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ARTICLE INFO ABSTRACT

Keywords: South Africa is well-known for the diversity of its legumes and their nitrogen-fixing bacterial symbionts. How-
Biodiversity ever, in contrast to their plant partners, remarkably few of these microbes (collectively referred to as rhizobia)
ICNP . from South Africa have been characterised and formally described. This is because the rules of the International
11\3;3};:;%2:)?;;8 Code of Nomenclature of Prokaryotes (ICNP) are at odds with South Africa’s National Environmental Manage-

ment: Biodiversity Act and its associated regulations. The ICNP requires that a culture of the proposed type strain
for a novel bacterial species be deposited in two international culture collections and be made available upon
request without restrictions, which is not possible under South Africa’s current national regulations. Here, we
describe seven new Mesorhizobium species obtained from root nodules of Vachellia karroo, an iconic tree legume
distributed across various biomes in southern Africa. For this purpose, 18 rhizobial isolates were delineated into
putative species using genealogical concordance, after which their plausibility was explored with phenotypic
characters and average genome relatedness. For naming these new species, we employed the rules of the recently
published Code of Nomenclature of Prokaryotes described from Sequence Data (SeqCode), which utilizes genome
sequences as nomenclatural types. The work presented in this study thus provides an illustrative example of how
the SeqCode allows for a standardised approach for naming cultivated organisms for which the deposition of a
type strain in international culture collections is currently problematic.

Vachellia karroo

Introduction

South Africa is known for the astounding diversity of microbes
inhabiting its terrestrial ecosystems (Cowan et al., 2013; Guo and
Arnolds, 2018). This is particularly notable in soil environments where
myriads of microorganisms mediate soil fertility through nutrient
cycling (Cowan et al., 2022). For example, research during the last
decade demonstrated that South African soils are home to a large variety
of novel rhizobial bacteria (e.g., Beukes et al., 2013, 2019a; Dludlu et al.,
2018; Hassen et al., 2020; Lemaire et al., 2015; Ndlovu et al., 2013).
These oligotrophic soil inhabitants convert chemically inert molecular
nitrogen to bioavailable ammonia when they engage in symbioses with
plants from the family Leguminosae (Poole et al., 2018; Young et al.,
2001). The reaction is catalysed by rhizobial nitrogenase within
specialized organs known as nodules occurring on the roots or stem of
the legume (Poole et al., 2018). Despite the ecological and agricultural
importance of this symbiosis (Davies-Barnard and Friedlingstein, 2020;
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Soumare et al., 2020), only a few rhizobial species from South Africa
have been described and named (Avontuur et al., 2022; Beukes et al.,
2019b; Claassens et al., 2023; Mavima et al., 2021; Steenkamp et al.,
2015).

There are many reasons for the slow pace at which new taxa are
described and documented (Godfray et al., 2004; Pallen et al., 2021), but
for signatories of the Convention on Biological Diversity (CBD) and the
Nagoya Protocol (NP), national biodiversity laws and associated regu-
lations present additional hurdles (Rahi, 2021). The CBD promotes
protection of biological diversity through fair and equitable sharing of
biological resources (David Cooper and Noonan-Mooney, 2013), while
the NP provides the legal framework for benefit-sharing (Ramos, 2021).
Although South Africa supports both these agreements through its Na-
tional Environmental Management: Biodiversity Act (NEMBA), imple-
mentation of relevant legislation, policies and procedures are in some
cases lagging (Da Silva et al., 2023; Knight et al., 2023). The latter is
particularly evident in the exceedingly complex nature of current
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permitting requirements for distributing indigenous biological resources
inside and outside the country (Hamer et al., 2021). Taxonomic enter-
prises are thus at odds with the International Code of Nomenclature of
Prokaryotes (ICNP) which stipulates in Rule 30 that only axenic cultures
deposited in two international culture collections and made available
without any restrictions are accepted as appropriate nomenclatural
types (Oren et al., 2023). Under the ICNP, new bacterial names are thus
essentially disqualified from validation as long as the distribution of type
strains are restricted (Da Silva et al., 2023; Lewis, 2012; Oren et al.,
2023; Ramos, 2021).

In 2022, an alternative system for naming prokaryotes was intro-
duced to address the fact that most prokaryotes are precluded from
being validly named under the ICNP due to lack of axenic cultures
(Hedlund et al., 2022; Murray et al., 2020). It was formally published as
the Code of Nomenclature of Prokaryotes Described from Sequence Data
(SeqCode) and broadly uses the same naming rules as the ICNP but
designates genome sequences as nomenclatural types (Hedlund et al.,
2022). In other words, genome sequences of uncultivated and slow-
growing species, as well as species from countries that restrict the
export of biological material, are all legitimate sources of nomenclatural
types under the SeqCode (Hedlund et al., 2022; Palmer et al., 2022).
Therefore, given that genome data form an essential part of rhizobial
taxonomy (de Lajudie et al., 2019; Ormeno-Orrillo et al., 2015), the
SeqCode provides a fitting avenue for documenting and naming new
taxa from countries such as South Africa.

