the columns repre-
sent the primer combinations used (no pattern, combination 1; waves,
combination 2; vertical stripes, combination 3).

although the result was not statistically significant (two-tailed
P = 0.21). Primer combination 3 specifically amplified archaeal
16S rRNA gene sequences from A. glutinosa fine-root samples,
resulting in a high average number of OTUs compared with
the levels for other fine-root samples. Nevertheless, the differ-
ence in number of archaeal OTUs between A. glutinosa fine-
root and mycorrhizal samples observed when all primers were
combined showed no statistical significance (P = 0.45).

The average number of archaeal OTUs in A. glutinosa sam-
ples (fine root and mycorrhizal combined) was significantly
higher (average, 8.3 = 1.85) than that in P. sylvestris (2.7 *
0.97; two-tailed P = 0.02), P. abies (3.0 = 0.76; two-tailed P =
0.02), or B. pendula (2.6 = 0.88; two-tailed P = 0.02) samples.
The archaeal OTU richness of deciduous trees (fine-root and
mycorrhizal samples combined) did not differ significantly
from that of coniferous trees (average two-tailed P = 0.06).
However, deciduous (B. pendula and A. glutinosa) fine roots
had statistically significantly higher levels of OTU richness
than coniferous (P. sylvestris and P. abies) fine roots (average
two-tailed P = 0.04), whereas the levels for deciduous mycor-
rhizas and coniferous mycorrhizas did not differ (average two-
tailed P = 0.69). The average number of archaeal OTUs was
statistically significantly higher in the fine-root (2.85 = 1.05)
and mycorrhizal (5.54 = 0.83) samples than in the uncolonized
humus (0.6 = 0.4; P < 0.01 and P < 0.01, respectively) sam-
ples.

Phylogenetic analyses. The majority of the 16S rRNA gene
sequences obtained belonged to Crenarchaeota (Fig. 3). In
addition, Euryarchaeota (Halobacterium) were found in two
mycorrhizal samples (Fig. 4). The reproducibility of the
DGGE method was tested by sequencing several OTUs with
the same mobility from different samples. We found that al-
though the OTUs showed similar mobility patterns in the
DGGE run, the sequences were often quite different. Accord-
ing to DGGEs with PCR products obtained with primer com-
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bination 1, many of the fine-root OTUs were bacterial and
were omitted from the study. However, all corresponding
counterparts in the mycorrhizal samples were archaeal. Only
two of the sequenced mycorrhizal OTUs were bacterial. Thus,
all DGGE bands which were included in the analyses were with
reasonable certainty archaeal.

A minimum of three bands from each OTU type from dif-
ferent sample types were chosen for sequencing. However, in
most cases, only one sequence per OTU type with primer
combination 1 was obtained due to the low storage stability of
DGGE fragments. Nevertheless, two sequences of OTU type
16 were obtained (Fig. 1 and 3, sequences PaPiMm16-1 and
BpPiMm16-1), and they fell into the same cluster. Correspond-
ing fine-root OTU types also fell close to each other (AgFr66,
-68, and -80; primer combination 3). Thus, within each sample
type (fine root or mycorrhizal), the corresponding OTUs con-
tained matching sequences, but sequences from similar OTUs
from different sample types were not the same. The different
primer combinations did not amplify the same archaeal 16S
rRNA genes, and the sequences fell into different clusters in
the phylogenetic analysis.

