N
N

N

HAL

open science

Proposal of ’Candidatus Frankia alpina’, the uncultured
symbiont of Alnus alnobetula and A. incana that forms
spore-containing nitrogen-fixing root nodules
Adrien C Meynier Pozzi, Aude Herrera-Belaroussi, Guillaume Schwob, Hector

H Bautista-Guerrero, Lorine Bethencourt, Pascale Fournier, Audrey Dubost,

Danis Abrouk, Philippe Normand, Maria P Fernandez

» To cite this version:

Adrien C Meynier Pozzi, Aude Herrera-Belaroussi, Guillaume Schwob, Hector H Bautista-Guerrero,
Lorine Bethencourt, et al.. Proposal of '’Candidatus Frankia alpina’, the uncultured symbiont
of Alnus alnobetula and A. incana that forms spore-containing nitrogen-fixing root nodules. In-
ternational Journal of Systematic and Evolutionary Microbiology, 2020, 70 (10), pp.5453-5459.

10.1099/ijsem.0.004433 . hal-03378158

HAL Id: hal-03378158
https://hal.science/hal-03378158
Submitted on 14 Oct 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03378158
https://hal.archives-ouvertes.fr

TAXONOMIC DESCRIPTION
Pozzi et al., Int. J. Syst. Evol. Microbiol. 2020;70:5453-5459

ﬁ MICROBIOLOGY
. SOCIETY

DOI' 10.1099/ijsem.0.004433

Proposal of ‘Candidatus Frankia alpina’, the uncultured symbiont
of Alnus alnobetula and A. incana that forms spore-containing

nitrogen-fixing root nodules

Adrien C. Meynier Pozzi, Aude Herrera-Belaroussi, Guillaume Schwob, Hector H. Bautista-Guerrero, Lorine Bethencourt,

Pascale Fournier, Audrey Dubost, Danis Abrouk, Philippe Normand* and Maria P. Fernandez

Abstract

The members of the genus Frankia are, with a few exceptions, a group of nitrogen-fixing symbiotic actinobacteria that nodulate
mostly woody dicotyledonous plants belonging to three orders, eight families and 23 genera of pioneer dicots. These bacteria
have been characterized phylogenetically and grouped into four molecular clusters. One of the clusters, cluster 1 contains
strains that induce nodules on Alnus spp. (Betulaceae), Myrica spp., Morella spp. and Comptonia spp. (Myricaceae) that have global
distributions. Some of these strains produce not only hyphae and vesicles, as other cluster 1 strains do, but also numerous
sporangia in their host symbiotic tissues, hence their phenotype being described as spore-positive (Sp+). While Sp+ strains
have resisted repeated attempts at cultivation, their genomes have recently been characterized and found to be different from
those of all described species, being markedly smaller than their phylogenetic neighbours. We thus hereby propose to create
a 'Candidatus Frankia alpina’ species for some strains present in nodules of Alnus alnobetula and A. incana that grow in alpine
environments at high altitudes or in subarctic environments at high latitudes.

INTRODUCTION

The genus Frankia [1] comprises nitrogen-fixing actino-
bacteria that establish root nodule symbioses in association
with perennial dicot plants grouped into three orders, eight
families and 23 genera of pioneer plants within the nitrogen
fixing clade, a phylogenetically coherent group of three orders
of host plants tracing to a single evolutionary origin [2].
Members of the genus Frankia have been characterized either
as isolates or directly from symbiotic nodules, and placed
into four 16S rRNA based clusters [3]: cluster 1 contains
Alnus-, Myricaceae- and Casuarinaceae-infective strains
(except those infective on members of the genus Gymnos-
toma), cluster 2 contains Coriaria-, Datisca-, Ceanothus - and
Rosaceae-infective strains, cluster 3 contains Elaeagnaceae-,
Rhamnaceae- and Gymnostoma-infective strains and cluster
4 contains non nitrogen-fixing or non-symbiotic strains. This
grouping has been found with all markers studied, with all
tree-reconstruction approaches [4] even with genome-wide
approaches [5]. An early report of a nodule isolate with a

morphology characteristic of members of the genus Frankia
[6] described re-nodulation of aseptically-grown host roots of
Alnus glutinosa, but the strain was subsequently lost. The first
confirmed isolation in 1978 was Cpll, a cluster 1 strain [7],
later described as the type strain for the species Frankia torreyi
[8]. Since these works, many strains from the four clusters of
the genus Frankia have been cultured in-vitro with relative
ease.

