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Abstract

Oligonucleotide primers complimentary to consensus sequence motifs of
repetitive elements common to prokaryotic genomes, REP (repetitive extragenic
palindromic), ERIC (enterobacterial repetitive intergenic consensus), and BOX
elements, were used to amplify intervening sequences of Frankia genomic DNA using
the polymerase chain reaction (termed rep-PCR). The PCR reaction products were
separated electrophoretically producing a complex banding pattern or fingerprint
that was characteristic of each strain. Members of the same genomic species were
found to display similar fingerprints, but the rep-PCR technique was sensitive
enough to distinguish closely related strains and provides an effective means to
rapidly differentiate between Frankia isolates at the sub-species level.
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1. Introduction

The filamentous soil bacterium Frankia (Actinomycetales) infects roots of a
diverse array of woody dicotyledonous plants, termed actinorhizal plants,
producing nodules capable of dinitrogen-fixation. Since the first successful
isolation of the endophyte in 1978 (Callaham et al., 1978), hundreds of strains
have been isolated from more than half of the 24 genera of known host plants
(Benson and Silvester, 1993), allowing a wide range of morphological,
physiological and molecular studies of Frankia. Thus, the genus is now
relatively well described as a group of symbiotic, vesicle-forming, sporulating,
filamentous actinomycetes (Lechevalier and Lechevalier, 1990).

Studies using pure cultures of available Frankia isolates (Jiabin et al., 1985;
Baker 1987; Torrey and Racette, 1989; Torrey 1990) indicate three overlapping
host-specificity groups (HSG): 1) Strains that infect Alnus, Comptonia and
Muyrica; 2) Strains that infect the Casuarinas and Myrica; and 3) Strains that
infect the Elaeagnaceae and Myrica. Although strains that infect these three
major host groups also infect some species of the promiscuous host genera
Myrica, members of a fourth group infect only members of the Elaeagnaceae
(Baker 1987).

Phenotypic comparisons based on protein patterns (Benson et al., 1984;
Gardes and Lalonde, 1987), isozyme patterns (Gardes et al., 1987; Girgis and
Schwencke, 1993), fatty acid profiles (Lechevalier et al., 1883; Mirza et al.,
1991), correlate relatively well with the proposed HSG. Genotypic analyses
(for example, An et al., 1985, Dobrisita 1985; Fernandez et al., 1989;
Nittayajarn et al., 1990; Nazaret et al., 1991) support these groupings as well,
but indicate greater diversity than previously expected from phenotypic
characterization.

More than nine genomic species of Frankia were delineated on the basis of
DNA-DNA reassociation kinetics in an analysis of 43 strains isolated from the
three major HSG. These include three species within the Alnus HSG, five
within the Eleagnus infectivity group, one that includes the "typical”
Casuarina-compatible strains (ie. strains which reinfect the original host
plant) and several stains, including "atypical" isolates (ie. Eleagnaceae-
compatible strains which do not reinfect their original hosts, Baker 1987), that
could not be grouped (Fernandez et al., 1989). Phylogenetic analysis of partial
165 rRNA sequence comparisons correlate well with the DNA-DNA hybridi-
zation data (Nazaret et al., 1991).

Short palindromic repetitive sequence elements, typically found in
intergenic transcribed but not translated regions of enteric bacteria (Lupski and
Weinstock, 1992), appear to be widely distributed in the genomes of
prokaryotes (Versalovic et al., 1991; 1994; de Bruijn, 1992). Sequence
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comparisons of Repetitive Extragenic Palindromic (REP) (Stern et al., 1984) and
Enterobacterial Repetitive Intergenic Consensus (ERIC) (Hulton et al., 1991)
elements of enteric bacteria has lead to the identification of consensus sequences
that appear to be present in a wide variety of eubacteria by DNA-DNA
hybridization studies (Versalovic et al., 1991). Oligonucleotide primers
corresponding to these highly conserved regions have been used to amplify the
intervening genomic DNA located between these conserved sequences by the
PCR reaction, resulting in the generation of a highly reproducible set of distinct
PCR products that can be separated on simple agarose gels to obtain genomic
fingerprints (refered to as rep-PCR fingerprinting; Versalovic et al., 1991; 1994;
de Bruijn 1992). The more recent identification of analogous repetitive
sequences in a gram-positive bacterium (BOX elements; Martin et al., 1992) has
led to the development of a third set of primers (BOX primers) that can also be
used to generate genomic fingerprints of both gram-positive and gram-negative
bacteria (Louws et al., 1994; 1995; Versalovic et al., 1994). The distribution of
repetitive elements is thought to represent an intrinsic property of the structure
of bacterial genomes. Rep-PCR has been used to develop phylogenetic
relationships between closely related strains that correlate with groupings
discerned using other, more traditional approaches (de Bruijn 1992; Judd et al.,
1993; Versalovic et al., 1994; Strain et al., 1994; Louws et al., 1995).