The overall goal of this study was to describe and name new rhizobial
species associated with Vachellia karroo using the SeqCode. This legume
is one of the most widely distributed tree species in southern Africa,
occurring throughout South Africa (Dingaan and du Preez, 2017) where
it thrives across a range of climatic and edaphic conditions (Maroyi,
2017). Because of its high adaptability to different environments,
V. karroo is a pioneer species in most biomes, as well as a woody invader
in savannas (Taylor and Barker, 2012). In fact, the legume’s ecological
success has been linked to the large diversity of its rhizobial symbionts
(Beukes et al., 2019a). Among these, Mesorhizobium seems to be a pre-
dominant genus, as it has been associated with V. karroo from across
South Africa including sites in the Succulent Karoo, Desert, Grassland

Biomes

# Savanna

A Grassland

¢ Desert

® Succulent Karoo

Location: Pofadder (Northern Cape)
Isolates : VK4B, VK4C
Species: M. captivum sp. nov.

M. abyssinicae

Location: Kamieskroon (Northern Cape) /

Isolate: MSK 1335™
Species: M. montanum sp. nov.

Location: Van Rhyns Pass (Western Cape)
Isolates: VK2B™, VK2D
Species: M. humile sp. nov.
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and Savanna biomes (Beukes et al., 2019a; Muema et al., 2022).
Although Mesorhizobium strains are commonly associated with South
African legumes (Beukes et al., 2019a; Gerding et al., 2012; Hassen
et al., 2020), none so far have been formally described and named.

The specific aims of our study were to taxonomically delineate a set
of Mesorhizobium strains previously isolated from the root nodules of
V. karroo and to describe and name novel species according to the
SeqCode’s requirements (Hedlund et al., 2022), while also adhering to
the minimal standards for defining new rhizobial species (de Lajudie
et al., 2019). Apart from advancing the field of Mesorhizobium system-
atics, the results of this study would illustrate how the SeqCode could
facilitate valid naming of species for which pure cultures are not avail-
able beyond the country of origin’s borders. The SeqCode will un-
doubtedly be invaluable for documenting and naming new bacteria in
countries striving to protect their biodiversity through highly restrictive
access and benefit sharing legislation.

Materials and methods
Bacterial strains and growth conditions

A collection of 18 Mesorhizobium strains obtained from the root
nodules of V. karroo was utilized in this study (Fig. 1). The strains were
recovered with “trapping” experiments under controlled greenhouse
conditions during which the legume was grown in soils collected from
the rhizosphere of V. karroo occurring in diverse locations in the Lim-
popo, Free State, North West, Eastern Cape, Western Cape and Northern
Cape Provinces of South Africa. Of these, 17 strains (VK1D, VK4B,
VK25D, VK25A, VK3E, VK9D, VK2D, VK2B, VK24D, VK23B, VK23D,
VK23A, VK4C, VK22E, VK22B, VK23E, and VK3C) were available from a
previous study (Beukes et al., 2019a) and the remaining strain (MSK
1335) was recovered by Muema et al. (2022).

For routine culturing, Yeast Mannitol (YM; VWR Chemicals, Leuven,
Belgium) agar (Oxoid, Hampshire, England) and incubation at 28 °C
were used. In instances where strains excessively produced exopoly-
saccharides, YM was replaced by Tryptone Yeast (TY; Oxoid) agar sup-
plemented with 44 g/1 CaCly-2H,0 (Howieson and Dilworth, 2016). All

Location: Mookgophong (Limpopo)
Isolates: VK22B, VK22E™s, VK23A, VK23B, VK23D's,
VK23E, VK24DTs, VK25A™, VK25D
Species: M. dulcispinae sp. nov.
M. captivum sp. nov.
M. album sp. nov.
M. vachelliae sp. nov.

Location: Bloemhof (North West)

Isolates : VK3C, VK3E

Species: M. australafricanum sp. nov.
M. captivum sp. nov.

A/

Location: Vredefort (Free State)
Isolate: VK1D
Species: M. abyssinicae

Location: Stutterheim (Eastern Cape)
Isolate: VKOD™
Species: M. australafricanum sp. nov.

A\

Fig. 1. The geographic sampling locations of the rhizosphere soil used as a trapping medium to obtain the 18 Mesorhizobium strains associated with V. karroo across
South Africa. The biomes were defined according to Driver et al., 2012 and are represented by different symbols. Additionally, this figure also depicts the isolates
identified following the trapping experiments with the sampled soil and their respective species allocation.
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strains were cryopreserved at —80 °C in 20 % (v/v) glycerol and
Microbank™ storage beads (Pro-lab Diagnostics, Canada).

Confirmation of Mesorhizobium membership

To confirm that the bacteria represent Mesorhizobium, 16S ribosomal
RNA (rRNA) sequence analysis were conducted. For this purpose, DNA
extracted with the Quick-DNA™ MiniPrep kit (Zymo Research, United
Sates of America) was used as template in PCR with primers 27F (5’ AGA
GTT TGA TCC TGG CTC AG 3) and 1492R (5 GGT TAC CTT GTT ACG
ACT T 3') to amplify the 16S rRNA gene (Suzuki and Giovannoni, 1996).

The PCR products were purified enzymatically by incubation at 37 °C
for 15 min in the presence of 20 U/ul Exonuclease I (Thermo Fisher
Scientific, Waltham, United States of America) and 2 U/ul FastAP
thermosensitive Alkaline Phosphatase (Thermo Fisher Scientific).
Following inactivation of the enzymes at 80 °C for 15 min, amplicons
were sequenced using the BigDye™ Terminator v3.1 Cycle Sequencing
kit (Thermo Fisher Scientific), an AB13100 Automated Capillary DNA
sequencer (Thermo Fisher Scientific) and the respective PCR primers.
The sequence files obtained were then viewed and edited using Chro-
masLite version 2.01 (Technelysium, Queenswood, Australia) and Bio-
Edit version 7.05 (Hall, 1999).