The definition of species in the genus Frankia has been a
long time in the making. A first proposal was done before
isolates became available [9] but it was based on morphology
of vesicles inside plant tissues and on cross-inoculation
groups that were shown later not to hold with isolates [10].
The standard approach based on DNA-DNA hybridization
[11] has identified several genomospecies but since these had
few distinguishing physiological features, species were not
named, except for Frankia alni. One had to wait for genomes
to become available [12] and on a concerted international
effort to see first species Frankia alni emended[13], and
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later, several others proposed: Frankia casuarinae, Frankia
elaeagni [13], Frankia asymbiotica [14], Frankia canadensis
[15], Frankia coriariae [16], Frankia discariae [17], Frankia
inefficax [18], Frankia irregularis [19], Frankia saprophytica
[20], Frankia soli [21], Frankia torreyi [8], and even three
unisolated species: 'Candidatus Fankia californiensis' [22],
'Candidatus Frankia datiscae' [23] and 'Candidatus Frankia
meridionalis' [24].

Unisolated strains represent a high percentage among
actinorhizal endophytes [5]. They have been the subject of
repeated unsuccessful attempts at isolation in pure culture
and were reported mostly from clusters 1 and 2. The reasons
for the failures are in general unknown, but it has been
claimed that unusual physiological requirements did exist
such as that for a very alkaline medium [25]. Cluster 1
unisolated strains mostly display a specific trait, the spore-
positive (Sp+) phenotype, which characterizes the strains
able to sporulate within plant tissues, during the symbiotic
stage.

The existence of spherical cells, then designated as ‘bacte-
roides, in Alnus nodules was mentioned as early as 1910 [26]
and identified as spores contained in multilocular sporangia
later, which were described as either abundant or nonexistent
depending on the provenance [27]. Actually, it is the morpho-
logical resemblance between in vitro and in planta sporangia
that clearly established that Frankia was indeed the symbiont
present in actinorhizal plant root nodules [5], and not a
fungus as previously thought. While in vitro sporulation was
observed on almost all isolated strains cultivated on artificial
media, in planta sporulation is only expressed profusely by
some endophytes of the genus Frankia called spore-positive
(Sp+), all refractory to cultivation. In contrast, no or very
rare sporangia (less than one per 50 infected plant cells) are
present in nodule tissues infected by Sp— Frankia strains
[28], even if these strains are genetically able to abundantly
sporulate in culture. The genetic determination of the ability
to sporulate in-planta was clearly established in the literature
[29-31] and the concept of a Sp+/Sp— dichotomy was based
on ecological factors (reviewed by Pozzi et al. [30]), on adap-
tation to different hosts [27], on differences in infectivity [32],
competitiveness [33], adaptation to cold temperatures [30]
and recently in terms of phylogeny [34].

The genomes of three unisolated Sp+ Alnus-infective strains
of members of the genus Frankia recently obtained revealed
that (1) these strains harbour the smallest genomes of Alnus-
infective members of the genus Frankia so far sequenced
(approximately 5Mbp draft genomes) [35] compared with
previously sequenced Alnus-infective strains, harbouring
approximately 7-8 Mbp genomes [36], (2) belong to several
phylogenetic lineages [4, 30] and (3) Sp+ strains infective
on the two alpine host species Alnus alnobetula and Alnus
incana are genetically close. This paper aims at describing a
species of the genus Frankia that encompasses Sp+ strains of
members of the genus Frankia infective on these two alder
species that grow in high altitude or high latitude alpine
environments.
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METHODS

