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Abstract

Frankia populations were analyzed in three soils devoid of actinorhizal plants but containing monocultures of birch (Betula
pendula Roth), pine (Pinus sylvestris L.) or spruce (Picea abies (L.) Karsten). Bioassays using seedlings of Alnus incana as
capture plants resulted in nodulation capacities of 3160 þ 7, 2267 þ 13, and 2747 þ 6 nodulation units g31 of these soils,
respectively. Comparative sequence analysis of an actinomycetes-specific insertion in domain III of the 23S rRNA allowed a
grouping of isolates obtained from nodules of the capture plants into three distinct groups of the Alnus host infection group.
This separation was confirmed by the analysis of genomic fingerprints of the isolates generated by rep-PCR fingerprinting with
the BOX primer. Genomic fingerprints also demonstrated that all isolates differed from each other. The isolates accounted for
a significant proportion of the Frankia population in root nodules of the capture plants as shown by in situ hybridization with
specific probes. However, only those Frankia strains isolated from soil of the birch stand via Alnus seemed to represent the total
Frankia population in root nodules. Nodules induced after inoculation with soil from the pine or spruce stand also contained
Frankia populations which were not isolated during this study and which could not be identified by in situ hybridization.
Depending upon whether the soil originated from a birch, pine or spruce stand, different Frankia populations were found in the
nodules of the capture plants. Because a nested PCR on nucleic acids extracted from these different soils did not indicate
differences in the diversity of the total Frankia populations, it was concluded that Frankia populations in nodules of the capture
plants represent the fraction of physiologically active, infecting frankiae in the soils rather than the total Frankia
population. z 1999 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights
reserved.
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1. Introduction

Studies on the ecology of natural populations of
Frankia are largely impeded by di¤culties in isolat-
ing and growing these organisms [1,2]. In fact, only
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one successful isolation of Frankia directly from soil
has been reported [3]. More commonly, Frankia iso-
lates are obtained from root nodules, which serve as
a natural enrichment for this organism [4]. Di¡erent
isolation procedures have successfully been used dur-
ing the last years, and hundreds of isolates are avail-
able (as reviewed in [5]). However, all isolates belong
to the spore (3) type, whereas isolates producing
spores in root nodules (spore (+) type) have not
been obtained in pure culture yet. Even for Frankia
strains of the spore (3) type, so far no general iso-
lation protocols have been developed and conse-
quently only small percentages of isolation attempts
succeed [6,7].

Quantitative studies on Frankia populations are
usually done by plant bioassays in which a quanti¢-
cation of the nodulation capacity on a speci¢c host
plant is used to describe the infective Frankia popu-
lation (expressed as nodulation units g31 soil) [8].
This approach has been combined with the concept
of most probable numbers (MPN) in which host
plants inoculated with serial dilutions of Frankia
containing samples are only analyzed for qualitative
nodule formation [9,10]. By these methods, nodula-
tion units between 0 and 4600 g31 soil have been
obtained for di¡erent soils [11]. These results dem-
onstrate that members of the genus Frankia can sur-
vive and remain infective in soils that are devoid of
host plants [12^17]. The nodulation capacity of soil
from birch stands, for example, appears to be as high
as or higher than that of soil from alder stands [16^
18].

However, apart from the need for vast numbers of
test plants, this bioassay is hampered by its extreme
selectivity because only nodule-forming Frankia
populations can be analyzed. Furthermore, this
bioassay is not feasible for addressing questions on
Frankia populations belonging to host infection
groups other than the test plants [19], on non-
nodulating Frankia populations of the same host
infection group [20,21], on competition for infection
between Frankia populations in one sample, and on
variable compatibilities of host plants to di¡erent
Frankia populations [21^24]. Furthermore, the
correlation of the nodulation unit, which can theo-
retically be induced by a single spore, a hyphal
fragment or a colony, with cell numbers remains
di¤cult [11].