All the new crenarchaeotal 16S rRNA gene sequences fell
into group 1.1c and clustered with Crenarchaeota previously
found in boreal forest soil habitats (Fig. 3). The sequences
were divided into three clusters, the FFSC cluster, the non-
mycorrhizal fine-root cluster, and the P. involutus mycorrhiza
cluster. The sequences from fine-root and mycorrhizal samples
never fell into the same cluster. All sequences obtained from
fine-root samples fell within the nonmycorrhizal fine-root clus-
ter, with 16S rRNA gene sequences presently found only in
Finnish forest soils. The A. glutinosa fine roots showed a
unique community of group 1.1c Crenarchaeota. These se-
quences were not seen in any other samples, and they formed
a separate cluster within the nonmycorrhizal fine-root cluster
in the phylogenetic analyses (Fig. 3). All but one of the my-
corrhizal sequences fell into the P. involutus mycorrhiza clus-
ter. The P. involutus mycorrhiza cluster contained 16S rRNA
gene sequences from different forest, field, and alpine soil and
freshwater environments, covering temperate and boreal ar-
eas. BpPiMm54 was the only sequence associated with the
FFSC cluster containing 1.1c Crenarchaeota from boreal and
temperate forest soils.

The sequences of OTUs 5 (from P. sylvestris), 6 (P. sylvestris),
7 (P. sylvestris), 8 (P. sylvestris), 14 (A. glutinosa), 47 (B. pen-
dula), 53 (B. pendula), and 55 (P. abies) from the mycorrhizal
samples fell into the P. involutus mycorrhiza cluster, and the
sequences of OTUs 2 (P. abies and B. pendula), 6 (B. pendula),
and 71 (A. glutinosa) from the fine-root samples fell into the
nonmycorrhizal fine-root cluster (Fig. 1). However, these se-
quences were too short for reasonable phylogenetic analysis.
The 16S rRNA gene sequences for the two euryarchaeotal
samples AgPiMm51 and AgPiMm52 fell with the Halobacte-
rium, together with similar sequences from boreal forest P.
sylvestris mycorrhizas.

DISCUSSION

The boreal forest soil habitats were again shown to harbor
group 1.1c Crenarchaeota, although, generally, group 1.1b is
the most common type found in soil (e.g., references 20 and
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FIG. 3. Maximum-likelihood phylogram presenting members of group 1.1c Crenarchaeota. The sequences found in this study are shown in bold
script. The first two letters in the sample codes represent the tree species (Ps, P. sylvestris; Pa, P. abies; Bp, B. pendula; Ag, A. glutinosa). The middle
two letters of the mycorrhizal sample codes represent the fungus (Pi, P. involutus). The last two letters represent the sample type (Fr, fine root;
Mm, mycorrhiza). The numbers (1, 2, or 3) after the OTU code indicate the primer combination used to obtain the OTU. Values for nodes with
over 50% bootstrap support are shown. The tree is rooted by Euryarchaeota.

21). This is in accordance with the increasing number of studies
reporting only or mostly 1.1c Crenarchaeota in boreal forest
soil ecosystems (2, 3, 10, 12, 17, 40). A higher abundance of
1.1c Crenarchaeota than of 1.1b Crenarchaeota has also been
shown to occur in soil from a temperate deciduous forest (13).

In our study, only three archaeal OTUs were obtained from

soil currently uncolonized by mycorrhizal fungi. The sampled
soil was not under the direct influence of the tree seedling and
was not in contact with ectomycorrhizal hyphae, which distrib-
ute plant-derived substrates outside the immediate rhizo-
sphere. We suggest that a rich vegetation cover with subse-
quent mycorrhizospheres plays an important role in the
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FIG. 4. Maximum-likelihood phylogram presenting the Halobacteriales. The sequences of this study are shown in bold script, and the sequence
codes are as described in the legend to Fig. 3. Values for nodes with over 50% bootstrap support are shown. The tree is rooted by Crenarchaeota.

