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Abstract

A red pigmented actinobacterium designated G2T, forming extremely branched vegetative
hyphae, vesicles and mutilocular sporangia, was isolated from Casuarina equisetifolia nodules.
The strain failed to nodulate its original host plant but effectively nodulated members of
actinorhizal Rhamnales. The taxonomic position of G2 was determined using a polyphasic
approach. The peptidoglycan of the strain contained meso-diaminopimelic acid as diagnostic
diamino acid, galactose, glucose, mannose, rhamnose, ribose and xylose. Polar lipid pattern
consisted of phosphatidylinositol (PI), diphosphatidylglycerol (DPG), glycophospholipids
(GPL1-2), phosphatidylglycerol (PG), aminophospholipid (APL) and unknown lipids (L). The
predominant menaquinones are MK-9 (H4) and MK-9 (He) while the major fatty acids are iso-
C16:0, C17:1 @8¢ and Cis.0. The size of the genome of strain G27 is 9.5 Mb and digital DNA G+C
content is 70.9%. The 16S rRNA gene showed 97.4% to 99.5 % sequence identity with the type
strains of the genus Frankia. Digital DNA:DNA hybridisation (dDDH) values between strains
G2" and its nearest phylogenetic neighbor Frankia elaeagni and Frankia discariae type strains
were below the threshold of 70 %. Based on these results, strain G27 (=DSM 45899 = CECT

9038") is proposed to represent the type strain of a novel species Frankia irregularis sp. nov.
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Introduction

The genus name Frankia was first proposed by Brunchorst (1886) [1]. It belongs to the
monogeneric family Frankiaceae (Becking 1970 emend Zhi et al. 2009) [2-3] and the order
Frankiales (Sen et al. 2014) [4] and encompasses soil actinobacteria best known for their
facultative nitrogen-fixing symbiosis with actinorhizal plants [7]. It has been shown, based on
16S rRNA [8], gyrB -[9] , gInll [8-9] genes, 16S-23S rRNA Internal Transcribed Spacers [10],
MLSA (atpl, ftsZ, dnaK, gyrA and secA) [11] and core genomes [12] phylogenies, that the
genus Frankia is structured in four clusters in concordance with the host plant specificity
proposed by Baker [13]. Frankia of cluster 1 are found infective on host plants of Alnus,
Casuarina, Allocasuarina and Myricaceae, while cluster 2 represents strains that are infective
on Coriariaceae, Datiscaceae, Dryadoideae, and Ceanothus. Strains of cluster 3 are the most
promiscuous and are infective on Elaeagnaceae, Myricaceae, Colletieae and Gynmmostoma.
The fourth Frankia cluster consists of the atypical strains which are unable to fix nitrogen
and/or to re-infect actinorhizal host plants. Recently ten species have been recognized Frankia
alni, Frankia casuarinae [14] and Frankia canadensis [15] of cluster 1, Frankia coriariae [16],
Candidatus Frankia datiscae [17] and Candidatus Frankia californiensis [18] of cluster 2,
Frankia elaeagni [14] and Frankia discariae (19) from cluster 3, Frankia inefficax [20],
Frankia asymbiotica [21] and Frankia saprophytica [22] from cluster 4.

Strain G2T of phylogenetic cluster 3, was isolated from Casuarina equisetifolia and appears to
infect members of the Rhamnales order but not its original host plant. Based on a polyphasic

approach, G2 emerges as type strain of a new species Frankia irregularis sp. nov.