The aim of our study was to analyze Frankia pop-
ulations in three soils devoid of actinorhizal plants
but containing monocultures of birch (Betula pendula
Roth), pine (Pinus sylvestris L.) or spruce (Picea
abies (L.) Karsten). Major emphasis was laid on
the comparative analysis of uncultured Frankia pop-
ulations in soils and those populations in root nod-
ules obtained on Alnus incana seedlings that were
used as capture plants in bioassays. An actinomy-
cetes-speci¢c insertion in domain III of the 23S
rRNA served as a speci¢c marker for di¡erent
Frankia populations [25]. These populations were an-
alyzed by molecular detection methods such as the
polymerase chain reaction (PCR) and subsequent
probing [26] or by the in situ hybridization technique
[26,27].

2. Materials and methods

2.1. Soil characteristics

Surface samples (down to 10 cm depth) were taken
from block number 2 of an a¡orestation site (0.2 ha)
at Karttula (62³52P N, 27³10P E, 98 m asl), Finland,
containing monocultures of birch (Betula pendula
Roth), pine (Pinus sylvestris L.) and spruce (Picea
abies (L.) Karsten) which were planted in 1970 after
hay had been grown at the site for many years [28].
The characteristics of these three stands were similar
with respect to basic physical and chemical parame-
ters, essentially comprising a mineral soil with the
soil texture class of silty ¢ne sand containing 12^
14% organic material at a pH between 5.3 and 5.5
[28]. A more detailed description of the character-
istics of both the mineral soil and the organic mate-
rial of the three sites and of the site history is given
in [28].

2.2. Analysis of nodulation capacity

Alnus incana (L.) Moench was used as a capture
plant in a bioassay to analyze the nodulation ca-
pacity of soils from birch, pine or spruce stands.
Surface-sterilized seeds were germinated and grown
axenically in glass bottles supplemented with half-
strength nutrient solution at a pH of 5.8 [16].
Three replicate bottles containing 5-week-old seed-
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lings were inoculated with 20-fold dilutions of
this soil suspension after dispersion of 5 g of soil
in 50 ml of low-N nutrient solution by repeated
shaking, so that the amounts of soil per bottle
equalled 0.5 g, 0.025 g and 0.00125 g [16]. After
5 weeks of growth under conditions described in
[16], plants were analyzed for root nodule formation.
Number of nodules was expressed as nodulation
units g31 soil [8].

2.3. Isolation and cultivation of Frankia

For the isolation of frankiae, about half of the
nodules obtained on 24 A. incana seedlings were sur-
face-sterilized with 1% (w/v) OsO4 for 1^3 min,
washed with distilled water, and subsequently cut
into small pieces [29]. Per nodule, 4^33 tubes con-
taining either TPC+glucose medium, TPC medium
or PC medium [30] were inoculated and incubated
at 28³C. Subcultures were grown in TPC or PC me-
dium. Isolates obtained were encoded with acronyms
(AiBp1^6 for isolates 1^6 from A. incana inoculated
with soil from the B. pendula stand, AiPs1^4 for
isolates 1^4 from A. incana inoculated with soil
from the P. sylvestris stand, and AiPa1 for the iso-
late from A. incana inoculated with soil from the P.
abies stand).

2.4. Nucleic acid extraction

Nucleic acids from isolates were extracted after
enzymatic lysis with lysozyme (10 mg ml31, Fluka)
at 37³C for 1 h, subsequent incubation with protein-
ase K (1 mg ml31, Appligene) in the presence of
0.1% (v/v) SDS at 37³C for 45 min and ¢nal addition
of SDS to 2% and incubation at 65³C for 15 min.
Nucleic acids were puri¢ed with phenol/chloroform
extraction, precipitated with ethanol, dried and re-
suspended in distilled water [31].

Nucleic acids were obtained from soil samples
after cell lysis by a modi¢ed bead beating protocol
[32]. Released nucleic acids were extracted with phe-
nol/chloroform, precipitated with ethanol, dried and
resuspended in 40 Wl of distilled water [31]. The nu-
cleic acids were further puri¢ed on Sephadex G-200
columns [33], again extracted with phenol/chloro-
form, precipitated, dried and resuspended in 100 Wl
of distilled water.

