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The identity of Frankia strains from nodules of Myrica gale, Alnus incana subsp. rugosa, and Shepherdia
canadensis was determined for a natural stand on a lake shore sand dune in Wisconsin, where the three
actinorhizal plant species were growing in close proximity, and from two additional stands with M. gale as the
sole actinorhizal component. Unisolated strains were compared by their 16S ribosomal DNA (rDNA) restric-
tion patterns using a direct PCR amplification protocol on nodules. Phylogenetic relationships among nodular
Frankia strains were analyzed by comparing complete 16S rDNA sequences of study and reference strains.
Where the three actinorhizal species occurred together, each host species was nodulated by a different
phylogenetic group of Frankia strains. M. gale strains from all three sites belonged to an Alnus-Casuarina group,
closely related to Frankia alni representative strains, and were low in diversity for a host genus considered
promiscuous with respect to Frankia microsymbiont genotype. Frankia strains from A. incana nodules were also
within the Alnus-Casuarina cluster, distinct from Frankia strains of M. gale nodules at the mixed actinorhizal
site but not from Frankia strains from two M. gale nodules at a second site in Wisconsin. Frankia strains from
nodules of S. canadensis belonged to a divergent subset of a cluster of Elaeagnaceae-infective strains and
exhibited a high degree of diversity. The three closely related local Frankia populations in Myrica nodules could
be distinguished from one another using our approach. In addition to geographic separation and host
selectivity for Frankia microsymbionts, edaphic factors such as soil moisture and organic matter content, which
varied among locales, may account for differences in Frankia populations found in Myrica nodules.

The nitrogen-fixing actinomycete Frankia establishes a sym-
biosis with actinorhizal plants, leading to root nodule forma-
tion. The host plants, distributed among eight different families
and more than 200 species (9), typically colonize N-deficient
and disturbed environments such as bogs, sandy coastal dunes,
arctic tundra, mine spoils, and volcanic soils. Many actinorhizal
species occur early after disturbances and are pioneer species.

Among the actinorhizal genera, Myrica, belonging to the
Myricaceae family, has the widest geographic distribution. This
genus is divided into 35 species, with 28 reported to be acti-
norhizal (9). They are small trees or shrubs common to nearly
all major landmasses and with species occurring from tropical
to temperate areas. According to morphological features (17),
fossil and pollen records (26, 39), and a recent molecular study
based on the rbcL gene (35), the Myricaceae family is consid-
ered the most primitive actinorhizal family.

Since the first confirmed isolation of the microsymbiont ge-
nus Frankia (11), a variety of methods have been used to
obtain a coherent classification of the bacterial symbiont at the
species level: soluble protein patterns (5, 6, 25), isoenzyme
patterns (24), fatty acids (58), serology (4), DNA-DNA relat-
edness (1, 2, 23), and genome (19) and plasmid restriction
analyses (52). These studies concluded that Frankia strains

were heterogeneous and clustered within two main groups: the
Alnus-Myrica-Casuarina group and the Elaeagnaceae group.
Strains that infect Myrica spp. often grouped with Alnus-infec-
tive strains. However, some studies based on proteins (25, 55),
host specificity (3), and genetic characterization (13, 60)
pointed out the existence of strains isolated from or identified
on Myrica spp. nodules having close relationships with Elae-
agnaceae-infective strains. These studies led researchers to
consider Myrica spp. promiscuous. Maggia and Bousquet (35)
supported this hypothesis and linked it to the evolutionary
position of the host plant. These authors have proposed that
host plant evolution has proceeded toward more specificity,
and therefore the most primitive actinorhizal plants, such as
Myrica spp., should have a broad host range.

However, studies of strains isolated from Myrica spp. have
some experimental limitations: (i) pure cultures tested for their
infectivity often appeared to be atypical because they nodu-
lated Elaeagnaceae but not their original host plant, (ii) some
of the pure cultures were obtained after passage through an
intermediate host, generally an Alnus species, before isolation,
and (iii) to avoid the bias due to the isolation and culture steps,
some authors identified the strains using direct detection in
plant nodules, but the approaches used, even when based on
the rrs gene or on the 16S-23S intergenic spacer, never yielded
total 16S sequences allowing precise phylogenetic positioning.

