TAXONOMIC DESCRIPTION “ gﬂgER%BmLOGY
Bromfield and Cloutier, Int. J. Syst. Evol. Microbiol. 2021;71:004831 .

DOI' 10.1099/ijsem.0.004831 aK(EINCESS

Bradyrhizobium septentrionale sp. nov. (sv. septentrionale)

and Bradyrhizobium quebecense sp. nov. (sv. septentrionale)
associated with legumes native to Canada possess rearranged
symbiosis genes and numerous insertion sequences

Eden S. P. Bromfield* and Sylvie Cloutier

Abstract

Six bacterial strains isolated from root nodules of soybean plants that had been inoculated with root-zone soil of legumes native
to Canada were previously characterized and 1) placed in two novel lineages within the genus Bradyrhizobium and 2) assigned
to symbiovar septentrionale. Here we verified the taxonomic status of these strains using genomic and phenotypic analyses.
Phylogenetic analyses of five protein encoding partial gene sequences as well as 52 full length ribosome protein subunit gene
sequences confirmed placement of the novel strains in two highly supported lineages distinct from named Bradyrhizobium
species. The highest average nucleotide identity values of strains representing these two lineages relative to type strains
of closest relatives were 90.7 and 92.3% which is well below the threshold value for bacterial species circumscription. The
genomes of representative strains 1517, 16252 and 66S1MBT have sizes of 10598256, 10733150 and 9032145 bp with DNA
G+C contents of 63.5, 63.4 and 63.8 mol%, respectively. These strains possess between one and three plasmids based on copy
number of plasmid replication and segregation (repABC) genes. Novel strains also possess numerous insertion sequences, and,
relative to reference strain Bradyrhizobium diazoefficiens USDA1107, exhibit inversion and fragmentation of nodulation (nod)
and nitrogen-fixation (nif) gene clusters. Phylogenetic analyses of nodC and nifH gene sequences confirmed placement of novel
strains in a distinct lineage corresponding to symbiovar septentrionale. Data for morphological, physiological and symbiotic
characteristics complement the sequence-based results. The data presented here support the description of two new species
for which the names Bradyrhizobium septentrionale sp. nov. (sv. septentrionale) and Bradyrhizobium quebecense sp. nov. (sv. sep-
tentrionale) are proposed, with 1517 (=LMG 29930"=HAMBI 3676") and 66S1MB'™ (=LMG 31547"=HAMBI 3720Q7) as type strains,
respectively.

The genus Bradyrhizobium is a large and diverse group of for nitrogen fixation and symbiotic interaction with legume
species and includes members that possess accessory genes plants such as soybeans [1, 2].
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The GenBank/EMBL/DDBJ accession numbers for gene sequences of strains Bradyrhizobium quebecense 66S1TMB™ and 1255, Bradyrhizobium
septentrionale 1517, 16252, 75S4 and 2855 respectively, are: KP768782, KP768768, KP768787, KP768799, KP768813, and KP768772 (16S rRNA);
KP768550, KP768536, KP768555, KP768567, KP768581 and KP768540 (atpD); KP768608, KP768652, KP768613, KP768625, KP768639 and
KP768656 (ginll); KF615025, KF615584, KF615049, KF615372, KF615511 and KF615598 (recA); KP768724, KP768710, KP768729, KP768741,
KP768755 and KP768714 (gyrB); KP768666, KP768652, KP768671, KP768683, KP768697 and KP768656 (rpoB); KF615618, KF615654, KF615620,
KF615633, KF615645 and KF615658 (nodC) and, KF615665, KF615701, KF615667, KF615680, KF615692 and KF615705 (nifH). The whole genome
shotgun projects for strains 66STMBT, 1517 and 16252 were deposited at DDBJ/ENA/GenBank under the accession numbers JABWSX000000000,
JAAOLEO00000000 and JABXFA000000000, respectively. Raw PacBio data for strain 66S1MBT, 1517 and 16252 were deposited in the NCBI Sequence
Read Archive under the BioProject accession numbers PRINA640100, PRINA612041 and PRINA64O156, respectively. Strains 66STMBT, 1517 and
16252 were deposited in the BCCM/LMG Bacteria Collection, Belgium as LMG 315477, LMG 29930 and LMG 31550 and in the HAMBI Microbial
Culture Collection, Finland as HAMBI 3720 T, HAMBI 3676 T and HAMBI 3724, respectively.

Four supplementary tables and four supplementary figures are available with the online version of this article.
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In a previous study [3] an assessment was made of the diver-
sity and evolutionary relationships of soybean nodulating
bacteria associated with legumes native to eastern Canada.
Two soybean cultivars were used to selectively trap bacteria
from root zone soils of different native legume species and
more than 800 bacterial isolates were obtained from root
nodules of soybean plants. These bacterial isolates were char-
acterized by multiple locus sequence analysis (MLSA) of five
protein encoding core genes and multiple novel lineages of
Bradyrhizobium were identified. Bacterial strains representing
several of these lineages were assigned to a symbiotic ecotype
or symbiovar (sv.) that we named septentrionale (formerly
septentrionalis) based on the finding that they possessed
unique nodulation (nodC) gene sequences and distinctive
symbiotic characteristics.