2.5. Nucleic acid sequencing and sequence analysis

For sequence analysis, the actinomycetes-speci¢c
insertion in domain III of the 23S rRNA of the iso-
lates was ampli¢ed by PCR. As PCR primers, oligo-
nucleotides 23InsV and 23InsR [34] with 5P end ex-
tensions of M13 reverse (5P-TTT CAC ACA GGA
AAC AGC TAT GAC-3P) and universal (5P-CGA
CGT TGT AAA ACG ACG GCCA-3P) primers
were used to facilitate the subsequent sequencing.
Primers used in sequencing were £uorescein-labeled
M13-RP primer for one strand and 23Fra [25] for
the complementary strand. The sequencing of PCR
ampli¢cation products was carried out by the cyclic
dideoxy method using thermoSequenase (Amersham)
and sequencing reactions were analyzed using an au-
tomated ALF DNA sequencer (Pharmacia). Se-
quence analysis was done with the Genetics Com-
puter Group (GCG) program packages [35] and
sequences were submitted to the EMBL Nucleotide
Sequence Database under the accession numbers
AJ003031^AJ003038. Frankia genus- and group-spe-
ci¢c oligonucleotide primers were designed based on
sequence di¡erences (Fig. 1).

2.6. Rep-PCR ¢ngerprinting using BOX primer

Rep-PCR from DNA of the isolates and reference
strains of Frankia (EAN, ACN, WgCc1.17) was per-
formed in a total volume of 25 Wl containing approx-
imately 100 ng of template DNA, 100 pmol of BOX-
A1R primer [36], 1.25 mM of dNTPs, 2 units of
DNA polymerase (Dynazyme, Finnzymes, Espoo,
Finland) in a reaction bu¡er with 10% (v/v) dimethyl
sulfoxide, 4 Wg bovine serum albumin (BSA) and 5
mM MgCl2 [37,36]. PCR ampli¢cations were per-
formed in an automated thermal cycler (Program-
able Thermal Controller, MJ Research Inc.) with
an initial denaturation (95³C, 7 min) followed by
30 cycles of denaturation (95³C, 30 s), annealing
(52³C, 1 min), and extension (65³C, 8 min) with a
single ¢nal extension (65³C, 16 min) [36]. PCR prod-
ucts (10 Wl) were analyzed by gel electrophoresis on a
1% (w/v) Synergel1 (Diversi¢ed Biotech, Boston,
MA) agarose gel in TAE bu¡er (40 mM Tris, 20
mM acetic acid, 1 mM EDTA, pH 8.0) at 5 V
cm31. For analysis and dendrogram construction
the gels were scanned with a CCD camera and the
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obtained images were analyzed using BioImage proc-
essing apparatus (Millipore). The patterns were com-
pared using information about apparent molecular
masses of the bands and band spacing. The results
were used to construct an UPGMA (unweighed pair
group method with arithmetic average) dendrogram
without using a correction [38].

2.7. In situ hybridization

Pure cultures of the isolates and reference strains
of Frankia (AgB1.9, ArI3, Ag45/Mut15, AvN17s)
[25] (Fig. 1) as well as root nodules of A. incana
capture plants (60 lobes in total consisting of 20
lobes induced by each soil) were ¢xed in 4% (w/v)
paraformaldehyde in phosphate-bu¡ered saline
(PBS) [39] at 4³C for 16 h. Fixed cells and nodule
lobes were subsequently washed in PBS and lobes
ground in a mortar. Pure cultures and lobe homoge-
nates were stored in 50% (v/v) ethanol in PBS at
320³C [39]. Samples (2 Wl) were spotted onto gela-
tin-coated slides (0.1% (w/v) gelatin, 0.01%
KCr(SO4)2) and allowed to air-dry. After dehydra-
tion in 50, 80 and 96% (v/v) ethanol for 3 min each,
the preparations were subjected to a pretreatment
with lysozyme (Fluka, 1 mg corresponding to
32 320 U dissolved in 1 ml of 100 mM Tris-HCl,
pH 7.5, 5 mM EDTA) at 37³C for 30 min. After-
wards, the samples were rinsed with distilled water
and dehydrated as described above.