To determine the utility of rep-PCR in fingerprinting and grouping isolates of
Frankia, a gram-positive actinomycete, genomic DNA from 38 isolates was
amplified using REP, ERIC and BOX primers. Electrophoretic separation of
the amplification products generated from each primer set revealed complex
banding patterns that were highly specific and resolved strains at the sub-
species level. Isolates from the same genomic species produced similar
fingerprints allowing a facile means to divide isolates into groups.

2. Materials and Methods

Bacterial strains

The Frankia strains used in this study and their sources are listed in Table 1.
Strains isolated from Casuarina were cultured in BAP media (Murry et al.,
1984), Alnus isolates were cultured in either BAP or M6B media (Callaham,
Torrey and del Tredici, 1979) and isolates from the Rhamnaceae were grown
using S+Tween media (Lechevalier et al., 1983), as previously described (Murry
et al., 1984).
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DNA extraction

Total DNA was isolated from 2 to 20 ml of 10 to 20-day old axenic cultures by
a modification of an earlier technique (Simonet et al., 1985). Filaments were
harvested by centrifugation, washed twice in TE (Tris-Cl, 10 mM; EDTA, 1 mM,
pH 8.0), and resuspended in 1 ml TES buffer (Tris+Cl, 50 mM; EDTA, 100 mM and |
sucrose, 15% w/v, pH 8.0). Filaments were centrifuged for 5 min at 12,000 g at
4°C , and the pellet resuspended in 5 volumes of TES with lysozyme at 10 mg/ml
and achromopeptidase (Wako Chemicals, Dallas, TX) at 0.5 mg/ml. The
pellet was homogenized mechanically and the suspension incubated at 37°C for
30 minutes. Sodium dodecyl sulfate (SDS), 30% w/v, was added at 0.2 volumes,
the mixture vortexed briefly and incubated for 15 min at 65°C to break down the
cell membrane and to inactivate nucleases. The lysed cells were centrifuged for
10 min at 12,000 g at 40°C and the supernatant extracted with a phenol:chloro- |
form (1:1) mixture saturated with TE. DNA was precipitated with ethanol, ‘
washed once in 70% ethanol, resuspended in 50 pl of TE (refered to as crude cell
extracts in the text) and, in most cases, further purified using the "Prep-a- |
Gene" kit (Bio-Rad, Richmond, CA) according to the manufacturers i
recommendations. DNA was quantified using Hoechst dye 33258 and a DNA
fluorometer (Model TKO 100) (Hoefer Scientific Instruments, San Francisco,
CA) according to the manufacturers’ instructions.

Rep-PCR reactions

The oligonucleotide PCR primers used are shown in Table 2. Primers were ‘
synthesized by the Macromolecular Structure, Sequence, and Synthesis Facility
at Michigan State University using an Applied Biosystems DNA synthesizer
(Model 380B, Foster City, CA). The PCR reactions were performed in Gitschier
buffer (Tris-HCI, 67 mM; MgClp, 6.7 mM; ammonium acetate, 16.6 mM; EDTA,
6.7 uM; B-mercaptoethanol, 30 mM; bovine serum albumin, 170 pg/ml; pH 8.8;
Kogan et al., 1987) with DMSO at 10% v:v, 50 pmol each of opposing primers
(50 pmol of the one BOX primer), 50 ng of template DNA, 2 units of AmpliTaq
DNA polymerase (Perkin-Elmer) and 1.25 mM of each of the 4 dNTPs in a 25 pl
reaction mix. PCR amplifications were performed in an automated thermal
cycler (Perkin-Elmer DNA Thermal Cycler) with an initial denaturation (95°C :
for 7 min) followed by 35 cycles of denaturation (94°C, 1 min), annealing (40°C
for REP primers and 52°C for ERIC and BOX primers, 1 min) and extension
(65°C, 8 min) and a final extension period of 16 min at 65°C. Six to ten pl of PCR
products were separated electrophoretically on 1.5 % agarose gels in 0.5X TAE ‘
buffer at 4.5-5 V/cm, stained with ethidium bromide and photographed.
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Table 2.  Nucleotide sequences of PCR Primers