The purpose of this study was to further elucidate phyloge-
netic and ecological relationships of Myrica-infective strains,
Alnus-infective strains, and Elaeagnaceae-infective strains. We
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studied nodular Frankia strains from a site on which three
different actinorhizal plants belonging to different infectivity
groups (Myrica gale, Alnus incana subsp. rugosa, and Shep-
herdia canadensis) were growing in close proximity. Using
PCR-restriction fragment length polymorphism (RFLP) anal-
ysis of the whole rrs gene, we analyzed the level of heteroge-
neity of M. gale-nodulating strains and the specificity of their
genetic patterns compared with those of Alnus- and Shep-
herdia-infective strains. M. gale nodules were also sampled
from two additional sites in order to detect relationships be-
tween site factors and Frankia strain diversity. The total rrs
gene sequences from several Myrica isolates and field nodules
were determined to assess the phylogenetic position of Myrica-
infective strains with greater precision.

MATERIALS AND METHODS

Nodules and sites. A total of 75 nodules were sampled at three sites (Table 1).
Most of the nodules were collected at sites 1 and 2 in Wisconsin. Site 1 had pH
values of 7 to 7.5 and organic matter percentages of 0.7 to 2.8. Site 2 had a pH
value of 6.1 and an organic matter percentage of 9.6. Site 3 was in Glasgow,
United Kingdom (U.K.), and consisted of an upland acid peat from the Tros-
sachs with a pH range of 3.5 to 4.0 transferred 7 years previously along with M.
gale transplants to a pit in a loam soil derived from glacial boulder clay in the
Glasgow Botanic Gardens. The nodules came from roots close to the root collar
and were probably derived from the upland acid peat soil. Several Alnus species
grew near this site in the Gardens but no Myrica spp. M. gale occurred on all the
sites, while S. canadensis and A. incana subsp. rugosa occurred only on site 1. On
site 1 there is a steep moisture gradient on a lake shore sand dune, and M. gale,
S. canadensis, and A. incana subsp. rugosa grow in close proximity. A. incana
subsp. rugosa and M. gale occupy the moist lower dunes near interdunal ponds,
while S. canadensis occurs on the drier upper slopes. Entire plants were exca-
vated, and their root systems were removed intact before cleaning and sampling
in order to ascertain the host origin of nodules.

Bacterial strains. Five Frankia strains isolated from three different Myrica
species were included in this study (Table 1). They were grown in BuCT medium
(28) at 28°C in the dark with weekly manual agitation.

DNA extraction. DNA from root nodules was directly extracted according to
Rouvier et al. (49). After washing the nodules with water, a single lobe was
selected, and the outer layers were removed. Each lobe was crushed in 300 ml of
TCP extraction buffer (100 mM Tris-HCl [pH 7], 0.5 M NaCl, 50 mM EDTA [pH
8], 2% [wt/vol] cethyltrimethylammonium bromide [Sigma, St. Louis, Mo.], 1%
[wt/vol] polyvinylpolypyrrolidone [Sigma]). The homogenate was incubated at
65°C for 1 h and centrifuged twice at 6,000 3 g for 5 min. The supernatant was
extracted with an equal volume of chloroform-isoamyl alcohol (24:1, vol/vol) and
centrifuged at 13,000 3 g for 20 min. DNA from the aqueous phase was precip-
itated in ethanol for at least 2 h at 220°C. The sample was then centrifuged at
13,000 3 g for 30 min, and the resulting DNA pellet was washed with 70%
(vol/vol) ethanol, air dried, and dissolved in 10 ml of Tris-EDTA (TE) buffer (pH
7.5).

For isolated Frankia strains, hyphae were fragmented by repeatedly passing
colonies through a 1.2-mm-diameter needle and were then washed three times in
500 ml of TE buffer (pH 7.5). DNA was extracted by sonication using a Cup Horn
probe (Bioblock Scientific, Illkirch, France) for 1 to 2 min (level 2 and 50% active
cycles). These samples were then kept at 220°C.