Nodules were harvested from two alpine alder stands (Vanoise,
Savoie, France and Ornon, Isére, France), colonized either by
A. alnobetula (Ehrh.) K. (also known as Alnus viridis, green
alder) or A. incana ssp. incana (L.) Moench (grey alder) and
designated AvVan and AiOr, respectively. Microscope obser-
vations were done on semi-thin nodule sections stained with
lactophenol blue as described previously [30] to determine
the phenotype of the nodular strains. Genomes were obtained
from nodular DNA and were accessible in GenBank under the
accession numbers GCA_902806485 and GCA_004803575,
for AiOr and AvVan, respectively [37].

The 16S rRNA sequences were obtained from complete
genomes of all species of the genus Frankia described to date
as well as one outgroup available from GenBank (complete
names and accession numbers are given in Fig. 1). 16S rRNA
gene sequences were aligned by using cLUSTAL x [38] as
implemented on SEAVIEW [39]. Phylogenetic trees were
reconstructed by the neighbour-joining [40] method running
on SEAVIEW [39]. A bootstrap confidence analysis was
performed with 1000 replicates to determine the reliability
of the distance tree topologies obtained [41].

Multilocus sequence analysis (MLSA) phylogeny was done
using five markers (atpD, dnaA, ftsZ, pgk and rpoB) defined
for members of the genus Frankia, on sequences of Alnus-
infective strains (thus isolated from Alnus and Myricaceae)
previously published [34]. Sequence alignment and tree
reconstructions were done as described above.

Average nucleotide identity (ANI) measurements were
computed as described previously [42] to determine the rela-
tionship between genomes of members of the genus Frankia
for all type strains of described species.

RESULTS

The distance between 16S rRNA genes of AiOr and AvVan
was 0.29% (substitutions per 100 nucleotides) or three
mismatches, while those with the closest Alnus-infective
species of the genus Frankia, F. alni, were both 0.58%. Within
cluster one that encompasses Alnus-, Casuarinaceae- and
Myricaceae-infective species of the genus Frankia, distances
were below 1.8%. Distances between AiOR and AvVan and
other clusters were up to 3.4% (Table S1 available in the online
version of this article).

The 16S rRNA phylogeny of all described species of the genus
Frankia grouped AiOr and AvVan close to E alni ACN14a
with a bootstrap value of 98% (Fig. 1). As previously noted,
16S rRNA phylogeny positions cluster 2 close to cluster 1
strains contrary to most other markers [34].

MLSA phylogeny grouped together AiOr, AvVan and two
other A. alnobetula Sp+ strains from the Alps (branch support
0.98) (Fig. 2). The three A. alnobetula strains grouped very
tightly. The closest strain is Av 59.7, a cultured Sp— Frankia
strain also isolated from A. alnobetula nodules.
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Fig. 1. NJ phylogenenetic tree of members of the genus Frankia based on the 16S rRNA gene. The scale represents the average number
of substitutions per nucleotide. Numbers reported at nodes are the bootstrap branch support. Numbers in shaded boxes on the right
correspond to Frankia clusters [3].
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Fig. 2. Alnus-infective Frankia multilocus sequence analysis (MLSA) phylogeny. A maximum likelihood tree was inferred from the
concatenation of five markers (atpD, dnaA, ftsZ, pgk and rpoB) into a super-alignment. The scale represents the average number of
substitutions per nucleotide. Numbers at nodes are the aLRT SH-like branch support. Numbers in shaded boxes on the right correspond
to recognized or predicted Frankia genomospecies that are the same as previously described [34].

ANI values are given in Table 1. AiOr and AvVan had values
around 99% with one another and values equal to or below
90% with other Alnus-infective species of the genus Frankia.
ANI values with E casuarinae, the most closely related non
Alnus-infective species of the genus Frankia, are about 80%.