colonization of soil by 1.1c Crenarchaeota. This also agrees with
the results obtained by Nicol et al. (20), who showed that in
glacier foreland soil, no 1.1c Crenarchaeota were found until
the soil had been ice free for at least 135 years, had a stable
vegetation cover, and had a well-developed organic top layer.
Our theory is supported by the fact that recently uncovered soil
is primarily colonized by weakly to moderately mycotrophic
plant species but that the mature flora mostly represent highly
mycotrophic plant species (27). These plants are colonized by
mycorrhizal fungi, and selection pressure on rhizosphere bac-
teria has been shown to be induced by these fungi (1, 15, 33).
These more organic soils are also likely to contain more sap-
rophytic fungi than the young mineral soils. Currently, there is
no information about the relationship between saprophytic
fungi and archaea. We also presume that mycorrhizal fungi
influenced the archaeal phylotypes retrieved by Oline et al.
(22), who sampled 1-cm-diameter and 10-cm-deep cores of
mature, vegetated soils, most of which were dominated by
ectomycorrhizal plant species, such as the tree species Pinus
ponderosa, Pinus contorta, and Pseudotsuga menziesii. Since
root and hyphal materials were not completely excluded from
the samples, it is likely that mycorrhizas or mycorrhizal hyphae
ended up in the soil samples when the soil was sieved with a
2-mm mesh. Kemnitz et al. (13) found that in temperate de-
ciduous forests, 1.1c Crenarchaeota are also dominated by

heavily mycorrhizal plants. The crenarchaeotal 1.1c 16S rRNA
gene sequences found in mycorrhizal samples in our study
were similar to the sequences retrieved from soils in the above-
mentioned studies (13, 22). Only Sliwinsky and Goodman (34)
did not find group 1.1c Crenarchaeota in soils vegetated by
commonly mycorrhizal plants. Wallander et al. (38) have cal-
culated that boreal forest humus contains a substantial amount
of ectomycorrhizal hyphae, between 125 and 200 kg ha ', in
the organic top layer, equaling 1.25 to 2 g cm 2. Levels for all
ectomycorrhizal mycelia (including ectomycorrhizal mantle
structures) were estimated to be as high as 700 to 900 kg ha™
This shows that ectomycorrhizal fungi constitute a huge part of
the biomass in the forest soil associated with trees.

There was a great difference in archaeal community between
the rhizospheres of some of the tree species, even when they
were grown in soil originating from the same location. This
contrasts with Sliwinski and Goodman’s results (34), where
significant differences were detected not in the rhizospheres of
plants from the same site but only between different geograph-
ical locations. Our trees were all grown in the same humus,
obtained from a dry pine forest. The differences in archaeal
rhizosphere communities would certainly be even greater if the
tree species had been grown in soil from a forest dominated by
the tree in question, but then we would have been in the same
situation as Sliwinski and Goodman (34), where the influence
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of the plant could not be separated from that of the location.
Nicol et al. (20) studied the rhizospheres of different plant
species in Austrian alpine glacier front soil. Minor differences
were observed in the community structures of archaea associ-
ated with the roots of different plant species, but only between
plants from soils of different ages. These results could be ex-
plained by the mycorrhizosphere effect, since few natural root
systems are devoid of mycorrhizal fungi. In our present study,
we found that the influence of the tree on the archaeal popu-
lations was minimized by the impact of the symbiotic ecto-
mycorrhizal fungus colonizing the tree roots. Mycorrhizal fine
roots had more even frequencies of archaeal OTUs, and these
sequences were more similar to each other than to the se-
quences from uncolonized fine roots.

The mycorrhizal roots of most tree species harbored more-
diverse populations of archaea than uncolonized fine roots or
humus. Simon et al. (32) estimated that the doubling time of
group 1.1b Crenarchaeota inhabiting tomato roots was 8 days.
If the group 1.1c Crenarchaeota detected in this study grow
equally slowly, mycorrhizas may present a more constant en-
vironment for these organisms than the rapidly growing root
tips. It is also possible that the archaea are simply outcompeted
by more-opportunistic bacteria on the root surfaces. This could
explain the relatively high number of bacterial 16S rRNA gene
sequences obtained from the fine-root samples. The crenar-
chaeotal 16S rRNA gene sequences obtained from fine roots
formed a distinct cluster, separate from the mycorrhizal clus-
ters. Interestingly, their closest neighbors were crenarchaeotal
16S rRNA gene sequences thus far found only in Finnish dry
pine forest soil habitats (soil, mycorrhizospheres, and tree
roots). In contrast to the crenarchaeotal 16S rRNA gene se-
quences detected in the mycorrhizal samples, none of those
detected in the fine-root samples were similar to 16S rRNA
gene sequences from other locations or habitat types.

