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Oligonucleotide probes that hybridize with specific sequences in variable regions of the 16S rRNA of the
nitrogen-fixing actinomycete Frankia were used for the identification of Frankia strains in nodules. Frankia
cells were released from plant tissue by grinding glutaraldehyde-fixed root nodules in guanidine hydrochloride
solution. rRNA was obtained after sonication, precipitation with ethanol, and purification by phenol-
chloroform extraction. Degradation of rRNA, evident in Northern blots, did not affect hybridization with the
oligonucleotides. Nodules of about 1 mg (fresh weight) provided sufficient rRNA for reliable detection of the
Frankia strain. The utility of this rRNA extraction method was tested in a competition experiment between two
effective Frankia strains on cloned Alnus glutinosa plants.

The actinomycete Frankia is a nitrogen-fixing organism
that forms root nodules in symbiosis with woody plants such
as black alder (Alnus glutinosa) and sea buckthorn (Hip-
pophae rhamnoides) (2). In root nodules, typical Frankia
strains form specialized cell clusters that can fix molecular
nitrogen. The formation of these so-called vesicles is also
obtained in pure cultures of Frankia strains grown under
nitrogen-limited conditions (15, 16). Besides the typical
strains, atypical Frankia strains exist that do not fix nitro-
gen, do not form vesicles, and are sometimes not able to
infect their original host plants (10, 25). These atypical
strains lack all morphological and physiological characteris-
tics of typical Frankia strains and usually resist isolation.

Investigations on the ecology of Frankia strains are very
often hampered by problems encountered with isolation and
identification. In the presence of other bacteria, it is often
impossible to obtain this organism in pure culture. In gen-
eral, a Frankia strain is isolated from nodules which natu-
rally enrich for this particular strain. Successful attempts to
isolate Frankia strains from soil have been reported only
once (1). Up to now, no selective isolation techniques have
been developed, with the result that only a low percentage of
isolation attempts has succeeded (23). The difficulties with
isolation and identification of Frankia strains could be ame-
liorated by specific markers for identifying these bacteria
without isolating them.

In a first attempt to identify Frankia strains in nodules,
plasmids were used as molecular probes (21). Alternatively,
strains in nodules can be identified by using restriction
enzyme patterns of total DNA and subsequent hybridization
using nif genes as probes (17, 18, 20). The application of
plasmid and DNA probes is restricted to endophyte enrich-
ments, i.e., to large nodules or pure cultures, allowing for
sufficient DNA for direct hybridization experiments.
Another possible use of molecular markers is the applica-

tion of synthetic oligonucleotides that hybridize with rRNA
(5, 6, 19, 22). By using the reverse transcriptase sequencing
method (4, 12; J. Smida, Ph.D. thesis, University of Kiel,
Kiel, Federal Republic of Germany, 1988), the 16S rRNA
nucleotide sequence of the effective (i.e., Nif+) Frankia
strain Ag45/Mutl5 isolated from spore-negative nodules of

* Corresponding author.

A. glutinosa was analyzed in order to investigate the phylo-
genetic position of the specific Frankia strain (9). Variable
regions of this typical Frankia strain showed several differ-
ences with homologous regions of two atypical, ineffective
(i.e., Nif-) strains. These regions were used to design
complementary synthetic oligonucleotides. The resulting
probes were suitable for use in hybridization experiments to
discriminate between Nif+ and Nif strains and to discrim-
inate strains within both physiologically different groups (8).
Nodules that are metabolically highly active Frankia enrich-
ments and consequently contain large amounts of Frankia
rRNA are a good starting material for the application of
these probes for identification.
The application of oligonucleotide probes in the detection

of specific Frankia strains in nodules depends on the devel-
opment of a reliable isolation method for rRNA. Pure rRNA
preparations must be obtained to ensure specific hybridiza-
tion signals of enriched target sequences. Nonspecific bind-
ing to DNA or polyphenolic compounds must be avoided.
Polyphenols, rather common in actinorhizal plant tissue, are
quite difficult to remove from nucleic acid preparations and
interfere with the quantification of hybridization signals (21).
The presence of large amounts of polyphenols in A. gluti-
nosa hinders the application of RNA extraction procedures
commonly used with other plants (7, 26). Since large num-
bers of nodules per plant must oftc t investigated, a rapid
rRNA extraction would be preferable. Additionally, the
detection method must be sensitive to allow the identifica-
tion of Frankia strains in smaller nodules.
The aim of our investigations was to develop a rapid RNA

isolation method from nodules, ensuring high yields of pure
rRNA of the endophyte that could be used in hybridization
experiments to detect Frankia strains without the need for
reisolation and cultivation. The method described below is
rapid and sensitive enough to detect specific target sequen-
ces in small nodules.

