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Symbiont Cluster II Frankia Species
in Soil
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Liujing Huang,d Alison M. Berrya

Department of Plant Sciences, University of California, Davis, California, USAa; Santa Clara Valley Water District,
San Jose, California, USAb; Department of Plant Biology, University of California, Davis, California, USAc; College
of Landscape Architecture, Fujian Agriculture and Forestry University, Fuzhou, Chinad

ABSTRACT The actinobacterial genus Frankia establishes nitrogen-fixing root nodule
symbioses with specific hosts within the nitrogen-fixing plant clade. Of four geneti-
cally distinct subgroups of Frankia, cluster I, II, and III strains are capable of forming
effective nitrogen-fixing symbiotic associations, while cluster IV strains generally do
not. Cluster II Frankia strains have rarely been detected in soil devoid of host plants,
unlike cluster I or III strains, suggesting a stronger association with their host. To in-
vestigate the degree of host influence, we characterized the cluster II Frankia strain
distribution in rhizosphere soil in three locations in northern California. The pres-
ence/absence of cluster II Frankia strains at a given site correlated significantly
with the presence/absence of host plants on the site, as determined by glu-
tamine synthetase (glnA) gene sequence analysis, and by microbiome analysis
(16S rRNA gene) of a subset of host/nonhost rhizosphere soils. However, the dis-
tribution of cluster II Frankia strains was not significantly affected by other po-
tential determinants such as host-plant species, geographical location, climate,
soil pH, or soil type. Rhizosphere soil microbiome analysis showed that cluster II
Frankia strains occupied only a minute fraction of the microbiome even in the
host-plant-present site and further revealed no statistically significant difference
in the �-diversity or in the microbiome composition between the host-plant-
present or -absent sites. Taken together, these data suggest that host plants pro-
vide a factor that is specific for cluster II Frankia strains, not a general growth-
promoting factor. Further, the factor accumulates or is transported at the site
level, i.e., beyond the host rhizosphere.

IMPORTANCE Biological nitrogen fixation is a bacterial process that accounts for
a major fraction of net new nitrogen input in terrestrial ecosystems. Transfer of
fixed nitrogen to plant biomass is especially efficient via root nodule symbioses,
which represent evolutionarily and ecologically specialized mutualistic associa-
tions. Frankia spp. (Actinobacteria), especially cluster II Frankia spp., have an ex-
tremely broad host range, yet comparatively little is known about the soil ecol-
ogy of these organisms in relation to the host plants and their rhizosphere
microbiomes. This study reveals a strong influence of the host plant on soil dis-
tribution of cluster II Frankia spp.
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Biological nitrogen fixation as a bacterial process in symbiosis with plants accounts
for a major fraction of nitrogen input in terrestrial ecosystems (1). Plants engage in

symbiotic associations with microorganisms that vary in their degree of association. The
spectrum ranges from obligate endosymbioses, such as arbuscular mycorrhizal (AM)
fungi (2), to generally facultative nitrogen-fixing symbioses; the latter, including the
rhizobia-legume nodules (3), Frankia-actinorhizal nodules (4), and cyanobacterium-
Gunnera associations (5).

Nitrogen-fixing root nodule symbiosis (RNS) began with one evolutionary event that
occurred in the common ancestor of a clade of angiosperms known as the nitrogen-
fixing clade (NFC) (6) approximately 100 million years ago (7). The Frankia-actinorhizal
symbioses are of particular interest in the interpretation of the evolutionary underpin-
nings of RNS because these symbioses developed, probably independently, within
several distinct lineages across the NFC (4). Genetically distinct subgroups within the
genus Frankia (cluster I, II, and III) form compatible associations with different lineages
of plants within the NFC (6), while cluster IV includes atypical nonsymbiotic and/or
non-nitrogen-fixing strains (8). Of these subgroups, cluster II Frankia strains have the
broadest host range among nitrogen-fixing plants: species in four different families in
two orders (Coriariaceae, Datiscaceae, Rhamnaceae, and Rosaceae) form RNS with
cluster II Frankia strains. Representatives of these families are particularly abundant in
western North America, where the current study has been carried out.

Comparisons of representative sequenced genomes from these subgroups sug-
gested a general correlation of Frankia genomic features with the corresponding host
biogeographic distribution (9). That being said, since RNS is first established between
the host-plant root and the bacterial symbiont by the two partners coming into
physical contact with each other in the rhizosphere, it is to be expected that all of the
symbiotic Frankia subgroups must have at least some capability to persist in a free-
living state in soil, in addition to living in symbiosis. Clusters I, III, and IV are known to
have a free-living phase in soil: infective units of clusters I and III are ubiquitously
distributed in soils (10, 11). Moreover, infective units of cluster I Frankia can be as
abundant, or more abundant, in nearby nonhost rhizosphere soil than in hosts (12).
Similarly, strains of cluster III Frankia are well known to occur in soil independent of
host-plant presence (11). Cluster II Frankia strains, however, have been characterized as
highly host dependent, with only one report of nodule formation from soil devoid of
a host, 18 months after inoculation (13). Previous DNA-based surveys of cluster II
Frankia strain distribution have been conducted using field-collected nodules (14–16).
Thus, there is only limited knowledge about the soil ecology of cluster II Frankia strains
in relation to their host plants, particularly concerning the degree of association with
the host presence. Since the cluster II Frankia strains have been shown to be phylo-
genetically early divergent within the genus (17), a better understanding of host
association in this subgroup may shed light on the process of evolutionary acquisition
of RNS.

The paucity of evidence for cluster II Frankia strains living independently of host-
plant influences compared with the other subgroups led us to hypothesize that cluster
II Frankia strains may be unusually dependent on the unique environment provided by
the host plant for their long-term persistence (14). To test this, we conducted a
comparative survey to determine the soil distribution pattern of free-living cluster II
Frankia strains in three geographical locations in northern California; in different soil
types, including serpentine soils, a depauperate soil type that harbors several actinorhi-
zal hosts; and under different climatic conditions. The distribution of cluster II Frankia
strains was assessed through detection of DNA sequences unique to cluster II Frankia
strains in host and nonhost rhizosphere soils, sampled in sites with species of host and
nonhost plants. The microbiome of a subset of these soil samples was also analyzed via
high-throughput sequencing.

Because of the seasonally arid climate and soil environment, which has been shown
to limit nitrogen fixation activity in Ceanothus (18), nitrogen-stable isotope analysis was
conducted to confirm an active state of nitrogen-fixing symbiosis in each host plant
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sampled. In addition, stable isotope analysis enabled us to assess the degree of
site-level influence of nitrogen-fixing host plants (i.e., beyond the host rhizosphere) on
cluster II Frankia strain distribution.