Strain G2T was isolated from nodules collected in the INRA Research Station, Saint-Frangois,
Grande Terre, Guadeloupe [23]. The type strains of Frankia alni, Frankia casuarinae, Frankia
elaeagni and Frankia discariae, Frankia inefficax, Frankia asymbiotica, Frankia saprophytica,
Frankia Canadensis, Frankia coriaria together with the studied strain G2T were maintained in
Basic Propionate (BAP)[24] broth medium supplemented with NH4CI at 28°C without shaking
as previously described [14]. Phenotypic characterization was performed on 4 weeks old
cultures. Freeze dried cells were used for chemotaxonomic analyses while a fresh wet biomass
were examined for fatty acids profile and biochemical and morphological features. In this
context, scanning electron microscope (FE-SEM Merlin, Zeiss, Germany) and GENIII
microplates in an Omnilog device (Biolog Inc., Haywood, USA) were used as described by
Nouioui et al. [14]. All analysed tests were carried out in duplicate.
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Red pigmented colonies were developed after 3-4 weeks incubation of the type strain in BAP
broth medium at 28°C without shaking. The colonies were formed with extremely branched
vegetative hyphae, vesicles and mutilocular sporangia as shown in Fig. 1a-b, features observed
as well for F. elaesagni DSM 46783 and F discariae DSM 46785". The ability of the type strain
to fix atmospheric nitrogen and to nodulate member of the order Rhamnales were examined by
Diem et al. [23]. It has been shown that strain G2T was unable to re-infect its host plant
Casuarina equisetifolia [23]. The type strain can be distinguished from its nearest phylogenetic
neighbours, F. elaesagni DSM 46783", by its red pigmentation and several biochemical
properties including its ability to metabolise bromo-succinic acid, guanidine hydrochloride,
methyl pyruvate, potassium tellurite and 1% sodium lactate, and to grow in presence of
minocycline and vancomycin. Moreover, strain G2T was unable to oxidise D-glucose-6-
phosphate, D-fructose-6-phosphate and p-hydroxy-butyric acid unlike its phylogenetic
neighbour (Table 1). Thus morphological, physiological and cultural traits of strain G2" are

consistent with the genus Frankia.

Chemotaxonomic traits of strain G2 have been determined based on thin layer chromatography
procedures. Menaquinones and polar lipid profiles as well as diaminopimelic acids and sugars
contents of whole cell hydrolysate were identified following the same protocols used by
Nouioui et al. [14]. Fatty acid methyl esters (FAMESs) analyses for strain G2 and the reference
strains cited above were extracted and identified following the modified protocol of Miller
(1982) [25] by Kuykendall et al. [26] and as described by Nouioui et al. [14]. Strain G2 was
characterized by the presence of (i) meso-Azpm, galactose, glucose, mannose, rhamnose, ribose
and xylose in its whole cell hydrolysates, (ii) isoprenologue profile consisted of MK-9(H4) and
MK-9(Hs) as the predominant ones (>20%) and by (iii) polar lipid pattern consisted of
phosphatidylinositol (P1), diphosphatidylglycerol (DPG), glycophospholipids (GPL1-2),
phosphatidylglycerol (PG), aminophospholipid (APL) and uncharacterized lipids (L). Apart
from the presence of APL, the chemotaxonomic features of strain G27 are in line with those of
the type species of the genus, Frankia alni DSM 459867, and with its nearest phylogenetic
neighbors; F. elaecagni DSM 46783" and F. discariae DSM 46785" excepting that MK-9 (Ha)
was the major menaquinone and lacks rhamnose in cell wall sugars in F. discariae DSM
46785". In addition that the strain G2T contained APLThe major fatty acids (>15%) of the type
strain are iso-Cis.0, C171 w8c and Ciso While the type strains of F. elaeagni and F. discariae species

have Cg. instead of the Cis..
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The almost complete sequences of 16S rRNA gene of strain G2T extracted from the draft
genome and obtained from PCR-product are 100% identical to each other. Pairwise 16S rRNA
gene sequence similarities and phylogenetic trees were determined using the GGDC web server
[27] and according to Meier-Kolthoff et al. [28]. Maximum-likelihood (ML) and maximum-
parsimony (MP) trees were inferred on DSMZ phylogenomic pipeline [29] and using the
GTR+GAMMA model. For ML and MP trees, the sequences were aligned using RAXML [30]
and TNT [31], respectively. Rapid bootstrapping in conjunction with the autoMRE
bootstopping criterion [32] was used for ML while 1000 bootstrapping replicates in
conjunction with tree-bisection-and-reconnection branch swapping and ten random sequence
addition replicates was used for MP. Multiple sequence alignment were determined using
MUSCLE program [33] while X2 test as implemented in PAUP [34] was used to check the
sequence for a compositional bias.