MATERIALS AND METHODS
RNA extraction. Root nodules of actively growing A.

glutinosa plants were harvested and fixed in 1% glutaralde-
hyde. Nodules up to 1 mg (fresh weight) were ground in a
mortar in 1 ml of 7.5 M guanidine hydrochloride-i M Tris,
pH 7.0, and centrifuged at 3,000 x g to precipitate plant cells
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and released Frankia cells. The pellet was suspended in 0.4
ml of guanidine hydrochloride solution and sonicated three
to six times for 30 sec at 60 W (Sonifier B-12; Branson Sonic
Power Co., Danbury, Conn.) to disrupt Frankia cells. To
determine the extraction efficiency, pure cultures (fresh
weight, 1 g) of Pseudomonas putida and a typical nitrogen-
fixing Frankia strain, Ag45/Mutl5, were sonicated under
similar conditions. After centrifugation at 1,000 x g for 10
min to remove cell debris, ethanol precipitation with 2.5
volumes of 96% ethanol was performed. The resulting pellet
was suspended in sterile distilled water and extracted twice
with phenol-chloroform. Phenol was buffered with 10 mM
Tris, pH 7.4. After two additional chloroform extractions,
RNA was precipitated with 2.5 volumes of 96% ethanol,
washed with 70% ethanol, dried, and dissolved in 10 [lI of
distilled water.
RNA isolations were checked on Northern (RNA) blots by

hybridization with a universal eubacterial probe commonly
used as primer in 16S rRNA sequencing reactions (primer
1115 [4]). Additionally, two probes that hybridize with 16S
rRNA sequences specific to effective Frankia strains belong-
ing to the Alnus compatibility group (3'-CCCTAGGCATTC
CCAGGACG; probe EFP [8]) and with Frankia strains in
general (3'-GACCACCACACCTTTCTAAATA; D. Hahn,
unpublished data) were used to detect 16S rRNA sequences.
The specificity of both probes has been demonstrated in dot
blot hybridization experiments with immobilized rRNA of 23
Frankia strains belonging to different compatibility groups.

Detection of Frankia strains. RNA from different amounts
of nodules (1 to 10 mg [fresh weight]) of Frankia strain
Ag45/Mutl5 was used in dot blot experiments with probe
EFP to estimate the detection limit. In order to show the
purity of the RNA preparation, i.e., the absence of polyphe-
nols, temperature-dependent hybridization of this probe
with 16S rRNAs of the effective Frankia strains Ag45/Mutl5
and AgKG'84/4 was also tested in dot blot experiments.
Probe EFP was designed on the basis of 16S rRNA se-
quences of Frankia strain Ag45/Mutl5. Even under stringent
conditions, this probe hybridized with 16S rRNA sequences
of nitrogen-fixing strains obtained from alder plants (8).

Competition experiments. The usefulness of the RNA
extraction method was tested in competition experiments
with the effective Frankia strains Ag45/Mutl5 and AgKG'84/
4. Plants of A. glutinosa clone B 11 (10) were grown in
1.5-liter pots in the greenhouse with perlite as the substrate
and inoculated with defined amounts of both Frankia strains.
After 3 months of growth under natural light conditions,
plant height, plant dry weight, and the number of nodules per
plant were determined. Nodules were harvested, fixed in 1%
glutaraldehyde solution and stored in this solution at 4°C
until used for RNA isolation. About 20 nodules per plant
were selected at random and used to determine strain
compositions.

Filter hybridization. Northern blots and dot blot hybrid-
ization experiments were performed on GeneScreen filters
(Du Pont Co.). rRNA was applied with a Hybri.Dot manifold
(Bethesda Research Laboratories, Inc.), immobilized by UV
light, and hybridized by the method of Church and Gilbert
(3). Northern blots (14) were hybridized under the same
conditions, except that filters were incubated at 80°C for 30
min to remove formaldehyde prior to UV light immobiliza-
tion. Oligonucleotide probes were 5' labeled by using phage
T4 polynucleotide kinase (Bethesda Research Laboratories)
and 20 to 50,Ci of [--32P]ATP (3,000 Ci/mmol; Amersham
Corp.) (14).
Northern blots and filters containing rRNA from nodule
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FIG. 1. Northern blot of RNA preparations (50 ng per slot) from
pure cultures of P. putida (lanes 1) and Frankia strain Ag45/Mut15
(lanes 2) hybridized with a universal probe (A); probe EFP, specific
for effective Frankia strains obtained from Alnus plants (B); and a
Frankia-specific probe (C).

preparations were always prewashed after rRNA immobili-
zation in 0.1 x standard saline citrate [1 x standard saline
citrate is 0.15 M NaCl plus 0.015 M sodium citrate], pH
7.0)-1% sodium dodecyl sulfate for 15 min at 80'C in order to
remove possible contaminations with polyphenolic com-
pounds.
The same washing procedure was also used to remove

probes bound to immobilized target rRNA on the filters.