During the course of the present work we detected high
numbers of insertion sequences (small transposable elements,
usually less than 3 kb in size) in the genomes of novel strains,
a situation similar to that for strains of Bradyrhizobium sp.
that possess highly reiterated sequences and were isolated
from root nodules of soybeans grown in Japan [4]. Insertion
sequences are important because they play a significant role
in bacterial evolution by inducing mutations, deletions and
rearrangements within the host genome [5].

In the work described here we used phylogenetic, genomic
and phenotypic analyses to further characterize strains
representing two novel Bradyrhizobium lineages. Based on
the results the novel species Bradyrhizobium septentrionale
sp. nov. (sv. septentrionale) and Bradyrhizobium quebecense
sp. nov. (sv. septentrionale) are proposed.

HABITAT AND ISOLATION

Novel strains were isolated from root nodules of soybean
plants that had been inoculated with suspensions of root-zone
soil from the following native legumes growing at wood-
land sites in the province of Québec, Canada as previously
described [3]: Amphicarpaea bracteata (hog-peanut) (site S1,
Gatineau, and, site S4, Donnacona); Desmodium canadense
(showy tick-trefoil) (site S2, Gatineau); and Apios americana
(potato bean) (site S5, Québec). Plants of the native legume
species at these sites were vigorous, showed no signs of
nitrogen deficiency and the roots were extensively nodulated
by resident soil bacteria.

Novel strains 1S1%, 16252, 7554 and 28S5 (Bradyrhizobium
septentrionale sp. nov.) were from root-zone soils of the native
legumes at sites S1, S2, S4, and S5, respectively whereas strains
66S1MB" and 1285 (Bradyrhizobium quebecense sp. nov.) were
from root zone soils of the native legumes at sites S1 and site
S5, respectively.

Novel strains 1S17, 162S2 and 66SIMB” were deposited in
the BCCM/LMG Bacteria Collection, University of Ghent,
Belgium (LMG collection nos. 29930, 31550 and 31547,
respectively) and in the HAMBI Microbial Culture Collec-
tion, University of Helsinki, Finland (HAMBI collection nos.
3676", 3724 and 37207, respectively).

PHYLOGENETIC ANALYSES OF PARTIAL
GENE SEQUENCES

Sequences of 16S rRNA, atpD, glnll, gyrB, recA and rpoB
core genes were used for phylogenetic analyses. Nucleotide
sequence accession numbers are shown in Table S1. Align-
ment of 16S rRNA gene sequences was carried out using fast,
secondary-structure aware Infernal aligner version 1.1 imple-
mented in the online Ribosomal Database Project version
11.5 [6]. Alignments of protein encoding partial core gene
sequences (atpD, glnll, gyrB, recA and rpoB) were performed
as previously described [7]. Best fit substitution models were
selected using ModelTest-NG [8] implemented in the CIPRES
Science Gateway V.3.3 [9]. Bayesian phylogenetic analyses
were performed using MrBayes version 3.2.1 with default
priors [10] as described previously [11]. Maximum-likelihood
(ML) phylogenetic analyses [12] were carried out using 1000
non-parametric bootstrap replications to assess support as
detailed previously [7]. In all instances the topologies of trees
from Bayesian and ML analyses were similar and therefore
only Bayesian trees are shown in this work.

In order to reconstruct a 16S rRNA gene tree of type strains
of all named species in the genus Bradyrhizobium (Table S1,
available in the online version of this article) it was necessary
to trim aligned sequence lengths to 1300 bp. The Bayesian
tree of 16S rRNA gene sequences (Fig. S1) shows that all novel
strains (1S17, 16252, 7554 and 28S5; 66S1MBT and 12S5) had
identical sequences and were placed in a superclade repre-
sented by B. elkanii. It should be noted, however, that the
16S rRNA gene is highly conserved and its usefulness as a
taxonomic marker for bacterial species delineation is limited
(13, 14].

MLSA of five or more partial core gene sequences is widely used
for phylogenetic analysis and delineation of species within the
genus Bradyrhizobium [11, 14-16]. The Bayesian tree of five
concatenated protein encoding core gene sequences (Fig. 1)
shows that type strains representing described species in the
genus Bradyrhizobium are grouped into four superclades
represented by B. japonicum, B. oligotrophicum, B. jicamae
and B. elkanii with all novel strains placed in the superclade
represented by B. elkanii. The grouping of Bradyrhizobium
reference strains into these four superclades is consistent
with the results of other phylogenetic studies of the genus
Bradyrhizobium [e.g. 1, 17, 18]. Fig. 1 further shows that the
novel strains are placed in two highly supported lineages
corresponding to the proposed species (B. septentrionale sp.
nov. and B. quebecense sp. nov.) and each of these lineages
is distinct from type strains of described Bradyrhizobium
species.