RESULTS
Climate and temperature of the three locations. According to the WorldClim

database, the annual pattern of precipitation is similar across the three locations (i.e.,
dry summers and wet winters), but the annual precipitation was lower in Anderson
Lake County Park, Santa Clara County, California (ALCP) (�530 mm) compared to the
other two locations (�880 mm), and there was more summer (June to August)
precipitation in Sagehen Experimental Forest, Truckee, California (SEF) (�50 mm) than
in the other locations (�15 mm). The average monthly temperature is more than 5°C
lower in SEF than in the two other locations throughout the year (see Fig. S4 in the
supplemental material).

Leaf �15N analysis. Factorial analysis of variance (ANOVA) showed that the host
plant species in all three locations had significantly more negative mean �15N, i.e.,
enrichment in 14N, than the co-occurring nonhosts in pairwise comparisons (Fig. 1):
Ceanothus ferrisiae had values significantly more negative than Artemisia californica
(P � 0.001) in host-plant-present sites (AR, WA, and K). Ceanothus jepsonii and Cean-
othus betuloides had values significantly more negative than those of Avena fatua (P �

0.01 and P � 0.001, respectively) in host-plant-present sites (SE02 and SE02, respec-
tively). Ceanothus velutinus had values significantly more negative than Ribes cereum
(P � 0.05) in host-plant-present sites (SH06). The significantly more negative �15N
values, all below zero, indicated that the host plants were engaged in nitrogen fixation
via RNS (19). Additionally, nonhosts in host-plant-present sites had a significantly more
negative �15N than the same nonhosts in host-plant-absent sites: A. californica had a
significantly more negative �15N in host-plant-present sites than this same species in
the host-plant-absent site (P � 0.01), and R. cereum had a significantly more negative
�15N in the host-plant-present site than in the host-plant-absent site (P � 0.01).

Presence of cluster II Frankia strains correlated with the presence of host-plant
species. The most likely phylogeny based on partial glnA sequence showed that
sequences obtained from soil and nodule samples were all nested within a well-
supported clade (bootstrap support of 99) with all the known cluster II Frankia strains
included in the tree (Fig. 2), demonstrating that all sequences obtained from soil and
nodule samples belonged to cluster II. No notable difference was found between
sequences obtained from soil samples and nodules, except that five nucleotides

FIG 1 Mean �15N of sampled plants in 3 locations. Ceanothus ferrisiae, Ceanothus jepsonii, Ceanothus velutinus, and
Cercocarpus betuloides are known hosts of cluster II Frankia strains, while Artemisia californica, Avena fatua, and
Ribes cereum are known nonhosts. The error bars show standard errors. The three values for A. californica and R.
cereum represent total samples, samples from sites with hosts, and samples from sites without hosts.
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FIG 2 Phylogeny of Frankia strains based on partial glnA sequences. A maximum likelihood tree was generated using RAxML with 100
bootstrap replicates. All nodes with bootstrap support of �50 are indicated on the tree. The clade that includes all cluster II strains
is indicated by a green box. Sequences obtained in this study are shaded in gray.
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consistently showed mixed signals in samples from soil, but these nucleotides were
never ambiguous in the nodule samples. Fisher’s exact test showed a significant
difference in the rate of occurrence of cluster II Frankia strains between host-plant-
present sites and host-plant-absent sites in all four comparative pairs of sites (Table 1).
This correlation was particularly strong in the pairs in ALPC and SEF where cluster II
Frankia strains were not detected from any samples collected from host-plant-absent
sites (both P � 0.001). This correlation, while still significant, was weaker in the two
pairs in McLaughlin Natural Reserve, Lower Lake, California (MNR) (P � 0.05) where
cluster II Frankia strains were detected in 65% of the samples collected from host-
plant-absent sites. Distances from host-plant-absent site to the nearest host plant
varied among the three sampling locations: �500 m in CC (host-plant-absent site);
however, only �14 m and �25 m in NS01 and SE05, respectively; and �7 m in SH01.

Soil pHs did not differ within location but differed between locations. The mean
soil pH in each of the three locations in this study ranged from 5.4 to 7.0 (Table 2).
ANOVA showed that overall soil pH significantly differed across different locations (P �

0.001). However, within a location, comparison of sites with and without host-plant
species showed that there was no significant difference in soil pH.

Presence of host plants did not have a major impact on the soil microbiome.
The principal-coordinate analysis (PCoA) did not show any apparent clustering of
rhizosphere microbiomes according to the site, plant species, or presence of cluster II
Frankia strains (Fig. 3A, B, and C). The permutational multivariate analysis of variance
(MANOVA) did not find any of these factors to have significant effects either. The
microbiomes of the two sites combined clustered more tightly with each other than
with any of the microbiomes collected from Oryza sativa rhizospheres as an outgroup
(Fig. 3D). The phylum-level microbiome composition across samples did not show a
clear difference, and the �-diversity was not significantly affected by the site, plant
species, or the presence/absence of cluster II Frankia strains either (Fig. 4).

Presence of host plants significantly increased relative abundance of cluster II
Frankia strains. Phylogenetic analysis separated the 21 Frankia operational taxonomic
units (OTUs) within the Greengenes database into all subgroups within the genus:
clusters I, II, III, and IV. OTUs that did not form a clade with strains of known cluster
with �50 bootstrap support were considered indeterminate strains (see Fig. S3 in the
supplemental material). Of these 7 OTUs, 4 were most closely related to a known cluster
I, and 3 were most closely related to a known cluster III.

Of the 21 OTUs, 8 OTUs (11492, 11620, 36926, 42219, 99143, 1780415, 2484834,
4477681) were present among the 10,938 OTUs that were found in at least one
rhizosphere microbiome from this study. These 8 OTUs included members of clusters I,

TABLE 1 Fisher’s exact test results and distances from the closest host plantsa

Location and site(s)

No. of soil samples

P (Fisher’s exact test) Distance from the closest host plant (m)With host Without host

ALCP
AR, WA, and K 10/10
CC 0/8 �0.001 �500

MNR
NS02 15/15
NS01 6/10 �0.05 �14
SE02 17/17
SE05 7/10 �0.05 �25
NS02 and SE02 32/32
NS01 and SE05 13/20 �0.001

SEF
SH06 15/15
SH01 0/10 �0.001 �7

aFor the number of soil samples taken, the numerator describes the number of samples where cluster II Frankia strains were detected, and the denominator describes
the total number of samples collected.
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II, III, IV, and indeterminate strains. All reads of cluster II strain were found in the
host-plant-present site (SE02), although in very low abundance (10 total reads, �3
reads, and �0.05‰ per sample). All of the reads that mapped to indeterminate OTUs
were more than 1% different from any of the cluster II OTUs, indicating that the results
for cluster II OTUs are coherent. Within that host-plant-present site, more reads were
found in Heteromeles arbutifolia (nonhost) rhizosphere samples than in C. jepsonii (host
at the site), but this difference was not statistically significant.