Pairwise sequence similarities for 16S rRNA gene sequence between strain G2 and the type
strains of Frankia species varied from 97.4% to 99.5%. The highest values (above 99.0%) have
been found with the type strains of F. elaeagni and F. discariae species which belong, with
strain G2, to cluster 3 of the genus Frankia [9-10, 35-36]. In the ML phylogenetic tree, strain
G2 appeared, in highly supported clade, closely related to the type strain of F. elaeagni species
(99.5%) forming a subclade next to the one encompasses the type strain of F. discariae (99.4%),
F. saprophityca (98.1%), F. inefficax (97.6%) and F. asymbiotica (97.8%) (Fig. 2a).

The genome sequences of the Frankia and representative strains from other related genera were
annotated using Prokka v1.11 [37] and were compared using BPGA 1.3 pipeline [38]. The
missing data and poorly aligned regions from concatenated protein sequence alignment of the
core genome were removed using Gblocks [39]. A ML tree was constructed from the resulting
alignment of 10,491 amino acids using LG+F+G4 substitution model by 1Q-Tree with 100,000
ultrafast bootstrap iterations and SH-like approximate likelihood ratio tests [40]. Another ML
tree was generated using PhyloPhlAn [41] which extracts subsets of amino acid sequences from
400 universal proteins and calculate phylogeny from the concatenated alignment using RAXML
[42]. This approach is particularly suitable for an accurate determination of taxonomic
relationships from the genomic data [41]. The phylogenetic position of strain G2 (Fig2b and
Fig2.c) is in concordance with the ML 16SrRNA gene tree

Digital DNA:DNA hybridisation (dDDH) between strain G2 and its nearest phylogenetic

neighbour cited above was calculated using genome to genome distance calculator with formula
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2 available at DSMZ server (http://ggdc.dsmz.de/distcalc2.php). Strain G2' and its

phylogenetic relatives cited above showed dDDH values below the threshold of 70% designed
by Wayne et al. [43] for delineation a novel prokaryotic species (Table 2). Strain G2T has a
genome size of 9.5 Mb with 70.9 % of G+C content while its nearest neighbours, F. elaeagni
DSM 46783 and F. discariae DSM 46785" have respectively 7.6 Mb and 7.9 Mb with 71.7 %
and 72.4 % of G+C content.

It can be concluded from the wealth of the present pholyphasic study that strain G2' has
phenotypic and genetic features consistent with those of the genus Frankia and distinguishable
from the other Frankia species. Therefore, strain G2 forms a new lineage of the genus and
merits to be recognised as a new species within the genus for which the name Frankia

irregularis sp. nov. is proposed.

Description of Frankia irregularis sp. nov.

Frankia irregularis (ir.re.gu.la'ris. L. fem. adj. irregularis of irregular, referring to the inability
of the species to infect its original host plant and to infect taxonomically disparate host plants)
Nitrogen fixing Gram-positive aerobic, heterotrophic and chemoorganotrophic actinobacterium
known by its red pigmentation; colonies were formed by three cell structures: substrate hyphae,
multilocular sporangia and vesicles. Optimal growth was observed on BAP medium for 3-4
weeks at 28°C and from pH 6.3 to 6.8. It is able to oxidise D-cellobiose, a-keto-butyric acid,
methyl pyruvate, L-lactic acid, bromo-succinic acid, acetic acid, guanidine hydrochloride;
growth in presence of 1% sodium lactate, potassium tellurite, lincomycin, minocycline and
vancomycin. Whole cell hydrolysates are formed by meso diaminopimelic acid, galactose,
glucose, mannose, rhamnose, ribose and xylose; polar lipid pattern consisted of
phosphatidylinositol (P1), diphosphatidylglycerol (DPG), glycophospholipids (GPL1-2),
phosphatidylglycerol (PG), aminophospholipid (APL) and unknown lipids (L) (Fig. S1) and
predominant menaquinones (>20%) are MK-9 (Hs) and MK-9 (Hs). The major fatty acids

(>15%) are is0-Cig:0, C17:1 @8c and Cis:o.