As one or more protein encoding core gene sequences of type
strains of several Bradyrhizobium species are not available in
public databases, a supplementary phylogenetic analysis was
carried out using the only two gene sequences (recA and glnII)
that are available for all named species. In order to include
type strains of all Bradyrhizobium species in the analysis, it
was necessary to trim aligned sequence lengths to 411 and 519
bp for the recA and ginIl genes, respectively. The Bayesian tree
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Fig. 1. Bayesian phylogenetic tree (GTR+G+l substitution model) of atpD-glnll-recA-gyrB-rpoB concatenated housekeeping gene
sequences for Bradyrhizobium septentrionale sp. nov., Bradyrhizobium quebecense sp. nov. and reference taxa of the genus Bradyrhizobium.
Alignment lengths: atpD, 429 bp; glnll, 519 bp; recA, 417 bp; gyrB, 600 bp; rpoB, 714 bp; total, 2679 bp. Posterior probabilities =0.90 are
shown. Bar, expected substitutions per site.
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of concatenated recA-ginIl gene sequences (Fig. S2) corrobo-
rates the placement of novel strains in two lineages that are
distinct from named species of the genus Bradyrhizobium.

Data for percentage sequence similarities (16S rRNA gene
sequences and five concatenated core gene sequences) of
novel strains versus reference taxa, calculated by the method
of Stothard [19] (Table S2) are consistent with the phyloge-
netic data (Figs 1 and S1).

Currently twelve symbiovars have been described in the
genus Bradyrhizobium based on distinctive nodulation (nod)
gene sequences and symbiotic characteristics. These twelve
symbiovars are shown in a Bayesian phylogenetic tree of
partial sequences of the nodC gene for novel strains and type
strains of named Bradyrhizobium species (Fig. 2). Consistent
with our earlier work [3] the nodC tree shows that all novel
strains are placed in a distinct and highly supported lineage
corresponding to symbiovar septentrionale. A Bayesian tree
of partial sequences of the nitrogen fixation (nifH) gene (Fig.
S3) exhibits a similar topology to the nodC gene tree (Fig. 2)
with the placement of the novel strains in a lineage that is
distinct from type strains of Bradyrhizobium species.

GENOMICS ANALYSES

The genomes of novel strains 1517 and 162S2 (Bradyrhizo-
bium septentrionale sp. nov.) and strain 66S1MB" (Bradyrhizo-
bium quebecense sp. nov.) were sequenced at the Genome
Quebec Innovation Centre, Montreal, Canada, using the
Pacific Biosciences (PacBio) Sequel single molecule real-time
(SMRT) platform [20].

Table 1 shows genomic characteristics of novel and reference
strains. Estimated genome coverage for novel strains was as
follows: strain 1S1™: 93-fold with 104918 polymerase reads and
an average read length of 11635 bp; strain 16252 : 97-fold with
116227 polymerase reads and an average read length of 8985
bp; and, strain 66S1MB”: 125-fold with 110353 polymerase
reads and an average read length of 10294 bp. The genomes
of strains 1517, 16252 and 66S1MBT have sizes of 10598256,
10733150 and 9032145 bp with DNA G+C contents of 63.5,
63.4 and 63.8 mol%, respectively. As the genome assemblies
of the novel strains were drafts with between two and four
contigs (see Table 1) we estimated the number of plasmids
in each strain based on the number of copies of repABC
genes encoding proteins involved in plasmid replication and
segregation [2, 21]. By this method, the maximum number
of plasmids in novel strains was estimated to be between one
and three. Further genome analyses (Table 1) using software
implemented in ISfinder [22] and ISsaga [23] web-based
platform indicated that abundant insertion sequences (IS)
are present in the genomes of the three novel strains similar
to that reported for plasmid containing and highly reiter-
ated sequence possessing (HRS) strain, Bradyrhizobium sp.
NKGe, isolated from a soybean root-nodule in Japan [4]. Since
mobile genetic elements such as plasmids are considered to
be major vectors of IS transmission and IS density is often
significantly higher in symbiosis islands (i.e. genomic islands

containing symbiosis genes) than in bacterial chromosomes
[4, 5, 24, 25], we compared the predicted IS numbers in the
genomes of our novel strains with reference strains that were
with and without plasmids and symbiosis islands. The data
in Table 1 show an apparent relationship between predicted
IS numbers and the presence of symbiosis islands and plas-
mids in the genomes of tested strains: high numbers of ISs
(range 384-622) were predicted in novel strains 1517, 16252,
66S1MB" and HRS reference strain Bradyrhizobium sp. NK6
[4] possessing symbiosis islands and one or more plasmids
whereas fewer ISs (69 and 104) were detected in strains B.
japonicum USDA6" [25] and B. diazoefficiens USDA110" [24]
that possess symbiosis islands but lack plasmids. Reference
strains B. symbiodeficiens 85S1MB" [26], B. amphicarpaeae
39S1IMB" [27], and, B. cosmicum 58S1T and S23321 [18]
lacking both symbiosis islands and plasmids contained the
fewest ISs (range 5-15) whereas between 41 and 134 ISs were
detected in Bradyrhizobium sp. DOA9 [28], Bradyrhizobium
sp. BTAil [29] and B. betae PL7HG" [30, 31] each possessing
a single plasmid but lacking symbiosis islands.