When relative abundance was compared between the host-plant-present site and
host-plant-absent sites, factorial ANOVA showed a significant increase in cluster II
Frankia strain relative abundance in host-plant-present sites (P � 0.001). On the other
hand, factorial ANOVA found that the relative abundances of clusters I and IV strains
were not significantly affected by host-plant presence but showed an inverse trend
compared with that of cluster II (P � 0.07 and P � 0.09, respectively), i.e., more
abundant in the host-plant-absent site than in the host-plant-present site. The abun-
dance of cluster III Frankia was not affected significantly by host-plant presence (P �

0.38) (Fig. 5), but the indeterminate Frankia sequences were significantly more abun-
dant in the host-plant-absent site than in the host-plant-present site (P � 0.001) (Fig.
5). Thus, only cluster II Frankia increased in relative abundance in host-plant-present
sites, while the other groups either showed a negative correlation with host-plant-
present sites or no correlation.

DISCUSSION
Cluster II Frankia strain persistence in soil depends on the specialized envi-

ronment that the host plant provides. Our study has demonstrated, based both on
presence/absence of glnA sequences and relative abundance of OTUs in rhizosphere
soil, a significant correlation between the presence of cluster II Frankia strains and the
presence of host plants in a particular site, that is consistent across all three experi-
mental locations. There was complete correlation between cluster II strains and host
plant presence in two of the three locations (ALCP and SEF). Even though a high
proportion of host-plant-absent site samples in MNR were positive for cluster II Frankia

TABLE 2 Site descriptions

Location Site Host plant species Species sampled Soil type Soil pH (range)
Vegetation macro
group

ALCP
AR, WA, and K vs CC AR Ceanothus ferrisiae Ceanothus ferrisiae Serpentine 6.8 (6.6–7.0) California coastal scrub

WA Ceanothus ferrisiae Ceanothus ferrisiae Nonserpentine 7.0 (6.7–7.2) California coastal scrub
K Ceanothus ferrisiae Ceanothus ferrisiae Serpentine 7.0 (6.8–7.1) California coastal scrub
CC Arctostaphylos glauca, Artemisia

californica, Pickeringia
montana

Serpentine 6.5 (6.0–6.9) California coastal scrub

MNR
NS02 vs NS01 NS01 Heteromeles arbutifolia Nonserpentine 5.9 (5.8–6.0) California forest and

woodland
NS02 Cercocarpus betuloides Cercocarpus betuloides,

Heteromeles arbutifolia
Nonserpentine 5.8 (5.5–6.1) California forest and

woodland
SE02 vs SE05 SE02 Ceanothus jepsonii Ceanothus jepsonii, Heteromeles

arbutifolia
Serpentine 6.6 (6.6–6.7) California chaparral

SE05 Adenostoma fasciculatum,
Heteromeles arbutifolia

Serpentine 6.7 (6.6–7.0) California chaparral

Unpaired SE06 Serpentine NAa California annual and
perennial grassland

SEF
SH06 vs SH01 SH01 Ribes cereum Nonserpentine 5.4 (5.0–6.0) Western Cordilleran

montane-boreal wet
meadow

SH06 Ceanothus velutinus Ceanothus velutinus, Ribes
cereum

Nonserpentine 5.8 (5.8–5.9) Californian-Vancouverian
montane and foothill
forest

aNA, not applicable.
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strains (65% of samples), this was nevertheless statistically significantly different from
the host-plant-present site samples (100% of samples). This confirms and expands upon
previous observations of increased abundance of cluster II Frankia strains in soil of one
host-plant-present site relative to the soil of an adjacent host-plant-absent site, using
a bait plant bioassay (20). While the effect of host-plant presence was consistent, the

FIG 3 Principal-coordinate analysis of the rhizosphere microbiomes. (A, B, and C) Plots of the principal-coordinate
analysis of the 15 rhizosphere microbiomes, except categorized according to collection site (A), plant species (B),
and presence or absence of cluster II Frankia strains (C). Panel D is also categorized according to collection site but
includes 8 Oryza sativa rhizosphere soil samples as an outgroup comparison. The percent variability explained by
each axis is indicated on the axis.

FIG 4 Relative abundances of bacterial phyla in each sample. The bacterial phylum composition of 15 rhizosphere soil
microbiomes is compared. The red box above the graph indicates sites with host; the blue box indicates sites without host.
Samples from the host-plant-present site are further separated by plant species, C. jepsonii and H. arbutifolia, whereas all
samples from the host-plant-absent site was collected from H. arbutifolia. The two samples where cluster II Frankia strains was
absent according to glnA are indicated with an asterisk above the bar. The �-diversity of each sample is indicated below each
bar graph.
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following ecological factors did not correlate with cluster II Frankia strain presence/
absence across the three locations: (i) host species present (C. ferrisiae, C. jepsonii, C.
velutinus, and Cercocarpus betuloides), (ii) soil type (serpentine versus nonserpentine),
(iii) elevation, (iv) geographic location, (v) summer or annual precipitation, (vi) average
monthly temperature, or (vii) soil pH. The consistency of the host influence is evidence
that a host-plant-derived factor present in the soil of host-plant-present sites is the
major determinant of cluster II Frankia distribution in these ecosystems.

We found that pH was not a significant ecological factor determining presence/
absence of cluster II Frankia strains. The pH differed significantly among the three
locations, but within each location, the pattern was consistent between sites, regardless
of host presence or absence. Earlier studies found pH to have an influence on Frankia
nodulation units in cluster I strains (21), but, on the other hand, both cluster I Frankia
and cluster II Frankia strains have been reported to nodulate successfully in a wide
range of pH between 3.5 to 8.0 (21) and 5.0 to 9.0 (22), respectively.