The sequences for all 18 strains were subjected to the Basic Local
Alignment Search Tool (BLAST) analysis (Altschul et al., 1990) against
the nonredundant nucleotide database of the National Center for
Biotechnology Information (NCBL; http://www.ncbi.nlm.nih.gov). The
16S rRNA sequences were additionally subjected to phylogenetic anal-
ysis. For this purpose, a 16S rRNA dataset was assembled using pub-
lished sequences for the type strains of Mesorhizobium according to the
List of Prokaryotic Names with Standing in Nomenclature (LPSN; Parte
et al., 2020). The 16S rRNA sequences were aligned with MAFFT
(Multiple Alignment using Fast Fourier Transform) version 7.310 using
the Q-INS-I strategy that takes secondary structure into account (Katoh
et al., 2019). The alignment was then used to construct a maximum
likelihood (ML) phylogeny in IQ-TREE release 2.2.2.6 (Nguyen et al.,
2015; Trifinopoulos et al., 2016). Branch support was estimated by
performing Ultrafast Bootstrap approximation (UFBoot; Hoang et al.,
2018) of 1000 pseudoreplicate alignments and single branch tests of
1000 replicates per branch [SH-aLRT (Guindon et al., 2010)]. The
phylogenetic tree was viewed on the Interactive Tree of Life version 5
(iTOL; https://itol.embl.de/; Letunic and Bork, 2021) and edited using
Inkscape version 1.3 (https://inkscape.org/).

Genome sequencing and assembly

High-quality DNA of the 18 Mesorhizobium strains used in this study
was extracted from five-day old YM or TY cultures using either the
Promega Wizard Genomic DNA purification kit (Anatech Limited, South
Africa) or the hexadecyltrimethylammonium bromide (CTAB) method
(Cleenwerck et al.,, 2002; William et al.,, 2012). Genomes were
sequenced by the Biotechnology Platform of the Agricultural Research
Council (ARC-BTP), South Africa, using the HiSeq 3000 sequencing
platform (Illumina, San Diego, United States of America) and the NEB-
Next® Ultra™ II FS DNA Library Prep Kit for Illumina® (New England
Biolabs, Ipswich, United States of America).

Quality checks and read trimming were performed using FastQC
version 0.11.9 and Trim Galore version 0.6.7, respectively (Babraham
Bioinformatics, Cambridge). Draft genome assemblies were constructed
using SPAdes version 3.13.1 (Bankevich et al., 2012) and assembly
statistics were estimated with QUAST version 5.0.2 (Center for Algo-
rithmic Biotechnology, United States of America). Average sequencing
coverage was calculated using BBMap version 38.18 (Department of
Energy, Joint Genome Institute, United States of America). The quality
of the draft genomes was further interrogated using the Microbial Ge-
nomes Atlas (MiGA) webserver (https://disc-genomics.uibk.ac.at/mi
ga//; Rodriguez-R et al., 2018) and CheckM version 1.0.18 (Parks
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et al., 2015). To estimate the position of our 18 strains in the taxonomic
framework implemented in the Genome Taxonomy Database (GTDB;
https://gtdb.ecogenomic.org/; Parks et al., 2022), we utilised the
taxonomic classification toolkit, GTDB-Tk version 2.3.2 (Chaumeil et al.,
2022), as implemented in KBase (the workflow is available at https://kb
ase.us/n/159176/19/; Arkin et al., 2018). The draft genome assemblies
and raw sequence data were deposited into the NCBI database under the
BioProject accession number: PRINA1009259.

For the strains designated as nomenclatural types (see below),
Barrnap version 0.9 (https://github.com/tseemann/barrnap) was used
to predict and extract the ribosomal rRNA sequences (i.e., 16S, 5S and
23S). Transfer RNAs and the standard amino acids that they decode were
predicted using tRNAscan-SE version 2.0 (Chan et al., 2021; Chan and
Lowe, 2019). The genome coordinates of the common nodulation gene
nodA, N-acetylglucosaminyltransferase gene nodC and nitrogen-fixing
gene nifH were predicted for the nomenclatural type sequences in sil-
ico using Prodigal version 2.6.3 (Hyatt et al., 2010) and searched againts
other known sequences using BLAST + version 2.11.0 (Camacho et al.,
2009).

Species delineation and phylogenomic analysis

For delineating the strains to the species level, species hypotheses
were based on genealogical concordance. For inferring phylogenetic
relationships among Mesorhizobium species, the Up-to-date Bacterial
Core Gene set (UBCG version 3.0) was used (Na et al., 2018). The 92
UBCG sequences were predicted and extracted using Prodigal and the
hmmsearch 3.1b2 function of HMMER3 (Sun and Buhler, 2007) as part
of the UBCG pipeline (Na et al., 2018). The 92 gene dataset included
information for all genomes sequenced in this study, as well as those
available for type strains of Mesorhizobium sensu stricto as demarcated in
Release 08-RS214 (28th April 2023) of the GTDB. The dataset also
included gene sequences for the representatives of undescribed novel
species catalogued by the GTDB (Parks et al.,, 2022). Information
regarding the entire dataset can be found in Supplementary Table S1.

The extracted gene sequences were aligned with MAFFT using
default settings (Katoh et al., 2019), and then partitioned and concate-
nated using FASconCAT-G version 1.02 (Kiick and Longo, 2014). The
returned dataset was subjected to ML phylogenetic analysis in IQ-TREE,
using independent parameter estimation for each gene partition and the
ModelFinder tool for determining optimal model parameters (Kalyaa-
namoorthy et al., 2017). Branch support was estimated with UFBoot and
SH-aLRT of 1000 pseudoreplicates.