Both AiOr and AvVan expressed the Sp+ phenotype in the
nodules [37]: besides the presence of branched hyphae and
vesicles present within Alnus nodule cells whatever the
sporulation phenotype, they differentiated numerous spores
contained in sporangia that filled the whole volume of the
nodule cells (Fig. 3).
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DISCUSSION

Both genomic and genetic data (16S, MLSA and ANI) and
phenotypic traits grouped together AiOr and AvVan in the
same species.

The genome size of strains proposed as 'Candidatus Frankia
alpina’ is significantly lower at 5Mb than those of other
Alnus-infective Frankia strains so far sequenced (about
7Mb) [5]. The only species of the genus Frankia with
similarly small genome sizes belong to cluster 2 and to
E casuarinae, a sister species of Alnus-infective species of the
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Table 1. Average nucleotide identity (ANI) between genomes of AiOr, AvVan and Alnus-infective cluster 1 genomes

Strain name AiOr AvVan ACN14a Avcll ACNlag Cpll QA3 ARgP5 CcI3
'Can. F. alpina’ AiOr 100 98.6 88.1 88.0 88.9 88.9 89.7 81.2 80.3
'Can. F. alpina’ AvVan 98.4 100 88.6 88.6 89.3 89.4 90.1 81.9 81.0
E alni ACN14a 87.6 88.2 100 99.3 90.9 90.9 89.0 81.2 80.6
E alni Avcll 87.5 87.9 99.3 100 90.7 90.8 88.9 81.2 80.5
E torreyi ACNlag 88.4 88.8 90.8 90.8 100 99.3 89.7 81.2 80.6
E torreyi Cpll 88.4 88.8 90.8 90.8 99.1 100 89.7 81.0 80.8
Frankia sp. QA3 89.2 89.7 89.1 89.0 90.0 90.0 100 81.6 80.9
F canadensis ARgP5 80.9 81.5 81.1 81.2 81.2 81.2 81.3 100 79.3
E casuarinae Ccl3 80.5 81.0 80.9 80.9 80.9 81.0 81.2 79.7 100

Bold type indicates values above 95%, the threshold used to consider two genomes as representing the same species.

genus Frankia in cluster 1. In both cases it was suggested that
the reduced genome size had led to a higher dependence on the
host plant [12]. In the extreme case of cluster 2 strains, genomes
were found to be smaller than most (5.1 Mb) and to have lost
several genes associated with saprophytic life such as gvp, dpp
and xdh [24]. Those uncultured cluster 2 strains are thus consid-
ered obligate symbionts [5]. Like cluster 2 and E casuarinae
strains, alpine Alnus Sp+ strains showed a very low diversity
in MLSA studies that included a large variety of species and
sub-species of the genus Alnus and geographical origins [29, 30].
However even if Sp+ strains associated with alpine Alnus species
are very close genetically, large-scale sampling highlighted
two well supported clades corresponding to A. alnobetula
and A. incana symbionts respectively [29, 30] and within
A. alnobetula strains a division between North American-East
Asian and European strains. The host-specificity observed in
cross-inoculation experiments was narrower for Sp+ than that
of Sp— strains and was different for A. alnobetula and A. incana
Sp+ strains [33, 43]. All these results indicate the influence of

Fig. 3. Microscopic structures of Sp+ Frankia (capable of in-planta
sporulation) within root nodules of Alnus incana (left) and Alnus
alnobetula (right). Semi-thin nodule sections were stained with
lactophenol blue. Some of the colonized cells mostly contain hyphae
(h) and vesicles (v) while others are full of spores gathered in sporangia
(s). Mature spores are unstained by the lactophenol blue (left) while
immature spores appear darker (right). The scale bars represent 10 um.
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host biogeography and genetics on the symbiont phylogeny and
ecology and are consistent with the possible obligate symbiont
hypothesis proposed for these strains [34]. Using comparative
genomics would allow determination of a core genome for these
strains and better prediction of the physiological and ecological
consequences of the Sp+ genotype.