A.  REP (Repetitive Extragenic Palindromic) primers:

REP 1R-I 3’ CGGICTACIGCIGCI 5
REP2-1 5 ICGICTTATCIGGCCTAC 5’
(Versalovic et al., 1991)
B: ERIC (Enterobacterial repetitive intergenic consensus) primers:
ERICIR 3’ CACTTAGGGGTCCTCGAATGTA 5’
ERIC2 5 AAGTAAGTGACTGGGGTGAGCG 3’

(Versalovic et al,, 1991)

@ BOX AIR primer:
5" CTACGGCAAGGCGACGCTCACG 3
(Versalovic et al., 1994)

D.  16SrDNA prokaryotic primers: amplifies a 325bp fragment of 16 S rDNA

16S rDNA-1 5'GCC TTG GGA GTA CGGCCGCA 3
(na# 849, Nazaret et al., 1991)
165rDNA-2 5'GGG GCA TGA TGA CTT GACGT 3

(na#1146, Nazaret et al., 1991)

Amplification and DNA sequence analysis of 165 rRNA gene fragments

Genomic DNA from selected Alnus isolates (ie. Ahp 1, Ahp 2, At48, As2-3
and Agll) were amplified by PCR using primers (Table 2) complimentary to
conserved sequences (from nucleic acid 849 and from nucleic acid 1176 in the E.
coli numbering system) flanking two variable regions of the 16S rDNA gene.
The parameters for the PCR reactions were essentially as described by Nazaret
et al. (1991) except that PCR reactions (100 pl) were carried out using Gitschier
buffer (Kogan et al.,, 1987) and 10% (v/v) DMSO in the reaction mixture.
Sequence comparisons of these regions have been earlier utilized in phylo-
genetic analysis of Frankia spp. (Nazaret et al., 1991; Nick et al., 1992;
Cournoyer et al., 1993).

The amplification products generated using the 165 rDNA primers were
analyzed by electrophoresis in 2% (w/v) agarose gels to assess the
homogeneity and size of the products. The PCR products were purified using the
"Wizard PCR Prep" (Promega, Madison, WI) and sequenced in both directions
using dye terminators with the automated sequencing apparatus (Model 373A)
from Applied Biosystems (Foster City, CA). The sequencing primers were the
same as the amplification primers. Sequences were aligned with homologous
regions from other species. Aligned sequences were imported into Mega (Kumar
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et al., 1993) and Neighbor-Joining (NJ) trees were constructed using the Jukes-
Cantor distance method. Bootstrap analyses to assess the reliability of our
trees were also performed with a standard of 1000 replicates.

3. Results and Discussion

Genomic fingerprints that resulted from electrophoretic separation of the
PCR products of representative Frankia strains using BOX and ERIC primers
are shown in Fig. 1. For each strain, a unique fingerprint pattern was generated
by using the three primer sets shown in Table 2 (REP, ERIC and BOX). For
example, compare fingerprints patterns for each strain in Fig. 1A [ERIC
primers] vs. 1B [BOX primers]. While BOX-PCR gave very consistent results,
amplification of Frankia DNA using the REP, and to a lesser extent, the ERIC,
primers was sometimes erratic and low amounts of PCR product were formed.
Often, genomic DNA preparations that gave characteristic fingerprints using
the BOX primers, could not be fully amplified using the REP or ERIC primers
(compare lanes 14 and 27 in Fig. 1A vs. 1B). It appears that the poor efficiency
of the REP and ERIC-PCR reactions is due to particular impurities within
different Frankia DNA preparations, since amplification of highly purified
DNA was consistently successful using these primers. In some cases, notably
when the strains were grown on defined BAP medium, crude cell extracts were
successfully amplified using each primer set. However, further purification
was usually required for reproducible amplification using REP and ERIC
primers when cells were cultured in rich organic media.

The complexity of the fingerprints of these Frankia strains generated by rep-
PCR, varied with the specific primer used. The BOX primers produced the
least complex fingerprint patterns. The average number of bands produced from
BOX-PCR amplification of genomic DNA was 10.7 (+/- 2.4 sd, n = 154). The
REP and ERIC primers, although derived from a consensus sequence of these
elements in the enteric bacteria (Versalovic et al., 1991), produced fingerprints
of greater complexity. An average of 13.95 bands (+/- 2.35 sd, n = 71 reactions)
were generated using REP primers, while the ERIC primers produced on
average 13.8 (+/-2.9 sd, n = 101) bands.