PCR amplification. Prior to the PCR, DNA extracted from nodules was
digested with NruI (Boehringer Mannheim, Meylan, France) to avoid amplifi-
cation of the 16S ribosomal DNA (rDNA) of the chloroplasts present in the root
cells (44). Amplification of the whole 16S rDNA was performed using primers
FGPS-15099-153 (59-AAGGAGGGGATCCAGCCGCA-39) and FGPS4-281bis
(59-ATGGA[G/A]AG[T/C]TTGATCCTGGCTCA-39) (43) in a GeneAmp PCR
system 2400 thermocycler (Perkin-Elmer Instruments, Norwalk, Conn.) under
the following conditions: initial denaturation for 3 min at 94°C, 35 cycles of
denaturation (1 min at 94°C), annealing (45 s at 60°C), and extension (1 min at
72°C), and a final extension for 7 min at 72°C. The reaction volume was 50 ml,
containing 5 ml of diluted DNA, 13 PCR buffer (Gibco-BRL, Cergy-Pontoise,
France), 1.5 mM MgCl2, W-1% detergent (0.05%, vol/vol) (Gibco-BRL), 0.5 mM
each primer, and 2.5 U of Taq polymerase (Gibco-BRL). When amplification
was not sufficient, T4 gene 32 protein (Boehringer Mannheim) was used to
improve its yield. The amplification of DNA was checked by agarose gel elec-
trophoresis (1%, wt/vol) with 5 ml of PCR product, and the gel was stained with
ethidium bromide (0.5 mg/ml) (Sigma).

RFLP. PCR products were digested for 2 h at the optimal conditions recom-
mended by the manufacturer. The following restriction endonucleases were
used: 10 U of CfoI, HaeIII, and MspI and 5 U of NdeII (all from Boehringer
Mannheim). Restriction fragments were separated by electrophoresis on a 2.5%
(wt/vol) Metaphor agarose gel (FMC Bioproducts, Rockland, Maine) containing

TABLE 1. Nodules and isolates used in this study

Site no. Nodule or straina Designationb Original host plant Geographic origin Source or
reference

1 Alnus nodules (An)a 1-1 to 1-7 A. incana subsp. rugosa Door County, Wis. This study
2-1 to 2-9
3-1 to 3-8

Shepherdia nodules (Sn) 1-1 to 1-4 S. canadensis This study
2
3-1 to 3-4
4-1 to 4-3
5-1 to 5-8

Myrica nodules
MMn 1-1 to 1-13 M. gale This study

2
3-1 to 3-6

2 MRn 1-1 to 1-4 M. gale This study
2-1 to 2-5

3 MWnc 1-1 to 1-2 M. gale Botanical Garden, Glasgow, U.K. This study
Myrica isolatesd

M16386 M. californica Westport-Legget, Calif. 31
M16464 M. pensylvanica Harvey Cedars, N.J. 7
M16467 M. pensylvanica Tinton Falls, N.J. 7
MgI5 M. gale Tupper Lake, N.Y. 31
MpI1 M. pensylvanica Nantucket, Mass. 33

a The designation used in phylogenetic trees is shown.
b The first digit represents the plant number, and the second digit represents the nodule number on this plant.
c Kindly provided by C. T. Wheeler (University of Glasgow, Glasgow, U.K.).
d Kindly provided by D. Labeda (U.S. Department of Agriculture [USDA]). The accession numbers in the USDA collection are NRRL B-16386, NRRL B-16464,

NRRL B-16467, NRRL B-16404, and NRRL B-16317, respectively, and the registration numbers are LLR 160401, RBR 162013, RBR 162021, DDB 16110210, and
LLR 162001, respectively.
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ethidium bromide (0.5 mg. ml21) and photographed with Ilford FP4 film. The
combination of the restriction patterns obtained with the four endonucleases
used allowed the determination of PCR-RFLP groups (or types) and the assign-
ment of each strain to one of these groups. Nine reference strains for which the
rrs genes had already been sequenced were also used, and their RFLP patterns
were simulated using the MacVector software (International Biotechnology
Kodak, Rochester, N.Y.). These strains, from different actinorhizal families,
allowed us to clearly identify the nonisolated strains. A dendrogram was obtained
by calculating the Dice coefficient and by using the UPGMA algorithm (53).