There are now 13 species named [5] plus the very recently named
E soli[21] and there is every reason to think there should be other
species named soon. Indeed several other phylogenetic clades
of the genus Frankia have been identified through large-scale
MLSA as distinct from those described species [34], these should
soon be proposed as novel species. Among these potential novel
species, several are Alnus-infective and correspond to different
Sp+ lineages within cluster 1. The presence of Sp+ genotype
has been described in the nodules of at least nine actinorhizal
plant species whose isolated endophytes belong to cluster 2 and
3. Nothing is known about the diversity, the grouping of these
strains in the Frankia phylogeny and their divergence from the
Sp- strains isolated from the same host plant, they could thus
represent novel species. Finally the comparison of all these Sp+
species should lead to the determination of a core genome of the
Sp+ strainsand the understanding of their evolutionary history.

The european Alnus alnobetula and Alnus incana have
overlapping ranges that straddle the Alps and the Northern
plains, with a difference in altitude with Alnus alnobetula
growing at 500-2300m and Alnus incana at 100-1800m
(www.florealpes.com). The two are quite distant phylogeneti-
cally [44], yet they share similar wet and nitrogen-poor biotopes.

For these reasons, we propose 'Candidatus Frankia alpina’
the uncultured symbionts in spore-containing nitrogen-fixing
nodules of both Alnus alnobetula and A. incana.

DESCRIPTION OF ‘CANDIDATUS FRANKIA
ALPINA

'Candidatus Frankia alpina’ (al.pi'na. L. fem. adj. alpina, of or
pertaining to the Alps).
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The species nodulates and fixes nitrogen in the root nodules
of Alnus alnobetula (formerly A. viridis) and A. incana that
both grow in alpine and subarctic regions [45]. It produces in
symbiotic host tissues branched and septate hyphae, nitrogen-
fixing vesicles and a large number of sporangia.

The proposed type strain is AiOr. Based on a draft-quality
metagenome enriched for strain AiOr, the DNA G+C
content is 71.60% and its genome size is 5.01 Mb. The
GenBank/EMBL/DDB]J accession number of the whole
genome sequence of strain AiOr is GCA_902806485. A
second strain of 'Candidatus Frankia alpina' described
here is AvVan, for which genome accession number is
GCA_004803575.

Funding information
Portions of this work were supported by FR BioEnVis.

Acknowledgements

Thanks are expressed to Elise Lacroix (greenhouse; FR BioEnVis) for
growing the plants. Author Hector H. Bautista-Guerrero was not avail-
able to confirm co-authorship, but the corresponding author Philippe
Normand affirms that author Hector H. Bautista-Guerrero contributed
to the paper and vouches for author Hector H. Bautista-Guerrero’s
co-authorship status.

Conflicts of interest
The authors declare that there are no conflicts of interest.

References
1. Brunchorst J. Uber einige Wurzelanschwellungen, besonders die
jenigen von Alnus, und den Elaeagnaceen. Unters Bot Inst Tibingen
1886;2:151-177.

2. Soltis DE, Soltis PS, Morgan DR, Swensen SM, Mullin BC et al. Chlo-
roplast gene sequence data suggest a single origin of the predis-
position for symbiotic nitrogen fixation in angiosperms. Proc Natl
Acad Sci U S A 1995,92:2647-2651.

3. Normand P, Orso S, Cournoyer B, Jeannin P, Chapelon C et al.
Molecular phylogeny of the genus Frankia and related genera
and emendation of the family Frankiaceae. Int J Syst Bacteriol
1996;46:1-9.

4. Pozzi AC, Roy M, Nagati M, Schwob G, Manzi S et al. Patterns
of diversity, endemism and specialization in the root symbiont
communities of alder species on the island of Corsica. New Phytol
2018;219:336-349.