Using the UBCG pipeline, we evaluated the phylogenetic clustering
for our 18 isolates in each of the 92 genes using FastTree (Price et al.,
2010) and the Gene Support Index. The latter reflects the number of
single-gene phylogenies supporting a particular bifurcation of the 92-
gene UBCG phylogeny (Na et al., 2018). These values were used to
identify concordant groups (i.e., clusters supported by all 92 single gene
trees), representing putative species (Venter et al., 2017).

In cases where whole genome sequences were not available for
relevant Mesorhizobium type strains, a smaller dataset was constructed,
consisting of the five protein-coding genes typically used for multilocus
sequences analysis (MLSA) in this genus (Laranjo et al., 2014). These
genes are recA (encoding recombinase protein A), atpD (encoding ATP
synthase beta subunit), gInlI (encoding glutamine synthetase II), rpoB
(encoding DNA-directed RNA polymerase subunit beta) and gyrB
(encoding DNA gyrase subunit B), of which only recA and rpoB are
included in the UBCG set (Na et al., 2018). The single gene data, as well
as the partitioned concatenated data were subjected to ML phylogenetic
analysis, with branch support also estimated using UFBoot, all as
described above.

Overall-genome-relatedness index analysis

Average nucleotide identity (ANI) values were used as a measure of
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the similarity among genomes and are routinely included in novel
rhizobial species descriptions (Goris et al., 2007; Ormeno-Orrillo et al.,
2015; Yoon et al., 2017). Pair-wise ANIb values among genomes were
estimated using JSpecies version 1.2.1 (Richter and Rossello-Mora,
2009) and calculated by using BLAST + 2.11.0 (Camacho et al., 2009).
This software performs reciprocal BLAST searches between genome
pairs in which 1020 nucleotide sections of the query genome are
compared against the reference genome. From these data, JSpecies es-
timates normalised average identity values for homologous regions
showing > 30 % similarity over > 70 % of their alignment length.

Phenotypic tests

All strains were grown on TY agar for five days and a single colony
was used to perform Gram staining (Vincent, 1970). Gram-stained cells
were viewed at 100x magnification using a Zeiss Axioskop 2 plus mi-
croscope with Zen Blue software and the general cell shape was deter-
mined. The motility of the bacteria was determined by inoculating the
Mesorhizobium strains into a semisolid growth medium containing 0.4 %
(w/v) YM agar (Gao et al., 2020).

Growth of the strains on TY medium was evaluated by incubation for
five daysat4°C,10°C, 15 °C, 20 °C, 25 °C, 28 °C, 30 °C, 35 °C, 37 °C and
40 °C. Other growth characteristics were determined using incubation
for five days at 28 °C. These included the pH growth range, which was
determined by growing a bacterial suspension in YM broth with adjusted
pH 4 to pH 10 by using hydrogen chloride and sodium hydroxide and
incubated in an orbital shaking incubator (MRC, Harlow, United
Kingdom) at ca. 150 rotations per minute. Additionally, sodium chloride
(NaCl) tolerance was tested on YM agar plates supplemented with 0.3 %,
0.5 %, 1.0 %, 1.5 %, 2.0 % and 2.5 % (w/v) of NaCl, respectively.

Biochemical attributes of the strains were determined using API®
20NE strips (bioMérieux, France), according to the manufacturer’s in-
structions with modifications made to the incubation period and tem-
perature (i.e., five days at 28 °C). The strains were also analysed using
the Biolog GENIII MicroPlate™ which includes 71 different carbon
source utilization assays and 23 chemical sensitivity assays (Biolog,
France), with incubation time and temperature identical to that of the
API® 20NE strips.

Nodulation confirmation and symbiovar identification

The nodulation capabilities of representative strains of each pro-
posed novel species were tested on V. karroo as described previously
(Beukes et al., 2019a). Briefly, seeds of V. karroo were pretreated with
concentrated sulphuric acid, rinsed with sterile distilled water (sHy0)
and then soaked in sH5O for three hours. The imbibed seeds were then
placed on water agar (1.5 %; w/v) and incubated in the dark for two
days at 28 °C to germinate. Three germinated seeds were then planted in
a plastic nursery pot filled to 80 % of its capacity with sterile river sand,
after which inoculum for a particular strain was applied directly onto the
radicle of each seedling. For each isolate, the inoculum consisted of a YM
culture following incubation at 28 °C for 3 days in a shaking incubator
(MR, for ca. 150 rotations per minute). For the negative control, un-
inoculated seedlings were used. Plants were left to grow under nitrogen-
free conditions (Howieson and Dilworth, 2016) in a greenhouse set at a
cycle of 28 °C for 14 h of daytime and 15 °C for 10 h of nighttime. Plants
were watered three times a week with sHO until the sand was saturated,
and treated with nitrogen-free Hoagland plant growth solution once a
week (Howieson and Dilworth, 2016).