Oligonucleotide probes targeting speci¢c sequences
on the 23S rRNA insertion of Frankia strains be-
longing to di¡erent groups of the Alnus host infec-
tion group (Fig. 1; 23Mut(II), 23AvC, and 23AvN)
were synthesized with a primary amino group at the
5P end (C6-TFA, MWG). The £uorescent dye Cy3
(Amersham) was covalently bound to the amino
group of the oligonucleotide. The dye-oligonucleo-
tide conjugate (1:1) was puri¢ed from unreacted
components and stored at 320³C in distilled water
at a concentration of 25 ng ml31 [40]. This solution
was amended with the DNA speci¢c dye 4P6-diami-
dino-2-phenylindole (DAPI) (Sigma) to a ¢nal con-
centration of 10 Wg ml31.

Hybridizations were performed in 9 Wl of hybrid-
ization bu¡er (900 mM NaCl, 20 mM Tris-HCl,
0.01% (v/v) SDS, pH 7.2) in the presence of 30%
(v/v) formamide [41] and 1 Wl of oligonucleotide

probe (25 ng) at 42³C for 2 h [27]. After hybridiza-
tion, the slides were washed in hybridization bu¡er
without formamide at 42³C for 20 min, rinsed with
distilled water, and air-dried. Slides were ¢nally
mounted with Citi£uor solution (Citi£uor, Canter-
bury, UK) and the preparations were examined
with a Zeiss Axiophot microscope ¢tted for epi£uor-
escence with a high-pressure mercury bulb (50 W)
and ¢lter sets 02 (Zeiss; G 365, FT 395, LP 420)
and HQ-CY3 (AHF Analysentechnik, Tuëbingen,
Germany; G 535/50, FT 565, BP 610/75).

Speci¢city of and hybridization conditions for
Cy3-labeled oligonucleotide probes 23AvC, 23AvN,
and 23Mut(II) were controlled on reference Frankia
strains as well as on isolates. For the analysis of
uncultured Frankia populations in lobe homoge-
nates, permeability of Frankia cells was always tested
by hybridization with the bacterial probe Eub338
[40] whereas non-speci¢c binding of probes was in-
vestigated by hybridization with the oligonucleotide
probe Euk516 [40] targeting 18S rRNA of Eukarya.

2.8. PCR detection of uncultured Frankia populations

For detection of uncultured Frankia populations
in soils, DNA was ampli¢ed using primer combina-
tions with di¡erent speci¢cities (Fig. 1). Primers
FraV and 23Fra were used to speci¢cally detect
members of the genus Frankia, primers FraV and
23B1.9 to detect frankiae of the Alnus host infection
group I; primers AFAr and 23AvC were used to
detect frankiae of the Alnus host infection group
III and primer combinations AFMr-23AvN and
AFMr-23Mut(II) to detect frankiae belonging to
group IV.

PCR was performed in a total volume of 100 Wl
containing approximately 100 ng of template DNA,
100 pmol of each primer, 10 mM of dNTPs, 1 unit of
Taq polymerase (Appligene) in a reaction bu¡er with
0.1% Triton 100, 4 Wg BSA and 2.5 mM MgCl2.
Thirty rounds of temperature cycling (Crocodile II
Thermocycler, Appligene) of denaturation at 95³C,
primer annealing at 50³C (FraV-23Fra and FraV-
23B1.9), 52³C (AFAr-23AvC and AFMr-23Mut(II))
and 55³C (AFMr-23AvN), and elongation at 70³C,
each for 30 s, were followed by a ¢nal 7-min incu-
bation at 70³C. Ampli¢cation products were subse-
quently identi¢ed by Southern hybridization.
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2.9. Southern hybridization

For Southern hybridizations, fragments generated
by PCR on DNA of isolates and soils were separated
by agarose gel electrophoresis (3% (w/v) agarose in
TAE bu¡er) and transferred onto Magnagraph ny-
lon ¢lters with a VacuGene Blotting Unit (Pharma-
cia). DNA samples were immobilized by UV light
transillumination and hybridized according to [42].