RESULTS

RNA extraction. The RNA extraction method resulted in
an rRNA preparation without detectable contamination by
DNA. Northern blots of RNA from pure cultures of P.
putida and Frankia strain Ag45/Mut15 showed distinct hy-
bridization bands of 168 rRNA with the universal probe.
Probe EFP normally showed cross-hybridization with DNA
of P. putida. The specific hybridization of 16S rRNA of
Frankia strain Ag45/Mut15 with probe EFP indicated the
purity of the rRNA preparation (Fig. 1).

In the rRNA preparations isolated from pure cultures by
this method, some degradation was observed. Degradation
was even more pronounced when the rRNAs were isolated
from nodules, most likely a result of mechanical disruption

FIG. 2. Northern blot of RNA isolated from nodules induced by
Frankia strains Ag45/Mut15 (b and d) and AgKG'84/4 (c and e).
Preparations were done on the same sample after three (b and c) and
six rounds (d and e) of sonication for 30 sec at 60 W and compared
with rRNA isolation from a pure culture of strain Ag45/Mut15 after
three rounds of sonication (a). Hybridization was performed with
probe EFP.
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FIG. 3. Dot blot hybridization of immobilized RNA isolated
from nodules formed by Frankia strain Ag45/MutlS. Nodules of 1,
5, and 10 mg (fresh weight) were sonicated six times for 30 sec at 60
W.

during the sonication step (Fig. 2). A more intensive sonica-
tion yielded more rRNA without further degradation of the
RNA. Small nodules (about 1 mg [fresh weight], about 1 mm
in diameter) contained sufficient target sequences for clear
hybridization signals (Fig. 3). The hybridization signals of
isolated rRNA from nodules of 1, 5, and 10 mg (fresh weight)
with probe EFP correlated more or less with that of 1, 5, and
10 ng of rRNA of Frankia strain Ag45/Mutl5.
The isolated rRNA was pure enough to give specific

hybridization signals (Fig. 4). Cross-reaction with contami-
nating polyphenols would result in nonspecific binding,
disturbing signals even under high-stringency conditions.
With rRNA of Frankia strain AgKG'84/4, no nonspecific
binding was found. This rRNA contained one additional base
in the target sequence (D. Hahn, unpublished observations).
At high stringency, pure RNA preparations of this strain did
not show any hybridization signal, whether specific or
nonspecific. The same results, indicating the isolation of
pure RNA, were obtained when probe IFP, specific for an
ineffective Frankia strain, and probe EFP were used one by
one (data not shown).

Competition experiments. Competition experiments with
both effective Frankia strains that could be distinguished by
temperature-dependent hybridization (8) were set up to
investigate the applicability of the isolation and hybridiza-
tion procedure in natural systems. Because of the restricted
usefulness of this temperature-dependent hybridization
which could not distinguish between strain Ag45/Mutl5 and
double infections with strains Ag45/Mutl4 and AgKG'84/4,
these experiments were used only to demonstrate how this
technique works. Inoculations with each strain alone or with
both strains together showed little influence on plant growth
but significant influence on nodule formation. In all cases,

dual inoculation decreased the amount of nodules when
compared with identical inoculation amounts of the domi-
nant Frankia strain (Table 1).
Temperature-dependent hybridizations used to determine

the percent strain composition in nodules per plant showed

III * *
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FIG. 4. Dot blot hybridization of RNA isolated from nodules

(about 10 mg [fresh weight]) formed by Frankia strains Ag45/MutlS
(lanes Ila) and AgKG'84/4 (lanes Ilb) compared with RNA prepa-
rations from pure cultures of Ag45/MutlS with 10 (lanes Ia) and 1
(lanes Ib) ng and AgKG'84/4 with 10 (lanes Illa) and 1 (lanes IlIb)
ng. Hybridization with probe EFP shows temperature-dependent
signal patterns, indicating the purity of the rRNA preparation.