IS transposition and the related activities of deletion and
rearrangement may contribute to pseudogenization in the
bacterial host genome [5]. In this connection it is of interest
to note that the data in Table 1 also show an apparent relation-
ship between predicted IS numbers and total pseudogenes in
the genomes of novel and reference strains.

Analyses were carried out using Geneious Prime version
2020.1.1 software to compare the organization of the
nodulation (nod and nol) and nitrogen fixation (nif and
fix) genes in the genome sequences of novel strains 1S17 (sv.
septentrionale) and 66S1MBT (sv. septentrionale) with the
corresponding genes in the symbiosis island region of refer-
ence strain B. diazoefficiens USDA1107 (sv. glycinearum)
[24]. The results (Fig. 3) show an identical organization
of key nod and nif genes in the genomes of the two novel
strains assigned to symbiovar septentrionale. However, the
nodY and nolMNZ genes present in the genome sequence
of strain USDA 110" were not detected in the genomes of
novel strains 1S1"7 and 66S1MB’, an observation that is
consistent with a report by Passaglia [32] indicating that
several strains of B. elkanii lack nodY and nolMN genes.
Moreover, the nod gene cluster in novel strains 1S1" and
66S1MB" has undergone rearrangement and is inverted
relative to the corresponding genome sequence of reference
strain USDA110". The entire symbiosis gene region in both
novel strains has also been subjected to apparent fragmen-
tation with the inverted gene cluster located more than 5.8
Mbp distant from the nif-fix gene cluster. This contrasts
with reference strain USDA110" where key nod and nif
genes are located in a single contiguous symbiosis island
(symbiosis island A) [4, 24]. Iida et al. [4] reported that ISs
may mediate shuffling of the symbiosis island region in the
HRS strain Bradyrhizobium sp. NK6. In this connection it is
noteworthy that ISs were more abundant in the genomes of
strains 1S1T and 66S1MB” than strain USDA110T (Table 1,
Fig. 3). These ISs were found to be inserted in intergenic
spaces, a configuration that might be expected to be less
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Fig. 2. Bayesian phylogenetic tree (HKY+G substitution model) of nodC gene sequences (426 bp) for Bradyrhizobium septentrionale sp. nov.

(sv. septentrionale), Bradyrhizobium quebecense sp. nov. (sv. septentrionale) and reference taxa of the genus Bradyrhizobium. Posterior
probabilities =0.90 are shown. Bar, expected substitutions per site.



http://doi.org/10.1601/nm.1459
http://doi.org/10.1601/nm.1459
http://doi.org/10.1601/nm.1459

Bromfield and Cloutier, Int. J. Syst. Evol. Microbiol. 2021;71:004831

'[82] e 18 MEZENO Wol) elel

‘[7] ‘18 3o epl| wody ele(||
‘wJoyierd paseq gam [gg] ebess| pue [zZ] JapuljS| WoJd) el1ep U paseq SJaquinu S| pajoipald§
"[8Z] s@uab SISoIqUIAS SuIRIUOD pIUUSe]|dTE
'sa1dod auab Hgydas uo paseq spiwseld JO JaqUINU WNWIXeW pajewisa ay)y Juasaldal sasayjualed ul sanjepl

'T6L0Y PUB 9710G '76€00C '€180%L8 LGN LS99 UIRIIS 'G788/ PUB G6LZEE '8YSQYY ‘7960886 :2STL UIBAS 7/ /6L PUB 7160086 1 LS | Ulels :(dg) azis sbhuo),

6 8¢ 6¢ 69 €€T 71 VN LS€ 43 LTET vEy 9L 3% (1210) souagopnasq

s 0S Ly 8y Ly (4% bos 99 €S 99 0s €9 €9 SYN?