Sequencing. The rrs gene of the five Frankia strains isolated from Myrica spp.
and three nonisolated strains (nodules MRn2-2, Sn4-3, and Sn5-8) was se-
quenced by Génome Express S.A. (Grenoble, France). Before sequencing, the
amplificon was purified with the QIAquick kit (Qiagen S.A., Les Ulis, France).
Sequences were deposited in EMBL, and their accession numbers are given in
Fig. 2. The sequences were aligned by using ClustalX software (57) and com-
pared to reference sequences (from isolated and nonisolated Frankia strains and
closely related bacteria) by using the MASE software (21). The distances were
calculated according to Kimura’s two-parameter method (30), and a dendrogram
was obtained by using the neighbor-joining algorithm (50). The bootstrap values
were determined from 1,000 replicates (22). The reference sequences were
chosen in order to have a representative range of infectivity groups and the
infectivity and effectivity capacities of the strains.

RESULTS

DNA extraction and PCR amplification. DNA extraction
and rrs gene amplification were conducted for 40 nodules. The
high concentration of plant molecules (tannins, polyphenols,
polysaccharides, etc.) indicated by the dark color of the nodule
extracts, together with the large size of the amplified fragment,
may explain the low amplicon yields of some samples. The
PCR products generated consisted of a unique amplicon of the
expected size (approximatively 1,500 bp) for isolated and
nonisolated strains.

RFLP analysis. Because of the detection threshold of the
agarose gel electrophoresis, fragments shorter than 80 bp were
not considered for the analysis. The restriction patterns ob-
tained with the four enzymes used are shown in Table 2.
Depending on the restriction enzyme used, from 2 (NdeII) to
11 (HaeIII) different patterns were generated. Combining all
the patterns obtained allowed the determination of 20 PCR-
RFLP types. Seven types were obtained from amplified DNA
of unisolated, nodular strains of M. gale, A. incana subsp.
rugosa, and S. canadensis. Five types were from Frankia strains
isolated from Myrica spp., and there were eight reference strain
types. DNA from Elaeagnaceae strains, including both refer-
ence strains and unisolated (nodules) strains, was character-
ized by M2 and N2 patterns. Two Myrica spp. isolates together
with two Ceanothus spp. isolates also harbored the N2 RFLP
pattern. MspI restriction pattern analysis appears to be a useful
tool for distinguishing between the two groups, which include
strains that nodulate the Elaeagnaceae on the one hand, and
Alnus, Myrica, and Casuarina on the other hand. The dendro-
gram obtained by the UPGMA algorithm is presented in Fig.
1. Frankia strains studied are divided into two groups. Group 1
includes Elaeagnaceae strains (reference strains and Shep-
herdia unisolated strains), the atypical strains Cea5.1 and
Cea1.3, and strains MgI5 and M16386, isolated from M. gale
and Myrica californica, respectively. Shepherdia unisolated
strains are grouped with the only Shepherdia isolate known to
be clearly separated phylogenetically from the Elaeagnus-Hip-
pophaë branch. Group 2 includes strains infective on Alnus,
Myrica, and Casuarina. The DNA of Frankia strains in Myrica

TABLE 2. Restriction patterns of amplified rrs gene from nodular
Frankia strains and reference strains

Nodule or strain
Restriction enzyme patternsa

Typesb

CfoI HaeIII MspI NdeII

Alnus nodules
An 1-1 C1 H1 M1 N1 I
An 1-2 C1 H1 M1 N1 I
An 1-3 C1 H1 M1 N1 I
An 1-4 C1 H1 M1 N1 I
An 1-5 C1 H1 M1 N1 I
An 1-7 C1 H1 M1 N1 I
An 2-3 C1 H1 M1 N1 I
An 2-4 C1 H1 M1 N1 I
An 2-5 C1 H1 M1 N1 I
An 2-6 C1 H1 M1 N1 I
An 2-8 C1 H1 M1 N1 I
An 2-9 C1 H1 M1 N1 I
An 3-4 C2 H1 M1 N1 II
An 3-5 C2 H1 M1 N1 II
An 3-8 C2 H1 M1 N1 II