The range of soil pH in our study was between 5.0 and 7.2. Although no studies to
date have examined the effect of pH directly on cluster II Frankia strain populations in
soil, in culture, the optimal growing condition seems to be neutral to basic. The
cultured cluster II Frankia strain BMG5.1 was shown to grow optimally at pH between
9.0 and 10.0 (23), and in another study, Coriaria myrtifolia had optimal growth and
nodulation at pH between 7.0 and 9.0 (22). It seems, therefore, that in general Frankia
spp. can tolerate a range of pH while having a more specific optimum. It is possible that
at a more basic pH, where cluster II Frankia spp. are known to grow optimally, there will
be a difference in cluster II Frankia abundance; however, Frankia presence/absence is
not affected.

Host-plant influence extends to the site level. ANOVA of the rhizosphere micro-
biomes showed that while host-plant presence/absence at a given site significantly
correlated with the relative abundance of cluster II Frankia spp., this correlation did not
differ significantly between the rhizospheres of C. jepsonii (host plant) and H. arbutifolia
(nonhost plant), when H. arbutifolia was growing in the host-plant-present site. This
suggests that the effect of the host plant is not limited to its rhizosphere but can extend
to the site level.

A site-level influence was also observed for nitrogen fixation, determined by the
ANOVA of �15N. While host plants all showed significantly more negative �15N values

FIG 5 Mean relative abundances of all identified Frankia OTUs. The relative read fraction of each Frankia
OTU in each subgroup is compared across sites with and without host plants. Error bars indicate standard
errors. The clusters with relative abundances that are significantly different or those showing a trend
between two sites (P � 0.1) have their P values indicated above the bar.
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than the co-occurring nonhost plants, indicating active engagement in nitrogen fixa-
tion via RNS (19), the nonhost species in host-plant-present sites also showed signifi-
cantly more negative �15N values in host-plant-present sites than in the same species
in host-plant-absent sites. This pattern of 14N stable isotope enrichment at the site level
is similar to the facilitative effect of nitrogen-fixing plants on primary succession,
reported in other nitrogen-fixing ecosystems (24). It was shown previously that tissue
extracts from both roots and shoots of a host plant Casuarina cunninghamiana (cluster
I Frankia host) enhanced growth of a range of Frankia spp. grown in culture but
particularly enhanced the in vitro growth of the Casuarina-compatible strains (25). This
suggests that some factor derived from the host plant, either as leaf litter or root
exudate, can explain the site-level effect observed in our experiments.

Strength of host plant influence determines the strength of the correlation.

Our findings suggest that the abundance of cluster II Frankia spp. in a given site is
associated with the strength of the influence that a host plant exerts. In the case of
MNR, where the host-plant-absent site had a relatively close proximity to the nearest
host plant growing in a similar vegetation type (14 to 25 m), cluster II Frankia spp. were
detectable; however, no cluster II Frankia spp. were detectable in the CC site in ALCP
where no host plant was proximate (�500m), despite similarities in vegetation types.
At the SEF site, cluster II Frankia spp. were not detected in the wetland site (SH01)
despite the high proximity to the nearest host plants (7 m); however, the wetland site
had dramatically different soil conditions and vegetation type than the adjacent
montane chaparral. Cluster II Frankia itself can survive in moist wetland soil: Datisca
glomerata, another host for cluster II Frankia spp. found in California, Nevada, and Baja
California, grows and nodulates in seasonally flooded streambeds or washes through-
out its range (26). Rather, it is likely that cluster II Frankia spp. were absent in the
wetland site at SEF because the more xeric-adapted host plants (Ceanothus spp.) could
not grow in wetland soil, thus eliminating a host effect.

The strength of the influence that the host plants may have on a given site might
be affected by factors other than proximity or vegetation type. Since the cluster II
Frankia enhancement factor may be able to persist in the soil over time, a legacy effect
from host plants that were previously present might play a role. For example, cluster II
Frankia spp. have been found in sites devoid of host plants for more than 100 years (13);
Elaeagnus-compatible (cluster III) Frankia spp. were present at a site that had not had
Elaeagnus for many years (11), and Comptonia peregrina (cluster I Frankia host) seed was
viable after being in a pine-dominated forest seed bank for more than 70 years (27).
Alternatively, since Ceanothus and Cercocarpus support mycorrhizal symbiosis (28, 29),
the mycorrhizal mycelia may be a means of conveying a chemical signal.

Strain diversity of cluster II Frankia spp. There was low glnA sequence variability

throughout this study with all samples within 0.01 substitution/site from each other; in
fact, of the 74 sequences generated in this study, 56 had at least one other sequence
that was identical (Fig. 2). Low genetic diversity of cluster II Frankia spp. based on DNA
from field nodule collections, rather than from rhizosphere soil DNA, has been well
documented in Oregon with repetitive sequence PCR (rep-PCR) (14) or PCR-restriction
fragment length polymorphism (RFLP) (30) and in California and Nevada (16) using
single-sequence analysis (glnA or 16S rRNA gene). Interestingly, a glnA sequence
identical to one found in the current study has been detected in DNA extracted from
a nodule of Dryas drummondii collected in Alaska (K. Battenberg, unpublished data). On
the other hand, DNA from nodules collected in the southeastern United States (Ten-
nessee) showed a substantial divergence, based on RFLP, from that of nodules from
western North America (30). A study of nodules collected in a circumscribed area in
southern coastal California found diversity of cluster II Frankia at the species level, using
rep-PCR (15). The sampling area in the southern coastal California study (31) corre-
sponds to a zone of biodiversity for the genus Ceanothus as documented previously
(32). Taken together, these findings suggest that a suite of closely related strains of
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cluster II Frankia is dominant in major portions of western North America, with some
localized diversity.

Various factors have been suggested to account for the observed strain diversity
within cluster II, however low it may be. Previously, a weak geographic pattern of strain
diversity by Ceanothus collection sites was found (30). In reference 15, diversity was
attributed to two ecological groupings of the host plants (Ceanothus spp.), but the
sequence groupings were separated by �1%. Both of these findings reflect the
generally low cluster II Frankia strain sequence diversity in western North America.

Whole-genome sequencing has been carried out on strains of cluster II Frankia from
Pakistan (33) and Japan (23); additional whole-genome sequencing from a greater
number of sources will be valuable for assessing the degree of global geographic and
genetic diversity within this clade.

Persistence and enrichment of cluster II Frankia spp. in soil. It has been
postulated that cluster II Frankia is an obligate symbiont, based on the difficulty of
isolating any strain in this group and the difficulty of detecting it in soils devoid of host
plants (13). There has been only one report of nodulation of a compatible host from soil
that was devoid of native host plants (13), although only after 18 months of bait plant
incubation. Recently, a cluster II Frankia strain (BMG5.1) was isolated in pure culture
from a nodule of Coriaria japonica collected in Japan (23). These two examples indicate
that not all cluster II Frankia strains are obligate symbionts. That being said, it seems
clear that the cluster II Frankia strains form a strongly restrictive association with their
host plants. Our study adds to the complex nature of cluster II Frankia strain association
with their hosts.