€099 9459 7589 0€69 L01L €L9L 139445 1898 90s8 9€001 06¥8 GTI01 8000T (1e103) sauany

€V9 L'V9 €79 €79 8%9 8%9 b9 L'€9 %9 1’19 8¢9 'e9 S€9 WUAQUOd H+H

§saouanbas

L St S 9 |54 88 el [l69 [[Fot [loos 8¢ ss (44 uonAsuL PAIPAI]

L(sardod Hgydar)

0 0 0 0 1 1 1 0 0 4 (m (€) @ sprwse|q

ON ON ON ON ON ON ON SL. SIK. SIL. SL. S SX. S/PUESI SISOIqUIAS

€056€0L LISYOL 1¥81€TL 9€TP0EL 0¥61%L €15e6¥8 6750S8L ¥8¢L076 8785016 LSTSL¥0T SP1T€06 0STEEL0T 95786501 9ZI8 JWOUID

(s8nyuoo ou) Ayienb

9)9rdwon 9)arduwo) 9ardwro) 9ardwo) 9ardwo) 9rdwo) (9) yexq 9)9rdwon) 9)arduwro) 9)9rdwon «(F) yeig «(F) yeig «(2) yrig Ajquuasse awouan)
1INISS8 1INIS6€ Tceets 1IS8S 1OHLTd JLAA RS 6vOod 19vasn 101TVASN NIN 1IINTS99 Se91 LIST

urens snsuRdRIRY)

'9]gR)IBAR JOU BIEP 'VN 'S8SR(RIEP UOIIRI0UUR |g)N WO} 3Je BIBP ‘PIIRIS 9SIMIBYI0 SSaIUN

1AW SG8 suamapoiquiAs wniqoziyiApelg pue gIN|LS6E seaedlediydwe wniqoziyiApelg 'L Zeegs pue
11586 wnajwsod wniqoziyiApelg ‘| L9H/d 8e1eq wniqoziy.Apelg '11v1g 'ds wniqoziyiApelg '6vy0Q 'ds wniqoziyiApelg ‘|9 ¥asn wnauodel wniqoziyiApeig ‘|0 L YASN Sualoyjaozelp wniqoziyiApelg
‘9)N "ds wniqoziyiApe.g suied}s 9dualajal pue \gN 1 S99 “Aou “ds asusdeqenb wniqoziyiApelg ‘'7SZ9 L PUB | |S| “Aou “ds ajeuolijualdas wniqoziydApelg jo saduanbas suwouab Jo so13sidelorley) T 91qel


http://doi.org/10.1601/nm.1459
http://doi.org/10.1601/nm.1459
http://doi.org/10.1601/nm.1459
http://doi.org/10.1601/nm.24498
http://doi.org/10.1601/nm.1460
http://doi.org/10.1601/nm.1459
http://doi.org/10.1601/nm.1459
http://doi.org/10.1601/nm.8517
http://doi.org/10.1601/nm.38447
http://doi.org/10.1601/nm.35514
http://doi.org/10.1601/nm.36175

Bromfield and Cloutier, Int. J. Syst. Evol. Microbiol. 2021;71:004831

B. quebecense 66SIMBT (sv. septentrionale)

20 ISs 318s
(739,954-807,541) (818,251-820,607)

rheVCInolBrheJnolUnolVrheNQRSTU
(901,616-926,607)

I
(876,955-911,807),
72,004

(6.773,750-6,954,196)
rheC2
«».032.005)

B. septentrionale 1517 (sv. ionale)

66 1Ss 1918s
(1428.176-1,605,631)  (1.613.465-1.677,324)

1606412 1609758 | 1,683,792

61Ss
(1,745,814-1,762,379)
1,728,659

101Ss
(7.686,720-7,704,692)
7.685:439

B. diazoefficiens USDA 110" (sv. glycinearum)
2018s 218s
(1,834,505-1,877.717) (1,897,181 - 1,898,364)
1875986 188511 1904949

rheVClnolBrheJnolUnolViheNQRSTUC2
41Ss  (1:955.237-1.996,658)

(1,937.434-1.943,042)
35,084

19

31Ss
(2214422:2216712)

Legend
I i cenes \:| nod genes - 1S (Insertion Sequence)
I fiveenes [ noreencs [T Other  // DNA regions not shown

Fig. 3. Comparative organization of nodulation (nod, nol) and nitrogen fixation (nif, fix) gene clusters of Bradyrhizobium septentrionale
sp. nov. (sv. septentrionale) 1517, Bradyrhizobium quebecense sp. nov. (sv. septentrionale) 66S1MB™ and Bradyrhizobium diazoefficiens

USDAT10T (sv. glycinearum).

disruptive for gene functioning than intragenic placement
of ISs [33].

Type III secretion system genes (rhc C1C2 JNQRSTUYV)
required for symbiotic interaction with legume plants [34]
were detected in the symbiosis gene region of both novel
strains and reference strain USDA110" (Fig. 3).

Average nucleotide identity (ANI) is recommended to replace
DNA-DNA hybridization methods as a genome relatedness
index for bacterial species delineation [13, 14, 35, 36]. The
MUMmer (ANIm) algorithm implemented in the J-species
web server version 3.0.20 [37] was used to estimate ANI
values for genome sequences of novel strains 1517, 16252 and
66S1MB in pair wise comparisons with the genome sequences
of type strains of Bradyrhizobium species identified as the ten
closest relatives based on the phylogenetic analyses reported
in this work. The data in Table 2 shows that ANI values in
comparisons with strains 1S17 and 162S2 (B. septentrionale
sp. nov.) were at or below 91.4%, and, in comparisons with
strain 66S1MBT” (B. quebecense sp. nov.) were 92.3% or less.
These ANI values are well below the threshold value of ~95%
proposed for bacterial species circumscription [13, 35]. In
contrast, the ANI value of 99.8% for the comparison of strains
1S17 versus 16252 is consistent with these strains belonging
to the same species.