After seven weeks of growth, the plants were harvested and exam-
ined for nodule development. If present, nodules were excised from the
roots and surface sterilised by soaking them for 2 min in 3.5 % (v/v)
sodium hypochlorite (NaOCl) and then for 1 min in 80 % (v/v) ethanol.
Following five rinses with sHyO, the content of individual nodules was
streaked onto YM agar and incubated at 28 °C (Howieson and Dilworth,
2016). Subculturing on YM agar was performed to obtain pure cultures.
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The identities of the root nodule bacteria were verified by compar-
ison to the original strains through sequencing of the atpD gene region
(in the case of MSK 1335) and the rpoB gene region (all other strains).
For this purpose, DNA was extracted using the Quick-DNA™ MiniPrep
kit (Zymo Research, United States of America) and used as templates in
PCR with primers atpD-273f and atpD-771r for atpD (Gaunt et al., 2001)
or ropB82F and ropB1580R for rpoB (Capela et al., 2001). The constit-
uents of the amplification reaction mixtures and the PCR cycling con-
ditions used were the same as those used for the 16S rRNA region above.
The only differences were that atpD employed an annealing temperature
of 56 °C for 40 s, while the rpoB cycling conditions included an initial
denaturation at 95 °C for 5 min, followed by 3 cycles of denaturation at
94 °C for 2 min, annealing at 58 °C for 2 min and elongation at 72 °C for
1 min, after which another 30 cycles at the same temperatures of
denaturisation for 30 s, annealing for 1 min and extension for 1 min and
a final elongation step was performed at 72 °C for 5 min. The rpoB and
atpD amplicons were purified and sequenced as before. Their sequences
were then compared to those of the original isolates used as inoculum, in
order to prove Koch’s postulates and confirm the rhizobial abilities/
lifestyle of these strains.

Phylogenetic analysis to investigate the relatedness of our strains to
known symbiovars (symbiotic variants) was conducted using the nodC
genes extracted from whole genome sequences generated in the current
study, along with additional nodC sequences with high sequence simi-
larity based on a BLAST search against NCBI's nucleotide database
(accessed 4 March 2024) and other Mesorhizobium type strains according
to the LPSN (accessed 4 March 2024). The nodC sequences were aligned
with MAFFT using default settings (Katoh et al., 2019). Maximum
likelihood phylogenetic analysis was performed using IQ-TREE with
branch support estimated with UFBoot and SH-aLRT of 1000 pseudor-
eplicates each.

Results
Mesorhizobium strains from different biomes in South Africa

Analysis of the 16S rRNA sequences confirmed that all 18 of the
strains included in this study are members of Mesorhizobium sensu stricto,
as defined in the GTDB’s most recent release (Parks et al., 2022). The
nucleotide BLAST results showed that they all shared > 96 % sequence
similarity with other Mesorhizobium strains (Camacho et al., 2009). The
16S rRNA phylogeny separated the 18 Mesorhizobium strains into
different clusters, but with limited resolution and statistical support
(Supplementary Figure S1). Nevertheless, these data confirmed that the
18 strains isolated from the root nodules of V. karroo represent diverse
Mesorhizobium species from the Succulent Karoo (n = 3), Desert (n = 2),
Grassland (n = 4) and Savanna (n = 9) biomes in South Africa (Fig. 1).
We accordingly proceeded to sequence the genomes of these bacteria for
further analyses.

High-quality genome assemblies for 18 Mesorhizobium strains

Draft genomes were sequenced and assembled for all of the Meso-
rhizobium strains isolated from the root nodules of V. karroo studied here
(Supplementary Table S2). Overall, the genomes were between 6
374 021 and 7 496 434 base pairs (bp) in size, with %GC mole content
ranging from 62.94 % to 64.03 %, which are comparable to other
Mesorhizobium genomes (Geddes et al., 2020). In most instances, our
assemblies also contained fewer than 100 contigs. The assemblies all had
an average read coverage of > 74.362x, which is well above the rec-
ommended average coverage for accurate whole genome comparisons
(Field et al., 2008) and for use in taxonomic analyses (Chun et al., 2018).
The high quality and integrity of our genome assemblies were also re-
flected by high N50 and N75 values. These parameters represent the
contig lengths where 50 % and 75 %, respectively, of the genome is
contained in the shortest contig of that length. All the recorded N50



M. van Lill et al.

values exceeded 105 172 bp, and the N75 values all exceeded 55 546 bp.
Similarly, the L50 and L75 values reflect the number of contigs needed
to cover 50 % and 75 % of the genome, respectively, and for our as-
semblies, these were respectively 5-19 contigs and 10-40 contigs. The
sequence data and draft assemblies generated for all 18 Mesorhizobium
strains have been deposited in the NCBI's sequence read archive (SRA)
and genome database, respectively (see Supplementary Table S2
accession numbers).

Robust 92-gene phylogeny for Mesorhizobium sensu stricto

Analysis of the combined nucleotide data for 92 UBCGs allowed
inference of a robustly resolved Mesorhizobium phylogeny (Fig. 2, Sup-
plementary Figure S2). The taxa included in the analysis were repre-
sentative of species included in Mesorhizobium senso stricto as defined in
the latest release of the GTDB (Supplementary Table S1). Our dataset
therefore excluded M. oceanicum (now named Aquibium oceanicum) (Kim
et al., 2022), as well as M. alexandrii, M. camelthorni, M. dentrificans,
M. ephedrae, M. liriopis, M. microcysteis, M. soli, M. rhizophilum,
M. sediminum and M. zhangyense. The dataset also excluded Meso-
rhizobium species that were reclassified on GTDB as members of other
species of Mesorhizobium senso stricto. These were M. delmotii (synonym
of M. temperatum), M. sanjuanii (synonym of M. helmanticense), and
M. hominis and M. hungaricum (both synonyms of M. terrae).