Two degrees of ecological association between a microsymbiont and its host may
be considered: persistence (survival) and enrichment. Members of cluster I and III
Frankia spp. have been known to persist in soil devoid of host plants for many years and
to readily nodulate their respective hosts (10, 11, 21). Moreover, the number of infective
units of cluster I Frankia spp. has been known to increase under Alnus host plants up
to 30-fold, which makes the presence of the host plants a major factor in amplifying
Frankia populations (21). Interestingly, the rhizosphere of Betula sp., a nonhost closely
related to the genus Alnus, showed enrichment of cluster I Frankia spp. compared to
the rhizosphere of Alnus spp. at a host-plant-present site (12) and abundance compa-
rable to Alnus spp. at a host-plant-absent site (34).

In our study, as evidenced in the microbiome analysis, an enrichment effect of
cluster II Frankia was present but was much subtler. Cluster II Frankia spp. were
detected in the host-plant-present sites and were also detected in rhizosphere soil of
a nonhost, H. arbutifolia, in the host-plant-present site, but no cluster II Frankia spp.
were detected in the host-plant-absent site. In contrast, strains of the other clusters of
Frankia were detected in both host-plant-present and -absent sites.

Relative abundance of different Frankia clusters in soil. The relatively greater
abundance of cluster I Frankia spp. among the typical symbiotic and nitrogen-fixing
subgroups (clusters I, II, and III) that we observed is in congruence with results of
previous studies (34, 35). On the other hand, we found that cluster III was the least
abundant: 6 reads total and only two samples with any reads detected. This contrasts
with previous findings where cluster III Frankia spp. was the dominant or codominant
subgroup in a noncompatible host rhizosphere (34, 35). This difference may be due to
the fact that the soil conditions among these studies are at the opposite end of the
ecological spectrum. In reference 35 the soil was moist and in a university campus
arboretum, whereas our MiSeq samples were collected in dry nutrient-poor serpentine
soil in summer. It is possible that there was a specific effect of serpentine soil conditions
on cluster III Frankia spp. For example, Oline (36) showed that while microbiomes from
serpentine soils were similar to those of nearby nonserpentine soils at the phylum level,
distinct subgroups were adapted to the specialized environment of serpentine soil.

Not very much is known about the population distribution of the atypical cluster IV
Frankia strains in soil. However, since they comprise the most abundant subgroup in
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our samples, it is clear that at least some strains of cluster IV Frankia are adapted to
serpentine soil. The observed trend of decreasing clusters I and IV Frankia spp. in
host-plant-present sites compared to that in host-plant-absent sites (0.05 � P � 0.1)
(Fig. 5) suggests that the host plant may be influencing the population sizes of strains
of clusters I and IV as well as of cluster II Frankia. This may be related to an inhibitory
factor in the host soil ecosystem, as discussed below.

Nearly 34% of the reads that mapped to the genus Frankia mapped to OTUs of
indeterminate identity. Thus, depending on the true identity of these OTUs, our results
are subject to change. However, all of the reads that mapped to indeterminate OTUs
were �1% different from any of the cluster II OTUs; with the mapping threshold set to
99%, no reads that mapped to these OTUs would map to cluster II OTUs, and all
indeterminate OTUs are more closely related to known cluster I or III strains than to
cluster II strains.

Nature of the host-dependent factor. While the relative abundance of cluster II
Frankia spp. in the microbiome was significantly higher in the host-plant-present
site, it is still clear that this group of OTUs is quite rare in the microbiome,
representing only �0.05‰ in any sample. This suggests that the host factor is not
a source of energy to sustain a large population; i.e., it is not promoting the prolifer-
ation of cluster II Frankia outside the host, in contrast to some strains within the cluster
I Frankia that can utilize a host-derived soil carbon source (37).

Further, permutational MANOVA and factorial ANOVA both showed that the pres-
ence of the host plant did not significantly affect the relative abundances of all OTUs
in the microbiome overall nor the �-diversity; in fact PCoA with an outgroup showed
that the microbiomes of the samples from the host-plant-present and host-plant-
absent sites (SE02 and SE05) were very similar to each other. This minimal influence of
host/nonhost on the overall microbiome together with the trend observed for clusters
I and IV Frankia OTUs suggests that a host-derived factor has an effect specifically on
cluster II Frankia OTUs.

Cluster II Frankia OTUs were found in the rhizosphere soil of the nonhost H.
arbutifolia in host-plant-present sites, but not in the rhizosphere of H. arbutifolia in
host-plant-absent sites. Thus, the host-plant effect was not limited to the host-plant
rhizosphere but rather extended to the level of the site where the host plant was
present. Extracts from host-plant roots and shoots have also been found to enhance
growth of Frankia strains in culture particularly strongly if the strain is compatible (25).
Taking this into account, we propose that possible mechanisms for the dispersal of this
host-dependent factor might be (i) diffusion of a compound or compounds originating
as root exudates, (ii) leaf litter decomposition and leaching into the soil profile, or (iii)
chemical signals dispersed via mycorrhizal networks (38).

A plant factor with specific targets that might have a strong impact on Frankia
strain presence in the rhizosphere might be a plant-derived secondary compound
related to nodulation signaling, such as a flavonoid. Flavonoids are known signaling
molecules in rhizobial symbioses (39, 40). Additionally, in Myrica sp. symbioses, a
suite of hydroxy-chalcones, termed myrigalones, has been shown to promote
infective Frankia and inhibit noninfective Frankia strains (41). Alternatively, this
factor might be a terpenoid with effects similar to strigolactone, known to stimulate
spore germination and limited hyphal growth of fungal symbionts in the rhizo-
sphere in arbuscular mycorrhizal endosymbioses (42). The host signaling pathway
that initiates AM symbiosis is ancestral to signal exchange in RNS; and the mi-
crosymbiont signal molecules are also similar between these two types of endo-
symbiosis (3). Two cluster II Frankia genomes contain close homologs of rhizobial
nodABC genes (14, 59). These nod gene homologs have been shown to be expressed
in developing root nodules of D. glomerata (17).