Phylogenomic relationships were investigated using multiple
gene sequences that encode bacterial ribosome protein subu-
nits (rps genes) [38]. The Genome Comparator tool in the
bacterial domain genome database of the BIGSdb software
platform [39] was used to retrieve aligned concatenated
sequences of 53 rps genes from the genomes of the three novel

strains (1S1T and 16252, and, 66S1MB") and from the type
strains of 49 Bradyrhizobium species. For several Bradyrhizo-
bium type strains, the rpsU locus was found to be paralogous
(i.e. two or more alleles were present) and therefore this locus
was excluded from the analysis. A best-fit substitution model
was selected using ModelTest-NG [8]. A robust phylogenetic
tree of 52 concatenated rps gene sequences (Fig. 4) corrobo-
rates our finding that the novel strains are placed in two
highly supported lineages distinct from type strains of named
Bradyrhizobium species. These two lineages correspond to the
proposed species, B. septentrionale sp. nov. and B. quebecense
sp. nov. The arrangement of taxa in Fig. 4 also confirms the
placement of novel strains 1S17, 162S2 and 66SIMB” in a
superclade represented by B. elkanii USDA 76".

PHENOTYPIC CHARACTERIZATION

Novel strains 1S1" and 66S1MB? produce colonies that are
circular, convex, beige and ~0.1-0.25 mm diameter after 7
days growth at 28 °C on yeast extract-mannitol (YEM) agar
medium [7]. Bacterial cells are Gram-stain-negative based on
the KOH method of Buck [40]. Produce an alkaline reaction
on YEM agar after 21 days growth at 28 °C (Table S3) which
is typical of the genus Bradyrhizobium. Cell morphology
was investigated using a transmission electron microscope
(H-700, Hitachii) as described previously [11]. The results
indicate that bacterial cells are rod-shaped with sub-polar
flagella (Fig. S4) consistent with characteristics of the genus
Bradyrhizobium [41].

Analysis of fatty acids was done using the Sherlock Micro-
bial Identification System (midi) version 6.0 and the rtsba6
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Table 2. Average Nucleotide Identity (ANI) values for pair-wise comparisons of genome sequences of Bradyrhizobium quebecense sp. nov. 66S1TMBT and

Bradyrhizobium septentrionale 1517 and 16252 versus closest relatives

Type strain (accession no.) ANI (%)
66S1MB” 1817 16282

Bradyrhizobium quebecense 66S1IMB™ (JABWSX000000000) - 91.4 91.3
Bradyrhizobi p rionale 1S1" (JAAOLE000000000) 91.4 - 99.8
Bradyrhizobium septentrionale 16252 (JABXFA000000000) 91.3 99.8 -
Bradyrhizobium embrapense CNPSo 2833" (LFIP00000000) 92.3 90.3 90.3
Bradyrhizobium tropiciagri CNPSo 1112" (LFLZ00000000) 91.3 90.3 90.4
Bradyrhizobium uaiense UFLA03-164" (VKHP00000000) 91.1 90.4 90.4
Bradyrhizobium brasilense UFLA03-321" (MPVQ00000000) 91.1 90.7 90.7
Bradyrhizobium mercantei SEMIA 6399" (MKFI00000000) 91.1 90.5 90.5
Bradyrhizobium elkanii USDA 76" (ARAG00000000) 91.1 90.7 90.7
Bradyrhizobium viridifuturi SEMIA 690" (LGTB00000000) 91.0 90.2 90.2
Bradyrhizobium pachyrhizi PAC48" (LFIQ00000000) 90,9 90.6 90.6
Bradyrhizobium ivorense CI-1B" (CAADFC00000000) 88.4 88.6 88.6
Bradyrhizobium macuxiense BR 10303" (LNCU00000000) 88.0 88.0 88.0

database as described by Yu et al. [11]. Data for the fatty acid
profiles of novel strains 1517, 16252, 7554, 28S5, 66S1MB',
12S5 and reference taxa are shown in Table S4. Fatty acids
C,o Ciq, 06¢/C w7c (summed feature 8), C, . w5c,C, and
C,,,, cyclo w8c were common to all novel strams whereas C1 w0
10- methyl TBSA and C | w6c/w7c/19cy (summed feature 7)
were detected only in novel strain 1517, The predominance
of fatty acids C,_ and C,,, w6c/C,, w7c (summed feature
8) in all novel strains is a characteristic feature of the genus
Bradyrhizobium [42].