The 18 Mesorhizobium strains from V. karroo formed seven distinct
lineages with 100 % bootstrap support and SH-aLRT > 0.8 for all
branches. Our strains mostly did not group closely to known Meso-
rhizobium species or representatives of undescribed species included in
the GTDB. This was particularly evident for the four clusters containing
strains VK25A + VK25D, strains VK2B + VK2D, strains VK23A + VK23B
+ VK23D, and strains VK9D + VK3E + MSK 1335. Strain VK24D was
most closely related to GTDB representative, Mesorhizobium sp.
ORS3324, while the clusters containing strains VK22E + VK22B +
VK3C + VK23E + VK4C and strains VK1D + VK4B grouped closely to
GTDB representatives Mesorhizobium sp. M1B.F.Ca.ET.045.04.1.1 and
Mesorhizobium sp. M4B.F.Ca.ET.203.01.1.1, respectively. From the
phylogeny alone, however, it was impossible to infer species boundaries,
especially in the case of clusters that are closely related to other taxa.

Species delineation based on genealogical concordance

For species-level identifications, we utilized the fact that genealog-
ical concordance among multiple gene regions typically demarcates
species boundaries (Venter et al., 2017). Analysis with the UBCG pipe-
line accordingly indicated that all the seven clusters of strains
mentioned above had a gene support index value of 92 (Fig. 2). In other
words, the respective clusters were supported by phylogenies inferred
from each of the 92 single UBCGs.

Despite the increased availability of Mesorhizobium genomes in
public repositories, some type strains potentially related to our strains
lacked whole genome sequences. We accordingly generated single gene
trees using nucleotide sequences for recA, atpD, glnll, rpoB, and gyrB
(Supplementary Figures S3-S7) and a corresponding MLSA phylogeny
(Supplementary Figure S8). In the concatenated five-gene tree, strains
VK2B and VK2D were closely related to M. acaciae RITF7417 that lacks a
genome sequence (Supplementary Figure S8), but their clustering with
this known species was only supported by the ginll genealogy. However,
the recA, gyrB and rpoB genealogies grouped strains VK1D and VK4B
with M. abyssinicae AC98cT, with high bootstrap support. For this type
strain, no atpD and gInil sequence data are publicly available and its
genome has not yet been sequenced.

Based on the results of these two sets of analyses, seven species hy-
potheses were delineated. Of these, six were novel and represented by (i)
strains VK2B and VK2D, (ii) strains VK25A and VK25D, (iii) strains
VK23A, VK23B and VK23D, (iv) strains VK9D, VK3E, and MSK 1335, (v)
strains VK22E, VK22B, VK3C, VK23E and VK4C and (vi) strain VK24D.
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Strains VK1D and VK4B are probably members of M. abyssinicae. We
accordingly subjected these hypotheses to further genome and
phenotype-based analyses to identify corroborating evidence.

Genome-based support for species hypotheses

The species hypotheses examined in this study, all yielded ANI values
below 96 % when compared with their closest known relatives (Fig. 3,
Supplementary Table S3). The only exception was the two putative
M. abyssinicae strains (VK1D and VK4B) that shared ANI values of >
97.7 % with GTDB representative Mesorhizobium sp. MA4B.F.Ca.
ET.203.01.1.1. For all the multi-strain species hypotheses, ANI values
well above 96 % were recorded among the strains of that species (Fig. 3,
Supplementary Table S3). The only two exceptions were the cluster
containing strains VK9D, VK3E and MSK 1335 and the cluster contain-
ing strains VK22E, VK22B, VK3C, VK23E and VK4C. In the case of MSK
1335, comparisons with strains VK9D and VK3E yielded ANI values of
91.7 % and 91.8 %, respectively, although the latter two strains shared
an ANI of > 96.5 %. These data thus indicate that strain MSK 1335
represents a species separate from strains VK9D and VK3E. In the case of
the second cluster, strain VK4C shared ANI values of 94.2-94.5 % with
strains VK22E, VK22B, VK3C and VK23E that shared ANI values of >
95.7 % among themselves. These data suggest that strain VK4C may
represent a distinct species, although further study of the five strains is
required to unequivocally support strain VK4C’s novelty.

In total, the genome data supported seven novel species hypotheses.
We accordingly propose that a representative genome for each serve as
the nomenclatural type (indicated with Ts) with the names M. vachelliae
sp. nov. (VK25A™ and VK25D), M. humile sp. nov. (VK2B™ and VK2D),
M. australafricanum sp. nov. (VK9D™® and VK3E), M. montanum Sp. nov.
(MSK 1335™%), M. dulcispinae sp. nov. (VK23D™, VK23B, and VK23A),
M. captivum sp. nov. (VK22E™S, VK22B, VK3C, VK23E, and VK4C), and
M. album sp. nov. (VK24D™). The eighth group, which included strains
VK1D and VK4B, is conspecific to the unnamed GTDB representative
Mesorhizobium sp. M4B.F.Ca.ET.203.01.1.1, and likely also
M. abyssinicae AC98c”. The formal protologues for the seven new species
are given in Tables 2-8.