In summary, our data demonstrate the existence of a host site enrichment of cluster
II Frankia strains that is independent of host plant species, vegetation type, geograph-
ical location, climate, soil type, and soil pH. The dependency of Frankia spp. on their
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hosts for survival and persistence has been postulated, based on in vitro experiments
(21). Host and nonhost rhizospheres were recently compared with respect to cluster I
Frankia strains in one location (34), showing no significant host rhizosphere effect.
Cluster III Frankia strains were shown to have a distribution independent of the host
rhizophere, implying a broad physiological adaptation in soil (37). The current report is
the first comprehensive study showing a significant host plant influence on cluster II
Frankia strains in natural soil environments, an effect that is distinct from that of other
ecological parameters. Identification and testing of potential specific host-plant com-
pounds and transmission pathways remain to be carried out in more controlled-
environment experiments.

MATERIALS AND METHODS
Sampling sites. All soil, leaf, and root nodule samples were collected from three locations in

northern California: in and near Anderson Lake County Park, Santa Clara County, California (ALCP),
McLaughlin Natural Reserve, Lower Lake, California (MNR), or Sagehen Experimental Forest, Truckee,
California (SEF), as shown in Fig. 6 (see Table S1 in the supplemental material for the exact coordinates).
Maps of these locations were generated with R (v3.0.2) with the ggmap package (Fig. 6B to D). These
locations varied considerably in altitude, monthly precipitation, monthly temperature, and soil type. The

FIG 6 Soil sampling scheme. (A) The three soil sampling locations are indicated on the map of California. Individual
sites within each location are as follows: within Anderson Lake County Park (ALCP) (B), within McLaughlin Natural
Reserve (MNR) (C), and within Sagehen Experimental Forest (SEF) (D). Red and blue shading indicate sites with and
without host plants. Serpentine soil sites are indicated by an asterisk. The open or filled dots indicate a location
where cluster II Frankia strains were absent (open) or present (filled), respectively. In panel B, squares indicate
locations where GPS coordinates were not recorded. (A) U.S. Census Bureau map (https://commons.wikimedia.org/
wiki/File:California_counties_outline_map.svg). (B to D) Map data ©2016 Google.
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altitudes were approximately 200 m, 650 m, and 1,950 m above sea level in ALCP, MNR, and SEF,
respectively.

Multiple sampling sites were selected within each location: ALCP, n � 4 sampling sites; MNR, n � 5
sampling sites; and SEF, n � 2 sampling sites. The main factors that were tested across these sites were
(i) host plant presence/absence (i.e., whether a plant that has been reported to form RNS with Frankia
strains is present on the site or not (see Fig. S1 in the supplemental material for an example of a
host-plant-present site), (ii) host plant species (if present), (iii) soil type (serpentine versus nonser-
pentine), (iv) soil pH, (v) vegetation type, and (vi) climate type. Factors 1 to 5 are described in Table
2. The soil type in each site was determined by methods described below, and the vegetation types
were determined to the macro group level according to the U.S. National Vegetation Classification
(http://usnvc.org/explore-classification/) using A Manual of California Vegetation (43). The annual
patterns of temperatures and precipitation at each location were determined according to the WorldClim
database (44).

Sites within each location were paired according to host-plant presence/absence for comparison. In
ALCP, AR, WA, and K (host-plant-present sites) were compared with CC (host-plant-absent site) on
serpentine (AR and K) and nonserpentine soil (WA). In MNR, SE02 (host-plant-present site) was compared
with SE05 (host-plant-absent site), both on serpentine soil, and NS02 (host-plant-present site) was
compared with NS01 (host-plant-absent site), both on nonserpentine soil. In SEF, SH06 (host-plant-
present site) was compared with SH01 (host-plant-absent site), both on nonserpentine soil. Vegetation
composition was similar for pairs in ALCP (45) (Table 2) and in MNR (46) (Table 2). In the Sagehen Creek
site, the pairing was between sites with dissimilar but adjacent vegetation types (Table 2). In ALCP, the
host plant Ceanothus ferrisiae (Rhamnaceae; federally listed as endangered) was present in AR, WA, K but
absent in CC. In MNR, the host plant Ceanothus jepsonii (Rhamnaceae) was present in SE02, and the host
plant Cercocarpus betuloides (Rosaceae) was present in NS02. In SEF, Ceanothus velutinus (Rhamnaceae)
was present in SH06. Site SE06 in MNR (host-plant-absent site) was used to collect leaf samples of Avena
fatua (Poaceae) for �15N comparison (Table 2).

Soil and nodule sampling. Rhizosphere soil samples were collected from both hosts and nonhosts
in all three locations for DNA analysis and placed on ice for transport to University of California (UC)
Davis. For ALCP, samples were collected from 4 sites: AR (n � 5), K (n � 3), and WA (n � 2), host plant
present; and CC (n � 8), host plant absent. In ALCP, samples were collected from the rhizospheres of host
species C. ferrisiae (host-plant-present sites), and from CC (host-plant-absent site), samples were collected
from the rhizospheres of Artemisia californica (Asteraceae), Arctostaphylos glauca (Ericaceae), and Pick-
eringia montana (Fabaceae), a nonnodulating legume (47). One soil sample in the nonhost site was
collected away from any plant (Table 2 and Table S1).

For MNR, samples were collected from 4 sites: NS02 (n � 15) and SE02 (n � 17), host-plant-present
sites; and NS01 (n � 10) and SE05 (n � 10), host-plant-absent sites. In MNR, samples were collected from
the rhizospheres of host species C. jepsonii or C. betuloides or nonhost species Adenostoma fasciculatum
(Rosaceae) or Heteromeles arbutifolia (Rosaceae).

For SEF, samples were collected from two sites: SH06 (n � 15), host-plant-present site; and SH01 (n �
10), host-plant-absent site. In SEF, samples were collected from the rhizospheres of host species C.
velutinus or nonhost species Ribes cereum (Grossulariaceae).

Soil samples were collected by first removing the free surface organic material and an additional �15
cm of the soil profile before collecting the soil below. Root nodules were searched for every time that
soil was excavated and collected when found. Nodules were collected from one individual of C. ferrisiae
at the WA site and three individuals of C. velutinus from SH06.

Plant tissue sampling for �15N stable isotope analysis. Tissue samples were collected from seven
plant species on six separate occasions between November 2011 and August 2015 (Table 3) and placed
on ice for transport to UC Davis. In ALCP, C. ferrisiae was collected from the host-plant-present sites and
A. californica was collected from host-plant-present and host-plant-absent sites. In MNR, C. betuloides and
C. jepsonii were each collected from one host-plant-present site, and A. fatua was collected from one
host-plant-absent site. In SEF, C. velutinus was collected in one host-plant present site, and R. cereum was
collected from host-plant-present and host-plant-absent sites.