The range of template DNA concentration that allowed full amplification
using the REP, ERIC and BOX primers was found to be quite wide. For each
primer set, a fingerprint was generated using purified genomic DNA from CclI3
at concentrations as low as 0.2 ng per pl of reaction mix and up to 10.0 ng per pl
(Fig. 2). With each primer set there were very minor variations in the banding
pattern associated with template concentration. To avoid problems involving
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Figure 1. Rep-PCR fingerprint patterns of genomic DNA from Frankia sp. strains. The PCR
product patterns generated using the BOX primers (A), and using the ERIC
primers (B). Lanes: 1,15 and 30, 1Kb marker; 2, CcI3; 3, CeD; 4, CeF; 5,CjI-82; 6,
Br; 7, M2; 8, Cgl4 (A) and ORS0202206 (B); 9, Alll1; 10, CeSI5; 11, Cc2 ;12, G12;
13,LLR020601; 14, D11; 16, HRX401a; 17, Call; 18, R2; 19, WgCcd17; 20, 32-85;
21, 32-83; 22, Airll; 23, Avsl3; 24, Cpl3; 25, ACON24; 26, Ar24H3; 27, Arl3.

concentration dependent effects on banding patterns, we routinely use template
DNA at a concentration of 2 ng per pl of reaction mix.

The reproduciblity of the PCR reaction was examined by comparing the
banding pattern of the PCR products in reactions repeated at least twice using
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Figure 2.

Figure 3.
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Effect of template concentration on amplification of genomic DNA from Frankia
strain Ccl3 using BOX (A), ERIC (B) and REP (C) primer sets. Lanes 1, 10, 19,
28: 2 ug of 1Kb marker. Lanes 2, 11, 20: no template. Lanes 3, 12, 21: 0.2 ng of
template DNA per ul of reaction mix; Lanes 4,13,22: 0.5 ng per ul of reaction mix;
Lanes 5,14,23: 1.0 ng per pl; Lanes 6,15,24: 2.0 ng per ul ; Lanes 8,15,26: 5.0 ng
per ul ; Lanes 9,18,27: 10 ng per ul.

123456783921 2BM5878

BOX-PCR fingerprints of Frankia strains isolated from Alnus spp. Lanes 1 and
18: 1Kb size marker; 2, Agll; 3, At97; 4, At39; 5, At48; 6, At45; 7, Ahpl; 8, Ahp2;
9, Ahp3; 10, As2-3; 11, CpI3; 12, AvSI3; 13, 32-85; 14, 32-83; 15, ACN1AG; 16,
ACoN24d; 17, Ar2402.
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either the same DNA preparation or, in many cases, DNA from separate
extracts of the same strain. Fingerprints from individual reactions amplified
using the same primer and template DNA were virtually identical. In
addition, DNA from stock cultures obtained from different sources and
maintained in different labs for more than a decade (strains CeF, CcI3, Cpll
and Arl3; see Table 1) gave reproducibly similar fingerprints.

Visual comparisons of fingerprint patterns generated with each of the three
primer sets showed, in general, great diversity among the Frankia strains
studied here. However, each primer set generated fingerprint patterns of the
"typical” Casuarina isolates, ie., Ccl3, CeD, CeF, CjI-82, Br, AllI1l, ORS
0220602, that were remarkably similar; few bands were unique to the
fingerprint characteristics of each strain (Fig. 1). Fingerprint patterns of the
Casuarina-compatible strains M2, Cgl4 and CeSI5 (Fig. 1), however, indicated
genomic differences from the aforementioned Casuarina-infective strains.
Earlier, workers observed that strain M2 shows minor 16 S rDNA sequence
divergence (Nazaret et al.,, 1991) and polymorphisms in the nif structural genes
(Nazaret et al., 1989) from other members of GS9. Fingerprints of CeSI5 and
Cgl4, Casuarina-infective strains which sporulate profusely in culture (Tzean
and Torrey, 1989), were similar to each other but were also distinct from those
of other typical Casuarina isolates (Fig. 1A). The genomic fingerprints of the
atypical Casuarina isolates (ie., Ccl2, G12, LLR020601 and D11) were visibly
distinct from each other and bore little resemblance to those of the typical
Casuarina isolates (Fig. 1).