The type strain G2T (=DSM 45899 = CECT 9038") was isolated from Casuarina equisetifolia
[23]. The size of the genome is 9.5 Mb and digital DNA G+C content is 70.9%.

The GenBank/EMBL/DDBJ accession numbers for the 16S rRNA gene sequence and draft
genome sequence reported are MH145366 and FAOZ00000000, respectively.
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Figure Legends

Figure 1. Scanning electron (a) and light microscopy micrograph (b) of strain G2" grew on BAP

media for 4 weeks at 28°C. (h), hyphae; (v), vesicles and (s), sporangia.

Figure 2. Maximum-likelihood phylogenetic tree based on almost complete16S rRNA gene
sequences constructed using the GTR+GAMMA model. The numbers above the branches are
bootstrap support values greater than 60% for ML (left) and MP (right) (a). Maximum-
likelihood phylogenomic tree based on core genome sequences (b). Maximum-likelihood
phylogenomic tree based on concatenated amino acid sequences from 400 universal proteins

(©).
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Table 1. Phenotypic and chemotaxonomic properties that distinguish strain G2™from the type strains of F. alni DSM 459867, F. asymbiotica
DSM 1006267, F. canadensis DSM 45898, F. casuarinae DSM 45818", F. coriariae DSM 1006247, F. elacagni DSM 46783, F. discariae
DSM 467857, F. inefficax DSM 458177 and F. saprophytica DSM 105290". All phenotypic data was obtained in the present study.

G2T DSM DSM DSM DSM DSM DSM DSM DSM DSM
459867  100626" 45898T 458187 1006247 467837 467857 458177 1052907
Colony colour red white white  white white brown red yellow white white
greyish
Vesicles/N,-fixation + + + + + + + + - -
Carbon source
Dextrin - - - + - - - - + .
D-cellobiose + - + - - + + + - +
[-gentiobiose - - - - + - - - - +
D-glucose-6-phosphate - + - + - - + + - +
D-fructose-6-phosphate - + - + - + + + + +
a-hydroxy-butyric acid w - + - + + - + - -
S-hydroxy-butyric acid - - + - - - + - - .
a-keto-butyric acid + - + + + - + - . +
Aceto-acetic acid w - - + + + - - - +
Methyl pyruvate + + + - + + - - - +
L-lactic acid + - - + - + + + i} ;
L-malic acid w + - - - - - - - +
D-malic acid w - - - - - - - ¥ +
Citric acid - - - + - + - + + +
Bromo-succinic acid + - - - - - - + + +
p-hydroxy-phenyl acetic acid - - - - + + - - - -
Glucuronamide, a-keto-glutaric w i - - ) + ) - . +
acid
Grow in presence of
Acetic acid + - + + + + + + - +