5. Normand P, Fernandez MP, Brunchorst F. Frankia Brunchorst
1886, 174" In: Whitman W, Goodfellow M, DeVos Paul, Dedysh
Svetlana, Hedlund Brian (editors). Bergey's Manual of Systematics
of Archaea and Bacteria, Online. John Wiley & Sons, Inc., in associa-
tion with Bergey's Manual Trust; 2019. In press.

6. Pommer E. Uber die Isolierung des Endophyten aus den
Wurzelknollchen Alnus glutinosa Gaertn. und uber erfolgreiche
Re-Infektionsversuche. Ber Deutsch Botan Gesell 1959;72:138-150.

7. Callaham D, Deltredici P, Torrey JG. Isolation and cultivation in
vitro of the actinomycete causing root nodulation in Comptonia.
Science 1978;199:899-902.

8. Nouioui |, Ghodhbane-Gtari F, Jando M, Tisa LS, Klenk H-P et al.
Frankia torreyi sp. nov., the first actinobacterium of the genus
Frankia Brunchorst 1886, 174" isolated in axenic culture. Antonie
van Leeuwenhoek 2019;112:57-65.

9. Becking JH. Frankiaceae fam. nov. (Actinomycetales) with one new
combination and six new species of the genus Frankia Brunchorst
1886, 174. Int J Syst Bacteriol 1970;20:201-220.

Lalonde M. Immunological and ultrastructural demonstra-
tion of nodulation of the European Alnus glutinosa (L.) Gaertn.
host plant by an actinomycetal isolate from the North American

5458

20.

21.

22.

23.

24.

25.

26.

27.

Comptonia peregrina (L.) Coult. root nodule. Botanical Gazette
1979;140:535-543.

. Fernandez MP, Meugnier H, Grimont PAD, Bardin R. Deoxyribonu-

cleic acid relatedness among members of the genus Frankia. Int J
Syst Bacteriol 1989;39:424-429.

Normand P, Lapierre P, Tisa LS, Gogarten JP, Alloisio N et al.
Genome characteristics of facultatively symbiotic Frankia sp.
strains reflect host range and host plant biogeography. Genome
Res 2007;17:7-15.

Nouioui I, Ghodhbane-Gtari F, Montero-Calasanz MDC, Goker M,
Meier-Kolthoff JP et al. Proposal of a type strain for Frankia alni
(Woronin 1866) Von Tubeuf 1895, emended description of Frankia
alni, and recognition of Frankia casuarinae sp. nov. and Frankia elae-
agni sp. nov. Int J Syst Evol Microbiol 2016;66:5201-5210.

Nouioui |, Gueddou A, Ghodhbane-Gtari F, Rhode M, Gtari M et al.
Frankia asymbiotica sp. nov., a non-infective actinobacterium
isolated from Morella californica root nodule. Int J Syst Evol Micro-
biol 2017;67:4897-4901.

Normand P, Nouioui I, Pujic P, Fournier P, Dubost A et al. Frankia
canadensis sp. nov., isolated from root nodules of Alnus incana
subspecies rugosa. Int J Syst Evol Microbiol 2018;68:3001-.

Nouioui |, Ghodhbane-Gtari F, Rohde M, Klenk H-P, Gtari M.
Frankia coriariae sp. nov., an infective and effective microsym-
biont isolated from Coriaria japonica. Int J Syst Evol Microbiol
2017;67:1266-1270.

Nouioui I, Del Carmen Montero-Calasanz M, Ghodhbane-Gtari F,
Rohde M, Tisa LS et al. Frankia discariae sp. nov.: an infective and
effective microsymbiont isolated from the root nodule of Discaria
trinervis. Arch Microbiol 2017;199:641-647.

Nouioui I, Ghodhbane-Gtari F, Del Carmen Montero-Calasanz M,
Rohde M, Tisa LS et al. Frankia inefficax sp. nov., an actinobac-
terial endophyte inducing ineffective, non nitrogen-fixing, root
nodules on its actinorhizal host plants. Antonie van Leeuwenhoek
2017;110:313-320.