The atypical Casuarina isolates although visibly quite diverse (Fig. 1),
tended to cluster with isolates from the Rhamnaceae (ie., Call, R2 and
WgCcl.17) and Hippophae (ie., HrX401a, a representative of GS5; Fernandez
et al. 1989), all of which are Elaeagnus-compatible (Baker 1987). The great
heterogeneity of fingerprint patterns within this group of strains is consistent
with earlier studies that indicate Frankia from the Elaeagus HSG are
genetically diverse (An et al,, 1985; Jamann et al., 1993), comprising 5 of the 9
Frankia genomic species defined by DNA-DNA hybridization (Fernandez et
al.,, 1989). The high similarity values for fingerprint patterns of the typical
Casuarina isolates also conform to earlier observations that this is a
remarkably homogeneous group within the genus (Fernandez et al., 1989;
Nazaret et al., 1989; Girgis and Schwenke, 1993) and that the "atypical”
isolates are unrelated to "typical” isolates and display greater heterogeneity
(Fernandez et al., 1989; Nazaret et al.,, 1991; Dobritsa 1985; Nittayajarn et al.,
1990; Beyazova and Lechevalier, 1992).

Fig. 3 shows BOX-PCR fingerprints of 3 Alnus isolates (ACNIag, ACON24d
and Ar2402) which are known to be members of the GS1 group (Fernandez et al,,
1989) and 12 other Alnus-infective strains that have not been assigned to
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genomic species. With the exception of one prominent band about 1 kb in size,
there were few bands in common amongst members of GS1. The Chinese isolates
Aphl, Aph2 and Ahp3 were very similar to each other and to strain At39.
Isolate At45 was also found to share many bands with this cluster of four.
These five strains were isolated from 2 different Alnus species in 2 distinct
localities in China, but are never the less highly related in terms of their
genomic structure. Strains Agll, At48, and As2-3 have unique fingerprint
patterns.

In order to compare the patterns of relatedness generated by BOX-PCR to
those derived from comparisons of partial 16S ribosomal DNA sequences, we
determined the nucleotide sequence of a region of the 16S ribosomal gene (from
coordinates 849 to 1179, based on the E. coli numbering system, Brosius et al.,
1981) from five Alnus isolates (Fig. 4). This 325 bp region of the 16S ribosomal
gene contains two hypervariable domains with 24 variable positions, and has
been used in several recent studies to deduce phylogenetic relationships within
the genus Frankia (Nazaret et al., 1991; Cournoyer et al., 1993; Nick et al.,
1992). Nazaret and co-workers (1991) have demonstrated a good correlation
between groupings based on partial 165 rRNA and those based on DNA-DNA
hybridization (Fernandez et al., 1989). In general, strains belonging to the same
genomic species have identical nucleotide sequences in this region of the 16S
rRNA gene. Fig. 4 shows the partial 16S rDNA sequences from 5 Alnus isolates
aligned with the corresponding region from GS 1, 2 and 3, reported by Nazaret
et al. (1991). The nucleotide sequence from strain 32-85, which has a BOX-
generated fingerprint similar to isolates from GS1, was identical to that of
GS1. The BOX-generated fingerprint of strain Agl1 was distinct from those of
GS1 strains, yet differed by only one nucleotide in this region of the 165 rRNA
gene. BOX-PCR Fingerprints from strains Ahpl and Ahp2 were nearly
identical and these strains had the same nucleotide sequence in this region.
Strains As2-3 and At48 each had distinct fingerprints and showed relatively
large nucleotide differences compared to other Alnus isolates (Fig. 5). These
data suggest a good correlation between degrees of relatedness determined by
BOX-PCR finger-printing and 16S ribosomal sequence comparisons.

The rep-PCR fingerprinting of Frankia isolates described here is a facile and
high-resolution method for discriminating strains at the sub-species level. The
BOX-primers, derived from repetitive sequences in low G+C, gram-positive
eubacteria, provided the most reliable system, allowing reproducible ampli-
fication of Frankia genomic DNA. Strains shown earlier to be members of the
same genomic species by DNA-DNA hybridization (Fernandez et al., 1989) and
by 16S rDNA analysis (Nazaret et al., 1991) produced visibly similar rep-
PCR-fingerprints. The Myrica and "atypical” isolates which are known from
other studies to be heterogeneous were also found here to be genetically diverse.
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Partial 16S rDNA nucleotide sequences of six Alnus isolates aligned with the

homologous region from Frankia GS 1,2,3 (Nazaret et al,, 1991) and from S.
ambofaciens (Pernodet et al., 1989). Seven gaps were introduced to allow the best
alignment. Nucleotide 1 corresponds to nucleotide 921 in the standard E. coli
numbering system. The sequence data for strains Agll, 32-85, Ahp1, At48 and
As2-3 are from the present study. The nucleotide sequence of Ahp1 and Ahp2

were found to be identical.
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Figure 5. Neighbor joining tree showing the nucleotide differences in the partial 16S
rDNA nulceotide sequences shown in Fig. 4. Numbers on branches are
nucleotide differences. Numbers in parentheses are p values for boot-strap
replicates (1000).