Sodium lactate + + - + + + - + + +
Grow in presence of

Fusidic acid W + - + + - - + + +
Lithium chloride w + - + - - - + + +
Potassium tellurite + + + + + - - + + +
Sodium bromate w + + + - - - - + +
Nitrogen sources
Guanidine hydrochloride + + + - - - + + -
D-serine w + + + - - - - + +
Antibiotic resistance to*
Lincomycin R R S R S S R R R S
Nalidixic acid w R R R R S S R R R
Minocycline and vancomycin R R S R R S S R R R
i50-Ci60,  i1S0-C16:0,  150-Ci6:0, i50-Cie0, i50-Ci60, Cig1@9cC, i50-Cie0, Ci7108C 150-Ci6:0, 150-Ciso,
Ciriw Ci17:1w8¢C C171 Cinw  Ci7108C Cyao Ciso, , Ci1710w8c, Ciraw8c,
Major fatty acids (>15%) 8¢, Cuso w8c 8 Ci7aw8C i50-Cie0, Cizo, Cis0  C150
Ci6-0
Predominant menaquinones MK-  MK-9(Hs), MK- MK-  MK-9(Hs), MK9(Hs) MK- MK- MK- MK-
(>20%) 9(Ha); MK-9(Hs) 9(Hz), 9(Ha)™ MK-9(Hs) | 9(Ha), 9(Ha) ™ 9(He), 9(Hs) 22
MK- [14] MK- [14] MK9(Hs)  MK- MK-9(Ha)
9(He) 9(Hs) 24 [16] 9(Hs) 141 [20]
Polar lipids PI, Pl, DPG, PI, Pl,DPG, PI, DPG, PI, PG, Pl, DPG, PI, Pl, DPG, PI, DPG,
DPG, GPLi3, PG, DPG, GPL.-, GPL13, DPG, GPL13, DPG, GPL1-2, GPL.1-,
GPLi2,  ULDM  pgG, PG,PL. pG, UL GPLy-, PG, GPLis PG,ULPRT Glus
PG, PL[Zl] 3, UL[15] UL [16] UL[14] PG, PG, PL,
APL, yLne ULt

UL




Host plant origin Casuarina Alnus viridis Morella Alnus incana Casuarina Coriaria
equisetifolia ssp.crispa californica  ssp. rugosa cunninghamiana japonica
Host plant range Rhamnales  Alnus,Comptonia, Alnus Casuarinaceae  Coriariaceae,
Myrica (excluding Datiscaceae
Gymostom),
Myricaceae
Genomic G+C content (%) 70.9 72.8 72.0 72.4 70.1 71.0

Elaeagnus Discaria Elaeagnus Coriaria
angustifolia trinervis umbellata nepalensis
Elaeagnacea, Colletieae,  Elaeagnaceae,
Colletieae,  Elaeagnacea Morella
Morella eMorella
71.7 72.3 72.3 71.8

+, positive reaction; -, w, weak reaction; negative reaction; R, resistant; S, sensitive; DPG: diphosphatidylglycerol; UL: unidentified lipids; PG:

phosphatidylglycerol; GPL: Unknown glycophospholipid; Pl: phosphatidylinositol; PL: phospholipids

Table 2. 16S rRNA gene sequence identities and dDDH values between type strain G2" and the type strains of the nearest phylogenetic Frankia

species. dDDH values are in % (upper right) and 16S rRNA gene sequence similarities are in % (lower left)

G2" F. inefficax F. elaeagni F. discariae DSM F. asymbiotica F. saprophytica
DSM 458177 467857 DSM 1006267 DSM 1052907
DSM 467837
G27 - 22.1[19.8-24.6%] 25.9[23.6-28.4%] 24.9[22.6-27.4%] 22.5[20.3-25%] 22.8 [20.5 - 25.2%)]
F. inefficax DSM 458177  97.6 - 22.2 [20 - 24.7%] 22.6 [20.3 - 25%] 25.8[23.5-28.3%] 25.7 [23.4 - 28.2%)]
F. elacagni DSM 467837  99.5 97.8 - 25.6 [23.3-28.1%] 22.5[20.3 - 25%)] 23.0 [20.7 - 25.4%)]
F. discariae DSM 467857 99.4 97.8 98.9 - 23.1[20.8 - 25.5%] 23.3[21-25.7%]



http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?lvl=0&id=325287

F. asymbiotica DSM 97.8 98.1 98.0 97.8 - 34.6 [32.2 - 37.1%)]
1006267

F. saprophytica DSM 98.1 985 98.2 98.0 99.4 -
1052907

[...] confidence interval
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