Shepherdia nodules
Sn 3-1 C3 H2 M2 N2 III
Sn 4-2 C3 H1 M2 N2 IV
Sn 4-3 C3 H2 M2 N2 III
Sn 5-2 C3 H1 M2 N2 IV
Sn 5-4 C3 H1 M2 N2 IV
Sn 5-8 C3 H1 M2 N2 IV

Myrica nodules
MMn 1-2 C2 H3 M3 N1 V
MMn 1-3 C2 H3 M3 N1 V
MMn 1-6 C1 H1 M4 N1 VI
MMn 1-7 C2 H3 M3 N1 V
MMn 1-11 C2 H3 M3 N1 V
MMn 3-1 C2 H3 M3 N1 V
MMn 3-2 C2 H3 M3 N1 V
MMn 3-3 C2 H3 M3 N1 V
MMn 3-5 C2 H3 M3 N1 V
MRn 1-2 C1 H4 M1 N1 VII
MRn 1-3 C1 H4 M1 N1 VII
MRn 1-4 C1 H4 M1 N1 VII
MRn 2-1 C1 H4 M1 N1 VII
MRn 2-2 C1 H1 M1 N1 I
MRn 2-3 C1 H1 M1 N1 I
MRn 2-4 C1 H4 M1 N1 VII
MRn 2-5 C1 H4 M1 N1 VII
MWn 1-1 C1 H1 M4 N1 VI
MWn 1-2 C1 H1 M4 N1 VI

Myrica isolates
M16386 C3 H2 M5 N2 VIII
M16464 C4 H5 M6 N1 IX
M16467 C4 H6 M4 N1 X
MgI5 C5 H7 M7 N2 XI
MpI1 C4 H8 M6 N1 XII

Alnus strainsc

ACoN24d C4 H5 M1 N1 XIII
ARgP5 C6 H5 M8 N1 XIV

Elaeagnaceae strainsc

SCN10a C3 H5 M2 N2 XV
Hr27-14 C6 H5 M2 N2 XVI
Ea1-2 C6 H9 M2 N2 XVII

Other strainsc

Cea1.3 C7 H10 M9 N2 XVIII
Cea5.1 C8 H10 M9 N2 IXX
CeD C6 H11 M6 N1 XX

a The letters designate the restriction enzyme used, and the number designates
the pattern obtained with this enzyme.

b The types represent the combination of patterns obtained with the four
enzymes tested on the rrs gene.

c Reference strains. Theoretical restriction patterns of the rrs gene using
MacVector software.
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nodules and Frankia DNA detected in Alnus nodules differed
with the exception of Frankia DNA in nodules MRn2-2 and
MRn2-3. The Frankia strains detected in Myrica nodules are
phylogenetically related but clearly separated according to
their site of origin.

Sequencing. The phylogenetic tree based on the 16S rDNA
sequencing results and obtained by the neighbor–joining algo-
rithm is shown in Fig. 2. In agreement with PCR-RFLP results,
strains infective on Myrica spp. are divided into two groups.
Isolated strains MpI1, M16464, and M16467 and unisolated
strain MRn2-2 have as the closest phylogenetic neighbor strain
ACN14a and belong to the Alnus-Myrica-Casuarina infectivity
group. Isolates MgI5 and M16386, previously grouped with the
Elaeagnaceae-infective strains (Fig. 1), have for their closest
phylogenetic neighbor strain Cea5.1, isolated from a Cean-
othus sp. (Rhamnaceae family), and form a coherent cluster,
according to bootstrap values, with strains known to be atypical
for their infectivity and/or effectivity phenotype. Unisolated
Shepherdia strains Sn4-3 and Sn5-8 are closely related to strain
FE39, isolated from Trevoa trinervis (Rhamnaceae family) and
belong to the group of strains infective on members of the
Elaeagnaceae and Rhamnaceae families.