Multiple phenotypic tests including carbon source utiliza-
tion and chemical sensitivity assays were carried out using
BIOLOG GEN III MicroPlates (Biolog, USA) according to
manufacturer’s instructions. The results (Table S3) show
that strains 1517 and 66S1MB” can be differentiated from
one another as well as from type strains of B. brasilense,
B. elkanii, B. embrapense, B. ferriligni, B. ivorense, B. mercantei,
B. pachyrhizi, B. tropiciagri, B. uaiense and B. viridifuturi on
the basis of several of these phenotypic tests.

Plant tests using Leonard jars (three replicate jars, two plants
per jar) were carried out as described previously [3] using
B. diazoefficiens USDA110" as reference strain. Tests done
in this study and in the previous study [3] showed that
novel strains 1517, 16252, 7554, 28S5, 66SIMB™ and 1255
(sv. septentrionale) were able to elicit nodules on the roots
of soybean cultivar Glengarry but were ineffective with
regard to symbiotic nitrogen fixation. Results of further
tests showed that strains 1S1" and 66S1MB" were capable of
eliciting nodules on roots of legumes native to east Canada
(Amphicarpaea bracteata, and Desmodium glutinosum) but
were ineffective for symbiotic nitrogen fixation. In contrast

novel strain 151" was found to nodulate and exhibit a partially
effective nitrogen fixing association with the Canadian native
legume, Desmodium canadense [3].

DESCRIPTION OF BRADYRHIZOBIUM
SEPTENTRIONALE SP. NOV. (SV.
SEPTENTRIONALE)

Bradyrhizobium septentrionale (sep.ten.tri.o.na'le. L. neut. adj.
septentrionale of the north, northern). Cells are Gram-stain-
negative, aerobic, non-spore-forming rods (approx. 0.80x2.0
pm). Colonies on YEM agar medium are circular, convex,
beige, translucent and ~0.1-0.25 mm in diameter after 7 days
at 28 °C. Growth occurs at pH 5 but not at pH 10 (optimum
~pH 7.0). Produces an alkaline reaction on YEM agar. No
growth at 10 °C or 37 °C (optimal at ~28 °C). Does not grow
in the presence of 1% (w/v) NaCl. Predominant fatty acids are
C,,and C  w6c/C w7c (summed feature 8).

16:0

The type strain utilizes 41 carbon sources including dextrin,
maltose, gentiobiose, stachyose, melibiose, B-methyl-D-
glucoside, D-salicin, N-acetyl-D-glucosamine, N-acetyl-
B-D-mannosamine, N-acetyl-D-galactosamine, N-acetyl
neuraminic acid, D-mannose, D-fructose, D-galactose,
3-methyl glucose, p-fucose, L-fucose, L-rthamnose, inosine,
D-aspartic acid, L-arginine, L-aspartic acid and a-keto-
butyric acid. Does not utilize 30 carbon sources including
D-sorbitol, glycerol, L-alanine, L-pyroglutamic acid, mucic
acid, p-saccharic acid, methyl pyruvate, citric acid, L-malic
acid, bromo-succinic acid, Tween 40, y-amino-butryric acid,
B-hydroxy-p,L-butyric acid, propionic acid and formic acid.
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B. guangdongense CCBAU 51649

B. cytisi CTAW11T
B. rifense CTAW71T
B. hipponense aSej3T
B. niftali CNPSo 34487
B. diazoefficiens USDA 1107

I_—B. cosmicum 58817

1.00 B. betae PLTHG1T

B. japonicum USDA 6
— B. ottawaense 00997

B. shewense ERR11T
0.9;|7—|: B. amphicarpaeae 39SIMBT
1.00 B. symbiodeficiens 85S1MBT

B. nitroreducens TSA1T
B. frederickii CNPSo 34267
B. nanningense CCBAU 533907
1.00 B. dagingense CCBAU 157747
B. arachidis CCBAU 0511077
B. sacchari BR 102807
B. stylosanthis BR 4467
B. huanghuaihaiense CCBAU 233037
B.guangxiense CCBAU 533637
‘B. forestalis’ INPA54B
By ingense CCBAU 100717
B. vignae 7-27
‘B. zhanjiangense’ CCBAU 51778

B. neotropicale BR 10247"

1.00 B. centrolobii BR 102457
B. oligotrophicum S58T
B. murdochi WSM 17417
B. retamae Ro19"
B. icense LMTR 137
B. australiense WSM 17917
B. algeriense RST89T
B. paxllaeri LMTR 217
B. jicamae PAC68T
B. lablabi CCBAU 23086"