For C. betuloides, C. ferrisiae, C. jepsonii, C. velutinus, and R. cereum, the youngest mature leaves were
collected; for A. californica, whole shoot tips, including the youngest mature leaves, were collected; and
for A. fatua, the entire mature inflorescences were collected.

Soil type and pH determination. Soil chemical analysis was carried out to determine soil pH and to
determine whether soils were serpentine or not. In MNR and SEF, rhizosphere soil collected for DNA
analysis was also used for chemical analysis. Equal amounts of three rhizosphere soil samples were mixed
into one pooled sample, and three pooled samples were made for each site. Samples were analyzed for
pH by the UC Davis Analytical Laboratory.

In ALCP, a second set of soil samples (AR, n � 3; K, n � 5; WA, n � 2; and CC, n � 4) was collected
for chemical analysis. For each sample, three subsamples of equal amounts were collected and subse-
quently mixed. Soil samples were analyzed by the Soil & Plant Laboratory (San Jose, CA) for pH and to
test the calcium-to-magnesium (Ca/Mg) ratio for indication of serpentine soil (Ca/Mg of �1).

In MNR, the soil types on sites NS01 and NS02 were previously reported as nonserpentine, whereas
that of site SE02 was reported as serpentine (46). The soil types in SE05 and SE06 were determined to
be serpentine based on the USDA National Cooperative Soil Survey (NCSS) (http://websoilsurvey.nrcs
.usda.gov/, and personal communication with the resident directors of MNR, P. Aigner and C. Koehler.
Likewise in SEF, soil types at SH01 and SH06 were determined to be nonserpentine based on the NCSS.
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DNA extraction, amplification, and sequencing. Total DNA was extracted from rhizosphere soil
samples using the Power Soil DNA isolation kit (Mo Bio Laboratories Inc., CA, USA) according to the
manufacturer’s protocol. Total DNA was extracted from the root nodule samples using a DNeasy plant
minikit (Qiagen, CA, USA) according to the manufacturer’s protocol.

For each DNA extract, PCR was carried out, targeting either glutamine synthetase A (glnA) or the 16S
rRNA gene, as in Table 4. For glnA, a nested PCR was carried out using two sets of cluster II Frankia
strain-specific primers, modified from reference 6. Use of the primer pairs from reference 6 usually
resulted in a mixed sequence that showed similarity to a range of actinobacterial taxa (see Fig. S2 in the
supplemental material for an example of an electropherogram), but after numerous attempts, we
obtained one sequence without mixed peaks (see Fig. S2 in the supplemental material for the electro-
pherogram) that showed 100% identity to a partial glnA gene sequence of a published cluster II Frankia
strain, FE141 (GenBank accession no. AF156760.1). The two reverse-direction primers (external and
internal) were modified to perfectly complement FE141. Because the FE141 partial glnA sequence was
too short to cover the range for the forward-direction primers and because the primers needed a wider
target range than a single strain, the two forward-direction primers were modified to perfectly comple-
ment a different published cluster II Frankia strain, Dg1 (GenBank accession no. CP002801.1). The
specificity of the glnA primer pairs was tested using Primer-BLAST from NCBI (http://www.ncbi.nlm.nih.gov/
tools/primer-blast/) by searching for potential amplicons within the nonredundant (nr) database. While
the external pair had multiple potential amplicons, the internal pair only had a single match to Dg1.

PCR was conducted using a Taq PCR core kit (Qiagen, CA, USA) according to the manufacturer’s
protocol. For the 16S rRNA gene, universal 16S rRNA gene primers were used (48).

For glnA nested PCR, 10 �l of template DNA was used for each 50-�l reaction to compensate for the
low level of DNA extracted from soil (often �20 ng/�l) for the external PCR, and 3 �l of template DNA
was used for each 50-�l reaction for the internal PCR. Both the external and internal PCRs were run on
a thermal cycler programmed for a hot start (95°C for 120 s), 35 cycles (94°C for 30 s, 57°C for 45 s, and
72°C for 60 s), and final extension (72°C for 420 s).

TABLE 3 Leaf sampling scheme

Collection occasion and
species

No. of leaf samples collected at each location and site

ALCP MNR SEF

TotalAR K WA CC NS01 NS02 SE0 SE05 SE06 SH01 SH06

February 2012
Ceanothus ferrisiae 6 5 0 0 11
Artemisia californica 2 2 0 3 7

February 2013
Ceanothus ferrisiae 3 0 4 0 7
Artemisia californica 4 0 4 5 13

June 2014
Cercocarpus betuloides 0 5 0 0 0 5

March 2015 0 0 0 5 0 5
Ceanothus jepsonii

August 2015
Avena fatua 0 0 0 0 6 6

June 2015
Ceanothus velutinus 0 10 10
Ribes cereum 10 5 15

TABLE 4 Primers used in this study

Name Target Direction Sequence

E683-700 16S rRNA Forward 5=-GTGTAGMGGTGAAATKCG-3=
E1052-1072 16S rRNA Reverse 5=-CGAGCTGACGACARCCATGCA-3=
DB41 glnA (external) Forward 5=-TTCTTCATCCACGACCCG-3=
DB41M glnA (external) Forward 5=-TTCTTCATCCATGACCCGA-3=
FRKGSrev glnA (external) Reverse 5=-GTATTTGTAGAGCATCAGGTTGTC-3=
FRKGSrevM glnA (external) Reverse 5=-TTATGTATTTGTAGAGCATCAGGTTGTC-3=
FRKGS2F glnA (internal) Forward 5=-CATCCACGACCCGATCACCCG-3=
FRKGS2FM glnA (internal) Forward 5=-CATCCATGACCCGATCACTCGG-3=
FRKGS2R glnA (internal) Reverse 5=-CTCGACGGTGATACCGGCCCTGATC-3=
FRKGS2RM glnA (internal) Reverse 5=-CTGATCAGTGCCCGGCTCATCTCCGAC-3=
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For 16S rRNA gene PCR, 1 �l of template DNA was used for each 50-�l reaction. Reactions were run
on a thermal cycler programmed for a touchdown PCR with annealing temperatures from 63 to 59°C with
1°C increments for 2 cycles each (94°C for 30 s, 63 to 59°C for 45 s, and 72°C for 60 s), followed by 25
cycles (94°C for 30 s, 58°C for 45 s, and 72°C for 60 s) and final extension (72°C for 420 s).