Nouioui I, Ghodhbane-Gtari F, Rhode M, Sangal V, Klenk H-P et al.
Frankia irregularis sp. nov., an actinobacterium unable to nodulate
its original host, Casuarina equisetifolia, but effectively nodulates
members of the actinorhizal Rhamnales. Int J Syst Evol Microbiol
2018;68:2883-2914.

Nouioui |, Ghodhbane-Gtari F, Klenk H-P, Gtari M. Frankia sapro-
phytica sp. nov., an atypical, non-infective (Nod-) and non-nitrogen
fixing (Fix-) actinobacterium isolated from Coriaria nepalensis root
nodules. Int J Syst Evol Microbiol 2018;68:1090-1095.

Gtari M, Ghodhbane-Gtari F, Nouioui |. Frankia soli sp. nov., an
actinobacterium isolated from soil beneath Ceanothus jepsonii. Int
J Syst Evol Microbiol 2019.

Normand P, Nguyen TV, Battenberg K, Berry AM, Heuvel BY,
Vanden Heuvel B et al. Proposal of ‘Candidatus Frankia californ-
iensis’, the uncultured symbiont in nitrogen-fixing root nodules of
a phylogenetically broad group of hosts endemic to western North
America. Int J Syst Evol Microbiol 2017;67:3706-3715.

Persson T, Benson DR, Normand P, Vanden Heuvel B, Pujic P et al.
Genome sequence of "Candidatus Frankia datiscae” Dg1, the uncul-
tured microsymbiont from nitrogen-fixing root nodules of the dicot
Datisca glomerata. J Bacteriol 2011;193:7017-7018.

Nguyen TV, Wibberg D, Vigil-Stenman T, Berckx F, Battenberg K
et al. Frankia-enriched metagenomes from the earliest diverging
symbiotic Frankia cluster: They come in teams. Genome Biol Evol
2019;11:2273-2291.

Gtari M, Ghodhbane-Gtari F, Nouioui |, Ktari A, Hezbri K et al. Culti-
vating the uncultured: growing the recalcitrant cluster-2 Frankia
strains. Sci Rep 2015;5:13112.

Peklo J. Die pflanzlichen Aktinomykosen. Centralbl Bakteriol Parasit
111910;27:451-579.

Dijk C, Simmer A, Weber A. Host range differentiation of spore-
positive and spore-negative strain types of Frankia in stands
of Alnus glutinosa and Alnus incana in Finland. Physiol Plant
1988,;72:349-358.



Pozzi et al., Int. J. Syst. Evol. Microbiol. 2020;70:5453-5459

28.

29.

30.

31.

32.

33.

34.

35.

Schwintzer CR. Spore-positive and spore-negative nodules. In:
Schwintzer CR, Tjepkema JD (editors). The Biology of Frankia and
Actinorhizal Plants. San Diego: Academic Press, Inc; 1990. pp.
177-193.

Simonet P, Bosco M, Chapelon C, Moiroud A, Normand P. Molecular
characterization of Frankia microsymbionts from spore-positive
and spore-negative nodules in a natural alder stand. Appl Environ
Microbiol 1994;60:1335-1341.

Pozzi AC, Bautista-Guerrero HH, Nouioui |, Cotin-Galvan L, Pepin R
et al. In-planta sporulation phenotype: a major life history trait to
understand the evolution of Alnus-infective Frankia strains. Environ
Microbiol 2015;17:3125-3138.

Bautista GHH, Cruz HA, Nesme X, Valdés M, Mendoza HA et al.
Genomospecies identification and phylogenomic relevance of
AFLP analysis of isolated and non-isolated strains of Frankia spp.
Syst Appl Microbiol 2011;34:200-206.

Kurdali F, Rinaudo G, Moiroud A, Domenach AM. Competition for
nodulation and "N, -fixation between a Sp*and a Sp~ Frankia strain
in Alnus incana. Soil Biol Biochem 1990;22:57-64.