Digoxigenin-labeled probes were generated by
PCR using primers FraV-23B1.9, AFAr-23AvC,
AFMr-23AvN and AFMr-23Mut(II) (Fig. 1) as de-
scribed above, except that 3.5 mM of dTTP instead
of 10 mM and in addition 1 Wl of digoxigenin-UTP
(Boehringer) were used. DNAs isolated from isolates
AiBp3, AiPs1, AiPa1 and AgB1.9 were used as tem-
plates. Digoxigenin-labeled probes were heat-dena-
tured and hybridized in the presence of 50% (v/v)
formamide at 50³C for 16 h.

The formation of stable hybrids was shown by
binding of an antibody-alkaline phosphatase conju-
gate (Boehringer) to the digoxigenin reporter mole-
cule. Alkaline phosphatase activity was visualized by
exposure to X-ray ¢lm (X-Omat AR, Kodak) after
incubation of the ¢lter in the chemiluminescent sub-
strate CSPD (disodium 3-(4-methoxyspiro {1,2-diox-
etane-3,2P-(5P-chloro) tricyclo [3,3,1,1] decan}-4-yl)
phenyl phosphate) according to the manufacturer's
instructions (Tropix, Catalys, Wallisellen, Switzer-
land).

3. Results and discussion

3.1. Analysis of the nodulation capacity of the soil
samples

The analysis of the nodulation capacity of soils of
birch, pine, or spruce stands by bioassays using seed-
lings of A. incana as capture plants resulted in nod-
ule formation with all soil amounts studied, even
with the lowest amount of soil (1.25 mg). The ¢rst
prenodules were detected 9 days after inoculation.
Seedlings growing in bottles that were inoculated
with 0.5 g of soil had over 200 nodules, those inocu-
lated with 0.025 g about 70 nodules and those with
0.00125 g about ¢ve nodules, regardless of the origin
of the soil. Based on recalculation from nodule num-

bers obtained after inoculation with 0.025 g of soil,
the mean nodulation capacity of the soil from the
birch stand was 3160 þ 7 nodulation units g31 soil,
that of the soil from the pine stand 2267 þ 13 nod-
ulation units g31 soil, and that of the soil from the
spruce stand 2747 þ 6 nodulation units g31 soil.

The nodulation capacities of all three soils are
comparable to those found in soils of di¡erent loca-
tions which range from 0 to up to 4600 nodulation
units g31 soil (as reviewed in [11]), but were higher
than those obtained in another study [16]. In con-
trast to the published data [16^18] which indicate
much smaller nodulation capacities of soil from
both the pine stand (0^63 nodulation units cm33 of
soil, assuming a bulk density of 1.0 g cm33 ) and the
spruce stand (0^50 nodulation units cm33) than of
soil from a birch stand (490^6500 nodulation units
cm33), nodulation capacities of soils from birch, pine
and spruce stands in our study are within the same
range. This may be attributed to the high similarity
of physico-chemical factors in the soils used in our
study as well as to identical seasonal conditions
which are both supposed to signi¢cantly in£uence
nodulation capacities of soils [43,16].

Nodulation capacities of soils are assumed to be
in£uenced by the vegetation [43,18,16] and by varia-
ble compatibilities of di¡erent Frankia populations
to capture plants [44,20,45,22]. Although our studies
do not show an obvious impact of the vegetation on
the overall nodulation capacity, which is in contrast
to earlier studies [18], it may be speculated whether
di¡erences in vegetation lead to shifts in the overall
composition of Frankia populations in soils or to
changes in the nodulation capacity of certain Frankia
populations.

3.2. Analysis of isolates obtained from root nodules

Six Frankia isolates (AiBp1^6) were obtained from
12 nodules harvested from A. incana capture plants
inoculated with soil from the birch stand. Four iso-
lates (AiPs1^4) were obtained from six nodules of
capture plants inoculated with soil from the pine
stand, while only one isolate (AiPa1) could be ob-
tained from six nodules of capture plants inoculated
with soil from the spruce stand. Of these, eight iso-
lates (AiBp3^6, AiPs1, 2 and 4, and AiPa1) were
selected for further characterization by sequence
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analysis of an actinomycetes-speci¢c insertion in do-
main III of the 23S rRNA and by rep-PCR.