The presence of amplicons of the appropriate sizes was assessed on 0.8% (wt/vol) agarose gel run at
100 V in Tris-borate-EDTA (TBE) buffer with ethidium bromide. The amplified fragments of glnA were then
purified using a QIAquick gel extraction kit (Qiagen, CA, USA) according to the manufacturer’s protocol.
Purified DNA fragments were sequenced in both directions on an ABI Prism 3730 genetic analyzer in the
DNA Sequencing Facility at UC Davis.

Phylogenetic analysis. The forward and reverse sequences of glnA obtained from each sample were
proofread and assembled using Sequencher v5.1 (Gene Codes Corporation, MI, USA) to obtain a
consensus sequence. A total of 74 sequences were generated. These sequences were aligned with those
from 34 Frankia strains and 2 closely related outgroups available in GenBank. Sequences were aligned
using MUSCLE (49) through MEGA6 (50) and manually adjusted to improve alignment. The resulting
286-bp alignment was then used to select the most likely evolutionary model via jModelTest2 (51). Values
for model parameters were estimated by RAxML (52), which was used to reconstruct the phylogeny
based on the maximum likelihood method. To avoid having the tree lodge onto a local optimum, 4
parallel searches were conducted to determine the best tree. Bootstrap values were based on 100
replicates.

MiSeq analysis. A subset of the DNA extracts from host and nonhost rhizosphere samples in two
sites in MNR, SE02 (n � 10) and SE05 (n � 5), were further analyzed for their microbiome biodiversity
based on the 16S rRNA gene. In SE02 (host-plant-present site), samples were taken from rhizospheres of
C. jepsonii (n � 5) and H. arbutifolia (n � 5). Samples from SE05 (host-plant-absent site) were taken from
the rhizosphere of H. arbutifolia. The V4 region of the 16S rRNA gene was amplified (primer sequences
are available in Table S2 in the supplemental material) and sequenced via the Illumina MiSeq platform
according to the methods described previously (53) (NCBI BioProject accession number PRJNA338518).
Contiguous reads were generated using the PandaSeq pipeline (54). Of the raw sequences obtained from
the MiSeq analysis, any that were �275 bp or that contained any ambiguous sites were removed. The
remaining sequences were aligned against the Greengenes 16S rRNA database (13_8 release) (55) to
obtain the number of sequence reads that belonged to each operational taxonomic unit (OTU), based on
99% pairwise identity, according to reference 53). The Greengenes database was chosen as our reference
database based on its wide range of coverage that was suited for our aim to survey the overall
microbiome. Organellar sequences were removed from any subsequent analyses (see Table S3 in the
supplemental material).

�15N analysis. Plant tissue samples were dried at 60°C for �72 h and then were ground to powder
with an agate mortar and pestle. For A. fatua, the glume was separated from the rest of the inflorescence,
and for A. californica, the dried leaves were removed from stems prior to grinding. Powdered samples
were then passed through a soil sieve number 35 (0.5-mm2 grids). Approximately 5 mg per sample was
weighed, loaded into tin capsules, and analyzed in a PDZ Europa 20:20 isotope ratio mass spectrometer
(Sercon Ltd., Cheshire, UK) in the Stable Isotope Facility, UC Davis, for �15N natural abundance.

Statistical analysis. All statistical analyses were conducted using R (v3.0.2) with the Lme4 package
(56) and Vegan package (57), in addition to the base package.

For the �15N data, a series of factorial ANOVA were conducted using anova() in R to determine if a
particular factor, site, and/or plant species had a significant effect on the values. All factors were assumed
to have a fixed effect rather than a random effect. When any factor was found to have a significant effect,
post hoc comparisons were made by fitting the values to a linear model using lm() in R to test if a
category within a factor (e.g., C. ferrisiae or A. californica within plant species) resulted in significantly
higher or lower values by calculating the least-squares mean.

The correlation between the presence of strains of cluster II Frankia in a soil and their host plants
were tested by conducting a one-sided Fisher’s exact test using fisher.test() in R. These analyses were
conducted on all comparative pairs of sites independently.

Based on the MiSeq data of rhizosphere soil microbiomes, principal-coordinate analysis (PCoA) was
conducted. Of the 10,938 OTUs that were identified from the samples, those that had �30 total reads
across all 15 samples were removed for the downstream analysis. The relative abundance of the retained
2,840 OTUs was calculated by dividing the individual reads by the total remaining reads of each sample
(see Table S1). PCoA was conducted based on the Bray-Curtis dissimilarity of log-transformed relative
abundance using pcoa() in R. As an outgroup comparison, this data set was analyzed by comparing it
with 8 rhizosphere soil samples from Oryza sativa growing in a conventionally cultivated paddy near
Sacramento, California (53site SFT20A) (53).

Permutational MANOVA was conducted using adonis() in R with sampling site, plant species, and
presence of cluster II Frankia strains as factors. The relative abundances of the 2,840 OTUs were
used to calculate the �-diversity (Shannon index) at the phylum level for each sample using
diversity() in R.

To determine the specific cluster identity of each Frankia OTU within the Greengenes database, all
OTUs that were classified as family Frankiaceae within the database were collected, and a phylogenetic
tree of the full-length 16S rRNA gene was constructed together with sequences from other known
Frankia strains (data not shown). This tree confirmed that only the 21 OTUs classified as genus Frankia
in the database formed a clade together with the other known Frankia strains. A second phylogenetic
tree was then constructed with the members within this clade with these 21 OTUs using the same
methods described above for analyzing glnA sequences (see Fig. S3 in the supplemental material). The
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purpose of the phylogenetic reconstructions with glnA (Fig. 2) or 16S (Fig. S3) markers was to assign each
sequence to a cluster within Frankia. The topology of the reconstructed phylogeny among the clusters
has been shown to vary depending on the marker used, but members within each cluster are stable (8,
17, 58).

Another series of factorial ANOVA were conducted to test whether (i) relative abundance of each
Frankia cluster, (ii) soil pH per site and per location, or (iii) �-diversity significantly differed according to
the experimental variables: site, presence/absence of host-plant species, and plant species. The same
methods as for the �15N data were used, except that the relative abundance of a Frankia cluster was
fitted to a generalized linear model using glm() in R with its dispersion parameter set according to the
quasi-Poisson model.

Accession number(s). DNA sequences were submitted to NCBI. The GenBank accession numbers for
glnA sequences are KX711623.1 through KX711696.1. The MiSeq nucleotide sequences are found in NCBI
Sequence Read Archive (SRA) BioProject accession number PRJNA338518.
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