Thus, the results of this study correlate well with other (more traditional)
approaches to strain classification. Because the rep-PCR fingerprinting
technique is so simple and rapid, and has such high resolution, it may prove
useful, as an additional method, to estimate genetic relationships between
large numbers of Frankia isolates at the sub-species level.

Acknowledgments

This study was supported in part by the REF Center for New Plant Products,
MSU and by the DOE (DE-FG02-90ER20021). We are grateful to the many
individuals, listed in Table 1, for providing bacterial cultures or DNA, Ms.
Anastasia Konopka for help with the phylogenetic analysis and Drs. F.
Spooner and F. Louws for helpful advice.

REFERENCES

An, CS, Riggsby, W. S, and Mullin, B.C. 1985. Relationships of Frankia isolates based on
deoxyribonucleic acid homology studies. International Journal of Systematic Bacteriology
35: 140-146.

Baker, D.D. 1987. Relationships among pure-cultured strains of Frankia based on host
specificity. Physiologia Plantarum 70: 245-248.

Benson, D.R., Bucholz, and S.E., Hanna, D. 1984. Identification of Frankia strains by two-
dimensional polyacrylamide gel electrophoresis. Applied and Environmental Micro-
biology 47: 489-494.




REP-PCR FINGERPRINTING OF FRANKIA 281

Benson, D.R. and Silvester, W.B. 1993. Biology of Frankia strains, Actinomycete symbionts
of actinorhizal plants. Microbiology Reviews 57: 293-319.

Berry, A M. and Torrey, ]J.G. 1979. Isolation and characterization in vivo and in vitro of
an actinomycetous endophyte from Alnus rubra Bong. In: Gordon, J.C., Wheeler, C.T,,
and Perry, D.A. (eds). Symbiotic Nitrogen Fixation for Use in Temperate Forestry, Oregon
State University, Corvallis, OR, pp. 69-83.

Beyazova, M. and Lechevalier, M.P. 1992. Low-frequency restriction fragment analysis
of Frankia strains (Actinomycetales). International Journal of Systematic Bacteriology 42:
422-433.

Brosius, J., Dull, TJ.,, Sleeter, D., and Noller, HF. 1981. Gene organization and primary
structure of a ribosomal RNA operon from Escherichia coli. Journal of Molecular Biology
148: 107-127.

Callaham, D., Torrey, J.G., and del Tredici, P. 1978. Isolation and cultivation in vitro of
the Actinomycete causing root nodulation in Comptonia. Science 199: 899-902.

Cournoyer, B., Gouy, M., and Normand, P. 1993. Molecular phylogeny of the symbiotic
actinomycetes of the genus Frankia matches host-plant infection processes. Molecular
and Biological Evolution 10: 1303-1316.

de Bruijn, F.J. 1992. Use of repetitive (Repetitive Extragenic Palindromic and Entero-
bacterial Repetitive Intergenic Consensus) sequences and the polymerase chain reaction
to fingerprint the genomes of Rhizobium meliloti isolates and other soil bacteria. Applied
and Environmental Microbiology 58: 2180-2187.

Diem, HG. and Dommergues, Y. 1983. The isolation of Frankia from nodules of Casuarina.
Canadian Journal of Botany 61: 2815-2821.

Diem, H.G,, Gauthier, D., and Dommergues, Y. 1983. An effective strain of Frankia from
Casuarina sp. Canadian Journal of Botany 61: 2815-2821.

Dobritsa, S. 1985. Restriction analysis of the Frankia spp. genome. FEMS Microbiology
Letters 29: 123-128.

Fernandez, M.P., Meugnier, H., Grimont, P.A D., and Bardin, R. 1989. Deoxyribonucleic
acid relatedness among members of the genus Frankia. International Journal of Systematic
Bacteriology 39: 424-429.

Gardes, M., Bousquet, J., and Lalonde, M. 1987. Isozyme variation among 40 Frankia
strains. Applied and Environmental Microbiology 54: 1596-1603.