B. archetypum WSM 17447
1.00 ——— B. macuxiense BR 103037
B. ivorense CI-1BT
B. brasilense UFLA03-3217
B. pachyrhizi PAC48T
B. elkanii USDA 76T
B. tropiciagri CNPSo 11127
B. viridifuturi SEMIA 690T
B. mercantei SEMIA 6399T
B. uaiense UFLA03-164T
B. embrapense CNPSo 2833T
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Fig. 4. Bayesian phylogenetic tree (GTR+G+| substitution model) inferred from 52 concatenated ribosome protein subunit (rps) gene
sequences for strains of Bradyrhizobium septentrionale sp. nov., Bradyrhizobium quebecense sp. nov. and reference taxa. Alignment
length, 22703 bp. Posterior probabilities =0.90 are shown. Bar, expected substitutions per site.



http://doi.org/10.1601/nm.1459
http://doi.org/10.1601/nm.1459

Bromfield and Cloutier, Int. J. Syst. Evol. Microbiol. 2021;71:004831

The type strain is resistant to tetrazolium violet, tetrazolium
blue, nalidixic acid, lithium chloride, potassium tellurite,
aztreonam, sodium butyrate and sodium bromate. Susceptible
to 1% sodium lactate, fusidic acid, p-serine, troleandomycin,
rifamycin SV, minocycline, lincomycin, guanidine HCI and
Niaproof 4.

Elicits root nodules (ineffective for nitrogen fixation) on
Glycine max, Amphicarpaea bracteata, and Desmodium
glutinosum; elicits nodules (partially effective for nitrogen
fixation) on roots of Desmodium canadense. The genome of
the type strain contains key nodulation, nitrogen-fixation and
type III secretion system genes as well as abundant insertion
sequences. The type strain, 1S17 (=LMG 29930"'=HAMBI
3676") was isolated from a root nodule of a soybean plant that
was inoculated with root-zone soil of Amphicarpaea bracteata
plants growing in Quebec, Canada. The DNA G+C content of
the type strain is 63.5 mol% and the genome size is 10.60 Mbp.

GenBank/EMBL/DDB]J accession numbers for the whole
genome and 16S rRNA, atpD, glnll, recA, gyrB, rpoB, nodC and
nifH gene sequences of the type strain are JAAOLE000000000
and KP768787, KP768555, KP768613, KF615049, KP768729,
KP768671, KF615620 and KF615667, respectively.

DESCRIPTION OF BRADYRHIZOBIUM
QUEBECENSE SP. NOV. (SV.
SEPTENTRIONALE)

Bradyrhizobium quebecense (que.bec.en’se. N.L. neut. adj.
quebecense of or belonging to the province of Quebec,
Canada). Cells are Gram-stain-negative, aerobic, non-spore-
forming rods. The type strain produces colonies on YEM
agar medium that are circular, convex, beige, translucent
and ~0.25 mm diameter after 7 days at 28 °C. Growth occurs
at pH 5 but not at pH 10 (optimum ~pH 7.0). Produces an
alkaline reaction on YEM agar. No growth at 10 °C or 37 °C
(optimal at ~28 °C). Does not grow in the presence of 1%
(w/v) NaCl. Predominant fatty acids are C  and C,,  w6c/

C,q, w7c (summed feature 8).

The type strain utilizes 19 carbon sources including
D-sorbitol, b-mannitol, p-arabitol, myo-inositol, glycerol,
D-glucose-6-PO4, p-fructose-6-PO4, pectin, b-galacturonic
acid, mucic acid, quinic acid, methyl pyruvate, Tween 40,
a-hydroxybutyric acid and acetoacetic acid.

Does not utilize 53 carbon sources including dextrin, maltose,
gentiobiose, stachyose, melibiose, D-salicin, D-galactose,
L-fucose, L-rhamnose, D-aspartic acid, L-glutamic acid,
L-pyroglutamic acid, L-lactic acid, p-malic acid and acetic
acid.

The type strain is resistant to troleandomycin, rifamycin SV,
minocycline, tetrazolium violet, tetrazolium blue, aztreonam
and sodium butyrate. The type strain is susceptible to 1%
sodium lactate, fusidic acid, p-serine, lincomycin, guanidine
HCI, Niaproof 4, vancomycin, nalidixic acid, lithium chloride,
potassium tellurite and sodium bromate.

Elicits root nodules (ineffective for nitrogen fixation) on
Glycine max, Amphicarpaea bracteata, and Desmodium gluti-
nosum. The type strain, 66SIMB” (=LMG 31547"=HAMBI
37207) was isolated from a root nodule of a soybean plant
that was inoculated with root-zone soil of Amphicarpaea
bracteata plants growing in Quebec, Canada. The genome of
the type strain contains key nodulation, nitrogen-fixation and
type III secretion system genes as well as abundant insertion
sequences. The DNA G+C content of the type strain is 63.8
mol% and the genome size is 9.03 Mbp.

GenBank/EMBL/DDB]J accession numbers for the whole
genome and 16S rRNA, atpD, glnlI, recA, gyrB, rpoB, nodC and
nifH gene sequences of the type strain are JABWSX000000000
and KP768782, KP768550, KP768608, KF615025, KP768724,
KP768666, KF615618 and KF615665, respectively.
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