There was no statistically significant difference in the occur-
rence of archaeal OTUs in the mycorrhizal samples derived
from the four different tree species, and the sequences of the
archaeal 16S rRNA gene OTUs all fell within the same cluster.
This confirms that the mycorrhizal fungus in the roots attracts
its own archaeal community independent of the one colonizing
the rhizosphere, which is in agreement with our earlier results
(3) showing that the archaeal population in the P. sylvestris
mycorrhizosphere varies with the species of ectomycorrhizal
fungus colonizing the roots. Euryarchaeota were detected in
only one P. abies and one A. glutinosa mycorrhizal sample.
These findings confirm our earlier results showing that, unlike
some other ectomycorrhizal fungi, P. involutus does not particu-
larly attract Euryarchaeota (3).

With the exception of A. glutinosa fine roots, the numbers of
archaeal OTUs were low, and the archaeal 16S rRNA gene
fragments detected appeared to be similar in the fine-root
samples of the different trees. This is slightly surprising, as the
different tree species influence the soil in their root and my-
corrhizal vicinities by different means (26). The pH of the soil
in a coniferous forest is low, and the typical pH of Finnish dry
pine forest soils is between 4 and 5. Conifers, especially spruce,
may decrease the pH of the soil to as low as 3.5, whereas birch
has been shown to increase the soil pH up to 5.7 and enhance
the cycling of nutrients (16). Deciduous litter also contains
more easily leachable carbon, whereas coniferous litter is

APPL. ENVIRON. MICROBIOL.

acidic and contains recalcitrant material, such as waxes, phe-
nolics, and lignin (9, 24). The litter was not a factor in this
study, because our experiment stretched over only one growing
season. However, the short time of this experiment showed
that A. glutinosa seedlings promoted both different numbers
and different types of Crenarchaeota on their fine roots.

The A. glutinosa fine-root samples displayed the highest
overall number of different archaeal OTUs in this study, fol-
lowed by the A. glutinosa mycorrhizal samples (Fig. 2). The A.
glutinosa fine-root samples were also the only ones that pre-
sented PCR products with primer combination 3 which formed
a separate cluster within the nonmycorrhizal fine-root cluster.
A. glutinosa is known for its ability to attract nodule-forming,
nitrogen-fixing bacteria. No nodules were discovered on the
roots of our test trees, but the A. glutinosa rhizospheric envi-
ronment and consequently its microbial flora are probably
specialized and different from the other tree rhizospheric mi-
crobial communities. This is evident also in the residing ar-
chaeal population. With the exception of the A. glutinosa fine-
root results, archaea did not appear to thrive on tree fine roots
but, in agreement with our earlier studies, preferred the my-
corrhizas (2, 3). The primer set used had a great effect on the
detection of archaea in the various samples. This is a known
problem in studying natural, uncultured populations where
even slight adjustments of procedures may alter the results.
The lack of redundancy between the OTUs produced with the
different primer combinations was conspicuous. However, the
outer primers of primer combination 1 targeted a broad spec-
trum of microbial 16S rRNA genes and appeared to select for
the Crenarchaeota in the P. involutus mycorrhiza cluster (Fig.
3), while the more archaea-specific outer primers selected for
Crenarchaeota affiliating with the nonmycorrhizal fine-root
cluster. It is possible that new primer combinations may reveal
yet undiscovered archaeal groups in fine root, mycorrhizal, and
uncolonized humus habitats.

Our conclusion is that different tree species have different
influences on soil archaeal communities. These differences are
diminished, however, by the ectomycorrhizal fungus colonizing
the roots. The ectomycorrhizal fungus P. involutus attracts
group 1.1c Crenarchaeota, and the crenarchaeotal populations
in the mycorrhizas are different from those in the uncolonized
fine roots of boreal forest trees.
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