that 75% of the nodules, obtained after inoculation with a

mixture of AgKG'84/4 cells equivalent to 20 ,ug of total
protein and Ag45/Mutl5 cells (total protein, 2 ,ug) were

formed by strain AgKG'84/4 (Table 1). This result was

calculated from the disappearance of hybridization signals
with probe EFP under high-stringency conditions. Nodule
formation of this strain in any other inoculation combination
was suppressed even when large amounts of cells were

inoculated. Combined with identical amounts of strain Ag45/
Mutl5 (total protein, 20 ,ug), only about 5% of the nodules
were formed by strain AgKG'84/4. In the presence of higher
amounts of strain Ag45/Mutl5, no nodules containing strain
AgKG'84/4 could be detected. The strain composition of
nodules showing hybridization signals even under high-
stringency conditions was not investigated because of the
lack of a second probe specific for strain AgKG'84/4.

DISCUSSION

The simple and rapid isolation method for rRNA from
nodules described here and the subsequent use of oligonu-
cleotides for the detection of specific target sequences on

rRNA is attractive for ecological investigations. The speci-
ficity of probes, low detection limit of target sequences, and
simple application in hybridization experiments can avoid
problems of reisolation and identification in pure culture.
Nodules, being natural enrichments of Frankia, are a good
starting material for these investigations. The relatively high
sensitivity of the probe-target system allows in this case a

reliable identification of the Frankia strain in very small
nodules. The procedure permits the investigation of the
strain composition in larger nodules consisting of several
lobes. Even the strain composition of each lobe can be

TABLE 1. Competition between effective Frankia strains AgKG'84/4 and Ag45/MutlS on A. glutinosa clone B IIa

Inoculum (total protein, ,ug) % Nodules formed by:
Plant ht (cm) No. of nodules

AgKG'84/4 Ag45/Mutl5 (mean ± SD) (mean + SD) AgKG'84/4 Ag45/Mut15 and/or
AgKG'84/4

20 0 38 9 55 21 100 0
2 0 48 7 27 9 100 0

20 2 40 8 14 6 75 25
20 20 43 10 95 41 5 95
2 20 49 7 110 32 0 100
0 2 52 3 134 14 0 100
0 20 55 7 282 83 0 100

a n = 15 plants, t= 3 months.
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studied separately. By using different specific probes, detec-
tion of double infections with two strains or competition
experiments with defined strains may be feasible.

Combinations of strains differing in only one or two
nucleotides in 16S rRNA, e.g., Frankia strains AgKG'84/4
and Ag45/Mutl5, theoretically simplify the identification
process because single hybridization and washing at two
stringencies can distinguish between both strains. However,
temperature-dependent hybridization cannot be used to
study possible double infections in one nodule. Here, two
specific probes are necessary to identify the infecting strains.
In our experiment, the identification of Frankia strains in
nodules obtained after dual inoculation of both Frankia
strains at different concentrations indicates that strain Ag45/
MutiS is a superior competitor to strain AgKG'84/4. How-
ever, this assumption is based on a substantial amount of
speculation since nothing is known about possible double
infections. Furthermore, the application of two specific
probes may be of limited value when the concentration of
one of the infecting strains is below the detection limit.
The phenomenon of reduced nodule formation after dual

inoculation of Frankia strains in A. glutinosa plants is similar
to results found in competition experiments with Rhizobium
strains (13, 28). More information on possible interference
between both Frankia strains in nodule formation on A.
glutinosa plants might therefore be obtained after indepen-
dent inoculation of both Frankia strains at different times in
combination with strain identification.
Group- or species-specific sequences of 16S rRNA have

been found in various microorganisms (5, 6, 11). Analyses of
variable regions of 16S rRNA of closely related organisms
indicate variation sufficient to design probes of interest,
despite the fact that DNA-DNA homology studies suggest
these species might actually be one and the same. This
makes rRNA sequences an attractive target for diagnostic
research (11, 24, 27). The application of the RNA extraction
method in combination with specific probes can supply rapid
information on the occurrence and the establishment of
recalcitrant organisms in natural populations, e.g., popula-
tions in natural environments like soil. Problems encoun-
tered with the isolation of RNA from soil samples are quite
similar to that encountered with the isolation from nodules,
i.e., the presence of large amounts of humic acids or
polyphenols. During our isolation procedure, all polyphenols
are removed from the rRNA sample. The usefulness of 16S
rRNA sequences directly isolated from soil samples as
targets for oligonucleotide probes should therefore only
depend on the quality of the probe, thus ensuring the
detection of small amounts of target sequences within large
amounts of background rRNA.
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