Based on comparative sequence analysis of PCR
ampli¢ed 135-bp fragments containing the 23S
rRNA insertion of the selected isolates, these isolates
could be assigned to two groups of Frankia within
the Alnus host infection group according to the clas-
si¢cation by [25], namely group IIIa and group IV
(Fig. 1). The assignment was partially correlated to
the origin of the soil used as inoculum. Sequences of
isolates obtained from nodules formed after inocula-
tion with soil from the birch stand (AiBp3^6) were
identical and showed only one di¡erence to that of
Frankia strain Ag45/Mut15 which was used as the
reference strain for the Alnus host infection group
IV [25]. Sequences of these isolates revealed 21 di¡er-
ences to the sequence of isolate AiPs1 obtained from
nodules formed after inoculation with soil from the
pine stand. The sequence of isolate AiPs1 showed
one di¡erence compared to the sequence of Frankia
strain AvcI1 belonging to the Alnus host infection
group IIIa (Fig. 1) [25]. Sequences of isolates AiPs2
and AiPs4, obtained from nodules after inoculation
with soil of the same pine stand, as well as that of
isolate AiPa1, obtained from nodules formed after
inoculation with soil from the spruce stand, were
identical but showed 27 di¡erences compared to
the sequence of isolate AiPs1 and 18 di¡erences com-
pared to those of isolates AiBp3 to AiBp6. Isolates
AiPs2, AiPs4 and AiPa1 showed two di¡erences to
the sequence of Frankia strain AvN17s which was
assigned to the Alnus host infection group IV [25].

Due to the already observed sequence di¡erences
of strain AvN17s compared to the reference strain of
group IV, strain Ag45/Mut15 [25], a reorganization
of the Alnus host infection group IV into two groups
IVa and IVb with Frankia strains Ag45/Mut15 and
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Fig. 1. Alignment of nucleotide sequence fragments containing
the insertion in domain III of 23S rRNAs from Frankia strains
AvCI1, AvN17s and Ag45/Mut15 [25] and frankiae isolated from
nodules of Alnus incana capture plants inoculated with soil ob-
tained from Pinus sylvestris (AiPs), Picea abies (AiPa) and Betula
pendula (AiBp) stands [28]. Primer combination FraV and 23Fra
was used for genus-speci¢c detection of frankiae by PCR, while
primer combinations AFAr and 23AvC, AFMr and 23AvN, and
AFMr and 23Mut(II) were used for the detection of groups of
Frankia by PCR or nested PCR.
6
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AvN17s as reference strains for the respective groups
is justi¢ed. This reorganization results in the assign-
ment of all isolates into three distinct groups of the

Alnus host infection groups, namely groups IIIa, IVa
and IVb. This assignment was con¢rmed by the anal-
ysis of genomic ¢ngerprints of the eight isolates gen-
erated by rep-PCR. On average, 14 bands represent-
ing a unique ¢ngerprint for each strain were
generated (Fig. 2). Patterns of isolates AiBp3^6
were very similar to each other but distinct from
¢ngerprints of isolates AiPs1, AiPs2, AiPs4 and
AiPa1. Fingerprints from isolate AiPa1 and isolates
AiPs2 and AiPs4 again were similar to each other
but distinct from others (Fig. 2). An UPGMA den-
drogram of the ¢ngerprint patterns shows that the
isolates and reference strains could be clustered into
¢ve groups (Fig. 3): group A includes isolates AiPa1,
AiPs2 and AiPs4, group B includes isolates AiBp3 to
AiBp6 and reference strain EAN, group C includes
isolate AiPs1, group D reference strain WgCc1.17
and group E reference strain ACNs.