Cotin-Galvan L, Pozzi AC, Schwob G, Fournier P, Fernandez MP
etal.In-planta sporulation capacity enhances infectivity and rhizos-
pheric competitiveness of Frankia strains. Microbes Environ
2016;31:11-18.

Pozzi AC, Bautista-Guerrero HH, Abby SS, Herrera-Belaroussi A,
Abrouk D et al. Robust Frankia phylogeny, species delineation and
intraspecies diversity based on Multi-Locus Sequence Analysis
(MLSA) and Single-Locus Strain Typing (SLST) adapted to a large
sample size. Syst Appl Microbiol 2018;41:311-323.

Bethencourt L, Boubakri H, Taib N, Normand P, Armengaud J et al.
Comparative genomics and proteogenomics of Frankia sporula-
tion. Res Microbiol 2019;50923-2508:30038-30035.

36.

37.

38.

39.

40.

41.

42.

43.

4b,

45,

Tisa LS, Beauchemin N, Gtari M, Sen A, Wall LG. What stories can
the Frankia genomes start to tell us? J Biosci 2013;38:719-726.

Bethencourt L, Vautrin F, Taib N, Dubost A, Castro-Garcia L et al.
Draft genome sequences for three unisolated Alnus-infective
Frankia Sp+ strains, AgTrS, AiOr and AvVan, the first sequenced
Frankia strains able to sporulate in-planta. J Genomics
2019;7:50-55.

Larkin MA, Blackshields G, Brown NP, Chenna R, McGet-
tigan PA et al. cLustAL W and cLUSTAL X version 2.0. Bioinformatics
2007;23:2947-2948.

Galtier N, Gouy M, Gautier C. SEAVIEW and PHYLO_WIN: two
graphic tools for sequence alignment and molecular phylogeny.
Comput Appl Biosci 1996;12:543-548.

Saitou N, Nei M. The neighbor-joining method: a new method for
reconstructing phylogenetic trees. Mol Biol Evol 1987;4:406-425.

Felsenstein J. Confidence limits on phylogenies: an approach using the
bootstrap. Evolution 1985;39:783-791.

Goris J, Konstantinidis KT, Klappenbach JA, Coenye T, Vandamme P
et al. DNA-DNA hybridization values and their relationship to whole-
genome sequence similarities. Int J Syst Evol Microbiol 2007;57:81-91.

Schwob G, Roy M, Pozzi AC, Herrera-Belaroussi A, Fernandez MP. In
planta sporulation of Frankia spp. as a determinant of alder-symbiont
interactions. Appl Environ Microbiol 2018;84:e01737-01718.

Navarro E, Bousquet J, Moiroud A, Munive A, Piou D et al. Molec-
ular phylogeny of Alnus (Betulaceae), inferred from nuclear ribo-
somal DNA ITS sequences. Plant Soil 2003;254:207-217.

Schwob G, Roy M, Manzi S, Pommier T, Fernandez MP. Green
alder (Alnus viridis) encroachment shapes microbial communi-
ties in subalpine soils and impacts its bacterial or fungal symbi-
onts differently. Environ Microbiol 2017;19:3235-3250.

Five reasons to publish your next article with a Microbiology Society journal

1. The Microbiology Society is a not-for-profit organization.
2. We offer fast and rigorous peer review — average time to first decision is 4—6 weeks.
3. Our journals have a global readership with subscriptions held in research institutions around

the world.

4. 80% of our authors rate our submission process as ‘excellent’ or ‘very good".
5. Your article will be published on an interactive journal platform with advanced metrics.

Find out more and submit your article at microbiologyresearch.org.



	Proposal of '﻿Candidatus﻿ Frankia alpina', the uncultured symbiont of ﻿Alnus alnobetula﻿ and ﻿A. incana﻿ that forms spore-­containing nitrogen-­fixing root nodules
	Abstract
	Introduction
	Methods
	Results
	Discussion
	Description of ﻿‘Candidatus﻿ Frankia alpina’
	References