Gardes, M. and Lalonde, M. 1987. Identification and subgrouping of Frankia strains using
sodium dodecyl sulfate polyacrylamide gel electrophoresis. Physiologia Plantarum 70:
237-244.

Gauthier, D., Diem, H.G., and Dommergues, Y. 1981. In vitro nitrogen fixation by two
actinomycete strains isolated from Casuarina nodules. Applied and Environmental
Microbiology 41: 306-308.

Girgis, M.G.Z. and Schwencke, J. 1993. Differentiation of Frankia strains by their
electrophoretic patterns of intracellular esterases and aminopeptidases. Journal of
General Microbiology 139: 2225-2232.

Hulton, C.S., Higgins, C.F., and Sharp, P.M. 1991. ERIC sequences: a novel family of
repetitive elements in the genomes of Escherichia coli, Salmonella typhimurium and other
enterobacteria. Molecular Microbiology 5: 825-834.



238 MA MURRYET AL.

Jamann, S., Fernandez, M.P., and Normand, P. 1993. Typing method for N2-fixing bacteria
based on PCR-RFLP-application to the characterization of Frankia strains. Molecular
Ecology 2: 17-26.

Jiabin, J., Zheying, Z., Guanxiong, C., and Huichang, L . 1985. Host range of Frankia
endophytes. Plant and Soil 87: 61-65.

Judd, A., Schneider, M., Sadowsky, M]., and de Bruijn, FJ . 1993. Use of repetitive
sequences and the polymerase chain reaction technique to classify genetically related
Bradyrhizobium japonicum serocluster 123 strains. Applied and Environmental
Microbiology 59: 1702-1708.

Kogan, S., Doherty, M., and Gitschier, ] . 1987. An improved method for the prenatal
diagnosis of genetic diseases by analysis of amplified DNA sequences. New England
Journal of Medicine 317: 985-990.

Kumar, S, Tamura, K., and Nei, N. 1993. Mega: Molecular Evolutionary Genetics Analysis,
v 1.01. Institute of Molecular Evolutionary Genetics, Pennsylvania State University.
Lalonde, M. 1979. Immunological and ultrastructural demonstration of nodulation of the
European Alnus glutinosa (L.) Gaertn. host plant by an actinomycetal isolate from the
North American Comptonia peregrina (L.) Coult. root nodule. Botanical Gazette 140

(Suppl.): S35-543.

Lechevalier, M.P. and Ruan, J.S. 1984. Physiology and chemical diversity of Frankia spp.
isolated from nodules of Comptonia peregrina (L.) Coult. and Ceanothus americanus (L).
Plant and Soil 78: 15-22.

Lechevalier, MP. 1986. Catalog of Frankia strains. Actinomycetes 19: 131-162.

Lechevalier, M.P. and Lechevalier, H. 1990. Systematics, isolation and culture of Frankia.
In: Swintzer, C.R. and Tjepkema, J.D. (eds.) The Biology of Frankia and Actinorhizal
Plants, Academic Press, San Diego, pp. 35-60.

Lechevalier, M.P., Baker, D.D,, and Horriere, F. 1983. Physiology, chemistry, serology,
and infectivity of two Frankia isolates from Alnus incana subsp. rugosa. Canadian
Journal of Botany 61: 2826-2833.

Louws, F., Fulbright, D.W., Stephens, C.T., and de Bruijn, FJ. 1994. Specific genomic
fingerprints of pyhtopathogenic Xanthomonas and Pseudomonas pathovars and strains
generated with repetitive sequences and PCR. Applied and Environmental Microbiology
60: 2286-2295.

Louws, F., Fulbright, D.W., Stephens, C.T., and de Bruijn, F.J. 1995. Differentiation of
genomic structure by rep-PCR fingerprinting to rapidly classify Xanthomonas campestris
pv. vesicatoria. Phytopathology 85: 528-536.

Lupski, J.R. and Weinstock, GM. 1992. Short, interspersed repetitive DNA sequences in
prokaryotic genomes. Journal of Bacteriology 174: 4525-4529.

Mansour, SR., Dewedar, A., and Torrey, J.G. 1990. Isolation, culture and behavior of
Frankia strain HFPCgl4 from root nodules of Casuarina glauca. Botanical Gazette 151:
490-496.