DISCUSSION

M. gale-nodulating strains from three sites on two continents
were genetically uniform (Fig. 1, group 2), grouping together
with strains infecting Alnus and clustering with strain
ACoN24d, representative of Frankia alni species. Neverthe-
less, specific genotypes apparently occurred at each site with
few exceptions, leading to the conclusion that low diversity is
present in each stand. This local dominance has been reported
previously for A. incana and Myrica pensylvanica (15). Soil
composition parameters that frequently correlated with the
level of Frankia population diversity include soil moisture (18,
46, 48), pH (27, 29), and organic matter content (10). In this
study, site 1 (neutral, low in organic matter, not flooded) and
sites 2 and 3 (acidic, high in organic matter, flooded or moist)
represent contrasting ecological environments that possibly
support different types of Myrica-infective Frankia strains. It
will be necessary to study more sites before drawing general
conclusions.

All Elaeagnaceae strains, including Shepherdia-infective
strains of site 1, were grouped in a distinct and deeply diverging
branch of the phylogenetic tree (Fig. 1, group 1). In our study,
all of the M. gale nodules sampled contained Alnus-like geno-

FIG. 2. Phylogenetic tree based on rrs gene sequences obtained by
the neighbor-joining algorithm (50). The numbers on the tree branches
are bootstrap values. Only values larger than 50% are shown. Gen-
Bank accession numbers are shown in parentheses. Strains character-
ized in the present study are underlined and in bold. p, unisolated
strains. Clusters are defined in reference 44.

FIG. 1. Phylogenetic tree based on PCR-RFLP patterns analyzed
with the UPGMA algorithm (53). Strains isolated from Myrica spp. are
in bold. Reference strains (GenBank accession numbers, from top to
bottom: U72718, U72717, L40618, L40617, L40619, L40610, M55343,
and L40612) are underlined.
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types, and none contained Elaeagnaceae (or closely related)-
infective Frankia strains. Other authors (13, 60) found “Elae-
agnaceae-like genotypes” but on two other Myrica species
nodules, M. cerifera and M. pensylvanica. Among the isolated
strains tested, strain Mg15 isolated from M. gale was found to
group with Elaeagnaceae strains by PCR-RFLP but not with
the complete rrs gene sequence. However, this strain is atypi-
cal, since no nodulation was obtained on its original host plant,
M. gale, but was obtained on Elaeagnaceae species (3, 31). Thus
it can be concluded that even if Myrica is often considered a
promiscuous actinorhizal genus, our results show that M. gale
does not exhibit such promiscuity in its natural environment.
The limited diversity of strains infective on M. gale could be
correlated with the fact that this Myrica species typically grows
in a narrow and possibly restrictive range of wet acidic and
organic soils. Such a possibility has also been proposed by
Clawson and Benson (13).

Results from site 1, where the three actinorhizal genera
grow in close proximity, showed that each plant species is
nodulated by a distinct Frankia genotype. Although Myrica-
and Alnus-infective strains belong to the same host specificity
group (HSG), distinct sets of closely related genotypes were
associated with these species with only two exceptions. Surpris-
ingly, in spite of the genetic proximity of Alnus- and Myrica-
infective strains, Myrica strains from site 2 (Fig. 1, group 2b)
were more closely related to Alnus strains from site 1 (Fig. 1,
group 2b) than are Myrica strains from the same site 1 (Fig. 1,
group 2a). Thus, strain selection in the soil by the host plant
may entail a complex interaction between elements in the soil
ecosystem and root-Frankia molecular dialog.

Phylogenetic positioning of the different groups of strains
studied was achieved by sequencing the complete rrs gene of
representative strains. This approach was chosen instead of the
more rapid partial rrs sequencing. Indeed, the variable and
conserved zones of the rrs gene, even if generally located in the
same regions, were shown to exhibit variable positioning within
a genus, which could result in misclassifications (12, 34, 45, 59).
In the case of Frankia, the use of partial sequences leads to the
separation of Casuarina- from Alnus-infective strains, while
strains nodulating Elaeagnaceae become closer to strains nod-
ulating Alnus (data not shown). This grouping is not consistent
with most of the results reported on Frankia strains, including
biochemical, physiological, and phylogenetic approaches (for a
review, see reference 32). On the contrary, the phylogenetic
tree based on complete rrs sequences (Fig. 2) confirms the
results obtained using RFLP data (Fig. 1), demonstrating that
the data used in the RFLP approach were sufficiently informa-
tive and discriminating even if only a few restriction enzymes
were used. Some of them, such as NdeII, produced banding
patterns that are highly specific for the different phylogenetic
groups and are phylogenetically and taxonomically useful (37,
38). The bootstrap values shown in Fig. 2, even if not very high,
appear to be significant. The topology of this tree is congruent
with various phenotypic data, such as infection pathways (36),
serology (4), cell wall 2-O-methyl-D-mannose abundance (54),
cellular fatty acid composition (51), susceptibility to antibiotics
(20), and more recent phylogenetic studies using the glnII gene
(16).