Phenotypic support for species hypotheses

All Mesorhizobium strains examined were Gram-negative, rod-shaped
motile rods capable of growing across a broad temperature range from 4
°C to 40 °C, pH ranges from 5 to 10, and tolerate different NaCl con-
centrations from 0.3 % to 2.5 % (v/w) (Fig. 2, Table 9, Supplementary
Table S4). Results for the API® 20NE tests (Table 9, Supplementary
Table S5) and Biolog GenlIl Microplate™ assays (Table 9, Supplemen-
tary Table S6) generally demonstrated high variability within species,
although several traits reflected phenotypic coherence among members
of a species. For example, only M. album was able to reduce NO3 to N,
while M. montanum and M. vachelliae were able to reduce NO3 to NO,.
The strains of M. dulcispinae and M. captivum demonstrated variable
reducing capacity and M. humile and M. australafricanum could not
reduce NO3 or NO,. Additionally, all strains of M. australafricanum could
utilise a variety of sugars, carboxylic acids, esters and fatty acids as sole
carbon sources, while strains of M. vachelliae were all able to utilise
dextrin, D-maltose, D-trehalose, D-cellobiose, gentiobiose, sucrose, D-
turanose, stachyose, methyl pyruvate, D-lactic acid methyl ester, L-lactic
acid, D-malic acid, L-malic acid, bromo-succinic acid, D-sorbitol, D-
mannitol, myo-inositol and glycerol. In the case of M. captivum and
M. dulcispinae, all strains were able to utilise D-glucose-6-POg4, D-Fruc-
tose-6-PO4, D-sorbitol, D-mannitol, myo-inositol and glycerol as carbon
sources.

The putative M. abyssinicae strains VK1D and VK4B shared charac-
teristics with the type strain AC98c” of this species. This included the
ability to utilise dextrin and glycyl-L-proline, as well as growth on L-
Serine as sole carbon source (Degefu et al., 2013). Strains VK1D and



M. van Lill et al.

U BCG M. sp. B4-1-3
24/L— M. sp. J8
97— M. sp. SOD10
s8)— M. plurifarium STM87737
VK25D
VK25A™
M. sp. CA14
M. sp. CA8
58 M. sp. M2A.F.Ca.ET.046.03.2.1
M. sp. ORS3359
M. sp. N.Ca.ET.125.02.1
M. sp. N.Ca.IN.010.08.1
9 M. sp. WSM3859
M. sp. M2E.F.Ca.ET.219.01.1.1
M. atlanticum CNPSo 31407

_EM. sp. AWTP1-3
M. sp. B2.7.2
M. sp. WSM4313
M. sp.B2.4.3

@

VK2D
M. sp. GbtcB19
EM. hawassense AC99b"
M. sp. M2D.F.Ca.ET.226.01.1.1
VK9D™
* .I'EVKSE
MSK 1335™
M. sp. WSM3224
3 EM. sp. NFR06
M. sp. CU3
M. sp. YH_63_15
M. sp. Bin.005_Forest
VK23B

VK23A
VK23D™
M. silamurunense CCBAU 015507
M. sp. M1D.F.Ca.ET.043.01.1.1
EM. sp. M1C.F.Ca.ET.210.01.1.1
M. sp. WSM3860
M. sp. WSM3862
7 M. tamadayense DSM 283207
VK22E™

95+ |

VK23E

VK4C

M. sp. M1B.F.Ca.ET.045.04.1.1
M. sp. UFLA 01-765

[ M. sp. ORS3324

VK24D™
M. sp. ORS 3428
M. sp. N.Ca.IN.005.04.1

M. sp. N.Ca.IN.012.14.1

L _[M. sp. M1E.F.Ca.ET.045.02.1.1
M. sp. M3A.F.Ca.ET.080.04.2.1

L—— M. sp. B1-1-8

o
-3

VK1D
M. sp. 131-2-1
M. sp. M4B.F.Ca.ET.058.02.1.1
M. sp. 65-26
M. sp. LU
M. sp. 1IM-11
M. sp. Pch-S
M. terrae NIBRBAC000500504"
M. sp. Root554
M. sp. Root552
4|;|:M. sp. 61-13
M. sp. Root157
M. composti CC-YTH430"
M. sp. SCN18_13_7_16_R1_B_65_18
P. manganicus JH-77
M. sp. ZC4RG33
M. sp. bin 2
A. defluvii DSM 11603

A. lusatiense DSM 110997
B. japonicum USDA 67

0.1

Systematic and Applied Microbiology 47 (2024) 126504

Growth characteristics Biomes Province

M. sp. SCN18_30_10_14_R4_P_64_8

T o e im
T T R

s enineen

86
VK22B \ \
| Vicae I ol om— I eAN

el i
|

"o o mE L

Ts A A4
vas | ' owin s s e we

EC, NW
NC

| J 2

mE L

NC, NW, L

| = L

VK4B v
M. sp. MAB.F.Ca ET20301.1.1 | ] WH eA | ncF

Species Biomes
[ M. vacheliiae # savanna
B . humite A Grassland

B M. australafricanum
B M. montanum

B V. duicispinae

| M. captivum

B M. aibum

Wl V. abyssinicae

Growth characteristics

012345678910 11 12 13 44 o1
03 06 09 1,2 15 1,8 21024037 NaCl (% wiv)

@ Desert
@ Succulent Karoo

Provinces

L= Limpopo, WC= Western Cape,
EC= Eastern Cape, NW= North West,
NC= Northern Cape, F= Free State

(caption on next page)