Martin, B.,, Humbert, O., Camara, M., Guenzi, E., Walker, J., Mitchell, T., Andrew, P.,
Prudhomme, M., Alloing, G., Hakenbeck, R., Morrison, D.A., Boulnois, GJ., and
Claverys, J.-P. 1992. A highly conserved repeated DNA element located in the
chromosome of Streptococcus pneumoniae. Nucleic Acid Research 20; 3479-3483,




REP-PCR FINGERPRINTING OF FRANKIA 239

Mirza, M., Janse, ], Hahn, D., and Akkermans, AD.L. 1991. Identification of atypical
Frankia strains by fatty acid analysis. FEMS Microbiology Letters 83: 91-98.

Murry, M.A., Fontaine, M.S,, and Torrey, ] G.  1984. Growth kinetics and nitrogenase
induction in Frankia sp. HFPArI3 grown in batch culture. Plant and Soil 78: 61-78.

Nazaret, S., Simonet, P, Normand, P., and Bardin, R. 1989. Genetic diversity among Frankia
isolated from Casuarina nodules. Plant and Soil 118: 241-247.

Nazaret, S., Cournoyer, B, Normand, P, and Simonet, P. 1991. Phylogenetic relationships
among Frankia genomic species determined by use of amplified 165 r-DNA sequences.
Journal of Bacteriology 173: 4072-4078.

Nick, G., Paget, E,, Simonet, P., Moiroud, A., and Normand, P. 1992. The nodular endophytes
of Coriaria spp. form a distinct lineage within the genus Frankia. Molecular Ecology 1:
175-181.

Nittayajarn, A., Mullin, B.C., and Baker, D.D. 1990. Screening of symbiotic Frankiae for
host specificity by restriction fragment length polymorphism analysis. Applied and
Environmental Microbiology 56: 1172-1174.

Normand, P., Simonet, P, and Bardin, R. 1988. Conservation of nif sequences in Frankia.
Molecular and General Genetics 213: 238-246.

Pernodet, J.-L., Boccard, F., Alegre, M.-T., Gagnet, J., and Guerineau, M. 1989
Organization and nucleotide sequence analysis of a ribosomal RNA gene cluster from
Streptomyces ambofaciens. Gene 79: 33-46.

Simon, L., Jabaji-Hare, S.. Bousquet, J., and Lalonde, M. 1989. Confirmation of Frankia
species using cellular fatty acids analysis. Systematic and Applied Microbiology 11:
229-235.

Simonet, P., Normand, P., Moiroud, A, and Lalonde, M. 1985. Restriction enzyme digestion
patterns of Frankia plasmids. Plant and Soil 87: 49-60.

Stern, M.J., Ames, G.F-L., Smith, N.H., Robinson, E.C., and Higgins, C.F. 1984. Repetitive
extragenic palindromic sequences: A major component of the bacterial genome. Cell 37:
1015-1025.

Strain, SR, Leung, K., Whittam, T.S,, de Bruijn, FJ., and Bottomley, PJ. 1994. Genetic
structure of Rhizobium leguminosarum biovar trifolii and viciae populations found in
two Oregon soils under different plant communities. Applied and Environmental
Microbiology 60: 2772-2778.

Torrey, J.G. 1990. Cross-inoculation groups within Frankia and host-endosymbiont
associations. In: Swintzer, C.R.,, Tjepkema, J.D. (eds.) The Biology of Frankia and
Actinorhizal Plants. Academic Press, San Diego, pp. 83-106.

Torrey, J.G. and Racette, S. 1989. Specificity among the Casuarinaceae in root nodulation
by Frankia. Plant and Soil 118: 157-164.

Tzean, S.S. and Torrey, J.G. 1989. Spore germination and the life cycle of Frankia in vitro.
Canadian Journal of Microbiology 35: 801-806.

Versalovic, J., Koeuth, T, and Lupski, J.R. 1991. Distribution of repetitive DNA sequences
in eubacteria and application to fingerprinting of bacterial genomes. Nucleic Acids
Research 19: 6823-6831.

Versalovic, J., Schneider, M., de Bruijn, FJ.,, and Lupski, J R. 1994. Genomic fingerprinting
of bacteria using repetitive sequence-based polymerase chain reaction. Methods in
Molecular and Cellular Biology 5: 25-40.



240 M.A. MURRY ET AL.

Zhang, Z., Lopez, M.F., and Torrey, ].G. 1984. A comparison of cultural characteristics
and infectivity of Frankia isolates from root nodules of Casuarina species. Plant and Soil
78: 79-90.

Zhang, Z. and Torrey, J.G. 1985. Studies of an effective strain of Frankia from Allocasuarina
lehmanniana of the Casuarinaceae. Plant and Soil 87: 1-16.