For Myrica spp., rrs genes of five reference strains and one
unisolated strain were sequenced. The isolates MpI1, M16464,

and M16467, all isolated from M. pensylvanica, and the uniso-
lated strain MRn2-2, from M. gale, are closely related to F. alni
species and to unisolated strains nodulating Myrica and Alnus
according to PCR-RFLP and sequencing data. This result con-
firms previous studies including these three isolates (5, 7, 8, 31,
42), where they belong to the cluster of Alnus-infective strains
(cluster 1 [44]) and appear to be Nod1 Fix1 on their original
host plant. According to Bloom and al. (7, 8), the Frankia
strains isolated from M. pensylvanica are heterogeneous, which
was confirmed by Clawson and Benson (13), who described this
species as promiscuous in the field. The isolates MgI5 and
M16386 clustered with isolated strains from various host
plants. These strains have a common feature, lack of infectivity
and/or effectivity on their original host plant, and group with
the atypical strains in the phylogenetic tree (cluster 4 [44]).
This positioning confirms what is already known about MgI5.
Indeed, this strain is Nod2 Fix2 on its original host plant, M.
gale (31), belongs to HSG 4, which includes strains infective
only on the Eleaegnaceae species according to Baker (3), and
grouped together with atypical strains in the study of Nittaya-
jarn and al. (42). We therefore agree with the proposal that
these marginal strains are not the real symbionts of the acti-
norhizal plants (47) but were present in their rhizosphere or at
the nodule surface and were selected by the culture method.
This highlights the necessity of working directly with nodular
Frankia strains to avoid biases of isolation and culture.

Few studies examined the diversity and phylogenetic posi-
tioning of Shepherdia-infective strains. This study shows that
Shepherdia-infective strains present more diversity than strains
that nodulate Alnus or Myrica at site 1. In the phylogenetic tree
based on rrs sequences, unisolated strains Sn4-3 and Sn5-8
grouped with SCN10a, close to a strain isolated from Trevoa
trinervis (Rhamnaceae family) in the Elaeagnaceae-infective
strain cluster (cluster 3 [44]). All the Shepherdia nodular DNA
identified by the PCR-RFLP approach belongs to this group.
The phylogenetic proximity of Elaeagnaceae- and Rham-
naceae-infective strains has been attributed to the common
phyletic origin of these families (14, 56). Thus, the set of
Shepherdia-infective strains identified in this study provides
additional evidence for the congruence of host plant taxa and
associated Frankia strain phylogenies. The group of strains that
nodulate Ceanothus (Rhamnaceae family) appear to be an ex-
ception because they cluster with Rosaceae-infective strains in
comparisons of nearly full length rrs sequences (14).

It now seems obvious that the apparent heterogeneity of
Myrica isolates is partly due to the consideration of atypical
isolated strains that probably originate from the nodule surface
as an artifact of incomplete nodule surface sterilization during
the isolation process. Such an isolation bias observed on Ca-
suarina-infective strains has led to erroneous classification of
strains and still hinders biodiversity studies (23, 41, 49). Be-
cause the Myricaceae family is the most primitive actinorhizal
family, widely distributed and universally nodulated in its nat-
ural environment, it was suspected to harbor a large diversity
of strains able to nodulate other introduced actinorhizal plants.
Our study indicates that this is not the case for M. gale. Genetic
differences in nodular Frankia strains among Myrica host spe-
cies, soil types, and geographic sources remain to be more fully
elucidated in the context of evolution, ecology, and conserva-
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tion (40), particularly by sampling more sites with varied eco-
logical conditions.
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