Considering that rep-PCR ¢ngerprints may re£ect
strain-speci¢c genomic structure [36], these results
show that each isolate represents a unique strain.
Isolates with similar ¢ngerprints can be assigned to
the same group within the Alnus host infection
group. A comparably good correlation between de-
grees of relatedness determined by comparative
RNA sequence analysis and ¢ngerprinting has been
shown for 16S rRNA analysis and rep-PCR ¢nger-
printing of Frankia strains [37]. Partial 23S rRNA

FEMSEC 973 4-1-99

Fig. 2. Rep-PCR ¢ngerprint patterns of genomic DNA from iso-
lates and Frankia strains using BOXA1R primer. Lanes 1 and
13, 1-kb marker; 2, isolates AiPs4; 3, AiPs2; 4, AiPs1; 5,
AiPa1; 6, AiBp6; 7, AiBp5; 8, AiBp4; 9, AiBp3; 10, Frankia
strain WgCc1.17; 11, Frankia strain ACNs; 12, Frankia strain
EAN.

Fig. 3. An UPGMA dendrogram obtained from DNA ¢ngerprint patterns of isolates and Frankia strains.
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sequence analysis as well as rep-PCR ¢ngerprints
show that di¡erent Frankia strains belonging to the
same group within the Alnus host infection group
inhabit the same soil and are infective on A. incana.
It also suggests that depending on the soil, di¡erent
Frankia populations may nodulate the capture
plants. This assumption, however, is only based on
the analysis of a limited number of isolates obtained
from nodules. Because isolation procedures can be
extremely selective, a ¢nal proof on whether the iso-
lates represent the total Frankia populations in nod-
ules must include a comparison of isolates with un-
cultured Frankia populations in root nodules.

3.3. Analysis of uncultured Frankia populations in
root nodules

Uncultured Frankia populations in root nodules
were analyzed by in situ hybridization. In situ hy-
bridization with the bacterial probe Eub338 on lobe
homogenates resulted in intensive hybridization sig-
nals on vesicles in all samples. This demonstrated the
presence of su¤cient permeability of the vesicles and
su¤cient amounts of target sequences per cell.
Frankia populations in lobes induced after inocula-
tion with soil from the birch stand exclusively hybri-
dized with probe 23Mut(II) thereby con¢rming the
presence of frankiae of the Alnus host infection
group IVa. No hybridization signals were obtained
with probe 23AvN targeting Frankia of group IVb or
with probe 23AvC targeting Frankia of group III.
The analysis of Frankia populations in lobes induced
after inoculation with soil from the pine stand con-
¢rmed the presence of frankiae of the Alnus host
infection groups III and IVb. Frankia populations
in ¢ve lobes hybridized with probe 23AvC and in
eight lobes with probe 23AvN. No hybridization sig-
nals were obtained with probe 23Mut(II). In lobes
induced after inoculation with soil from the spruce
stand, Frankia populations in seven lobes hybridized
with probe 23Mut(II) and in ¢ve lobes with probe
23AvN. Here, no hybridization signals were obtained
with probe 23AvC. A comparative analysis of the
latter samples with isolates, however, was largely
hampered by the availability of only one spruce
soil isolate, AiPa1.

These results demonstrate that the isolates repre-
sent a signi¢cant portion of the Frankia population

in root nodules of the capture plants after inocula-
tion with soil from the birch, pine or spruce stands.
However, only isolates obtained from nodules on
capture plants after inoculation with soil from the
birch stand seem to represent the total Frankia pop-
ulation in root nodules. In nodules induced after
inoculation with soil from the pine or spruce stand,
Frankia populations could only be identi¢ed with
speci¢c probes in 13 out of 20 lobes and 12 out of
20 lobes, respectively, though all lobes contained
vesicles which could be hybridized with the bacterial
probe Eub338. Therefore, nodules from both stands
also contained Frankia populations which had not
been isolated and which could not be identi¢ed.

Neither in situ hybridization nor DAPI staining
could detect spores in any nodule lobe, indicating
that all nodules were of the spore (3) type. This
observation is in accordance with previous results
which showed that soil from sites devoid of host
plants did not induce nodules of the spore (+) type
[18].

Because the design of the group-speci¢c oligonu-
cleotide probes was based on only a limited amount
of pure cultures [25], further studies on the diversity
of Frankia populations in nodules may result in the
discovery of new Frankia populations. Here, PCR-
based techniques can help to obtain sequence infor-
mation from uncultured Frankia populations which
can eventually be used to design speci¢c probes.
Nevertheless, these results demonstrate that di¡erent
Frankia populations form nodules on the capture
plants after inoculation with soil from the birch,
pine or spruce stands. However, it is not known
whether these populations in nodules represent the
total Frankia population in these soils or only a frac-
tion of physiologically active, infective frankiae.

3.4. Analysis of uncultured Frankia populations
in soils

Uncultured Frankia populations in soil were ana-
lyzed by PCR on DNA extracted from soil of the
birch, pine and spruce stand. However, no ampli¢-
cation products were obtained with speci¢c primer
combinations FraV and 23B1.9, AFAr and 23AvC,
AFMr and 23AvN or AFMr and 23Mut(II). To in-
crease the sensitivity of detection, a nested PCR us-
ing these primer combinations and a portion of PCR
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products obtained after genus-speci¢c ampli¢cation
with primers FraV and 23Fra as template was neces-
sary. PCR products of approximately 135 bp were
obtained on all samples when DNA isolated from
reference strains as well as from soil was used as
template for a genus-speci¢c ampli¢cation (Fig.
4A). Southern hybridization with a combination of
probes targeting Frankia strains AiPs1, AiPs4, AiBp3
and AgB1.9 showed signals on all PCR products,
demonstrating the presence of homologous sequen-
ces (Fig. 4A).

A nested PCR with speci¢c primer combinations
resulted in ampli¢cation products of approximately
65 bp on DNA extracted from soil of the birch, pine
and spruce stands, as well as on DNA obtained from
pure cultures of the respective target groups (Fig.
4B^E). The presence of homologous sequences was
con¢rmed by hybridization with probes targeting
representative strains of the respective target groups
(Fig. 4B^E).

These PCR-based results indicate a similar diver-
sity of the total Frankia population in soils of the
birch, pine and spruce stands. However, a PCR-
based analysis does not necessarily re£ect the abun-
dances in the original sample [46]. Therefore, the size
of the Frankia populations detected may di¡er sig-

ni¢cantly. Furthermore, the analysis only focused on
a small number of target groups and may therefore
be incomplete. This assumption is supported by
the discovery of Frankia populations in nodules of
the capture plants after inoculation with soil from
the pine and spruce stands which could not be iden-
ti¢ed.

Based on the analysis of Frankia populations in
nodules and soils, however, it must be assumed
that Frankia populations in nodules of the capture
plants represent the fraction of physiologically ac-
tive, infective frankiae in the test soils rather than
the total Frankia population. This assumption is sup-
ported by studies in which only one population of
Frankia was detected in nodules of the host plant at
the respective site by in situ hybridization, though
di¡erent Frankia populations were detected in soil
by PCR [27]. Moreover, comparative analysis of
nodulation units with genomic units of soils deter-
mined by the PCR-MPN technique using nested
PCR [11,43] indicated that only a small portion of
the total population of Frankia was able to nodulate.
It was suggested that the nodulation capacity of a
soil was controlled largely by the physiological status
of the Frankia populations rather than by the total
population size [43].

FEMSEC 973 4-1-99

Fig. 4. Gel electrophoretic analysis of PCR products detecting all members of the genus Frankia (A) or speci¢c subgroups of the Alnus
host infection group (groups IIIa (B), IVb (C), IVa (D) and I (E), respectively) using DNA of representative isolates (lanes 1^4, respec-
tively) or of soils from birch, spruce or pine stands (lanes 5^7). The right panel shows the concomitant ¢gure after Southern hybridization
with digoxigenin-labeled PCR products generated to speci¢cally detect the representative isolates in the group-speci¢c PCRs only (B^E).
Hybridization on PCR products detecting all members of the genus (A) was carried out using a combination of all probes.
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