M. van Lill et al. Systematic and Applied Microbiology 47 (2024) 126504

Fig. 2. Condensed UBCG phylogeny of Mesorhizobium genomes, together with the growth characteristics of the strains identified from root nodules of Vachellia karroo
obtained from trapping experiments using soil sampled across South Africa. Concatenation of the 92 core-gene alignments resulted in a UBCG phylogeny that is
rooted with B. japonicum USDA 6 *, as well as a condensed branch shown as an isosceles triangle (at the top of the phylogeny) that includes Mesorhizobium taxa more
distantly related to the strains from this study. The full phylogeny can be viewed in the Supplementary Figure S2. Only representative genomes and type strains that
are classified as Mesorhizobium senso stricto on GTDB Release 08-RS214 (28th April 2023) available at: https://gtdb.ecogenomic.org/, were included in the maximum
likelihood analyses. All type strains are indicated with T and such names that are currently not validly published under the ICNP are indicated in quotation marks. The
strains identified in this study are indicated in bold and colour coded with the representative genomes indicated with ™%, Branch support for the UBCG phylogeny was
based on 1000 repetitions (%) and only ultrafast bootstrap approximation support values below 100 % are indicated on the phylogeny at the node of the supported
branch. All SH-aLRT values were > 0.8 for each bipartition and are not indicated on the figure. Black circles on the branches signifies bipartitions that are supported
in all gene trees (n = 92), notably, this is exclusively applied to branches where the strains isolated in this study and the closest sister taxon are terminal taxa. The
scale bar of the phylogeny represents the number of nucleotide substitutions per site. Growth characteristics included temperature (°C), pH and NaCl (w/v %) ranges
as colour bars with downward-facing triangles demonstrating the minima and maxima growth ranges of the respective species clusters.
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Fig. 3. The depicted grayscale heatmap demonstrates the matrix of the mean Average Nucleotide Identities (ANI) values based on the nucleotide BLAST search as
implemented in JSpecies version 1.2.1 (Richter and Rossello-Mora, 2009), with upper and lower triangular pairwise ANI values considered. A dendogram of the
condensed UBCG phylogeny demonstrates the phylogenetic grouping of the strains as observed in Fig. 2 and Supplementary Figure S2. Coloured blocks represent the
species clusters and representative genomes are indicated with ™. All genome accession numbers are listed in Supplementary Table S1 and the full result of the ANI
analyses can be found in Supplementary Table S3.

VKA4B and strain AC98c" all shared the ability to grow at pH ranges of 4 Nodulation confirmation and symbiovar identification

to 9, but VK1D and VK4B could tolerate higher temperatures and NaCl

concentrations, >35 °C and > 0.5 %, respectively (Degefu et al., 2013). We first confirmed that the genomes for ten representative strains
Although different methods were used to characterize M. abyssinicae (MSK1335™, VK1D™, VK4B, VK25A™%, VK2B™, VK3E, VK24D™,
AC98¢T, our results further suggested that this species likely also in- VK23D™S, VKA4C, VK22ETS, and VK23E) examined in this study, do

cludes substantial phenotypic diversity as many of the notable traits encode common nod and nif genes (Table 1). Then the nodulation
previously reported (Degefu et al., 2013) appears to be variable. These capability of ten strains were confirmed on the original host, V. karroo.
include phenotypic traits such as the use of formic acid, propionic acid All the representative strains were able to induce effective nodules,
and p-hydroxy-phenylacetic acid as sole carbon sources (see Table 9 and evident from the pink interior of the root nodule seven weeks post-
information by Degefu et al., 2013). inoculation. Following sequence analyses of either atpD or rpoB, the

nodule-isolated bacteria were confirmed as identical to those originally
used as inocula.
By making use of nodC sequences, we further investigated whether
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Table 1
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Statistics for the draft genomes * of representative strains for the seven new Mesorhizobium species delineated and described in this study.

M. humile
(VK2B™)

Genome statistics M. vachelliae
be (VK25A™)

M. australafricanum
(VK9D™)

M. album
(VK24D™)

M. montanum
(MSK 1335™)

M. dulcispinae
(VK23D™)

M. captivum
(VK22E™)

GenBank genome
accession * *

GCA_033977325.1 GCA_033977215.1 GCA_033977265.1

NCBI SRA accession ~ SRR26261387 SRR26261391 SRR26261389
«
SeqCode registry 32828 32827 32829
no. “
Total length (bp) ® 7,055,270 6,749,911 6,462,116
Contig no. ® 83 77 74
Largest contig size 706,620 613,800 726,971
(bp) °
N50° 364,428 234,275 348,747
N75° 191,540 144,717 153,509
L50° 7 10 7
L75° 14 19 14
Completeness (%) 8 99.1 99.1 99.1
Contamination (%) 1.9 0.9 1.9
5
GC mole % ° 63.61 63.56 63.15
Average read 174.885 230.757 153.078
coverage “
Percent mapped ° 98.841 99.115 99.065
16S rRNA gene OR735554 OR735550 OR735552
accession ® P
Fraction of most 100 100 100
complete 16S
rRNA gene
fragment (%) 8
No. of standard 20 20 20

amino acids with
detected tRNA
elements °
Closest relative
reference ¥

GCF_000824785.1 n/a GCF_003289945.1

nodA GenBank OR800572 OR800571 OR800570
accession °

nodC GenBank PP430827 PP430828 PP430829
accession °

nifH GenBank OR800580 OR800577 OR800578

accession °

GCA_033977145.1 GCA_033977345.1 GCA_033977165.1 GCA_033977205.1

SRR26261393 SRR26261378 SRR26261381 SRR26261376
32826 32830 32831 32771
6,869,492 6,698,899 6,954,195 7,217,979
76 78 142 176
501,236 953,217 409,668 381,941
220,403 352,659 124,007 123,883
148,237 164,634 69,743 65,048

11 6 18 19

20 13 36 39

99.1 929.1 99.1 99.1

0.9 0.9 0.9 0.9

62.94 63.48 63.30 63.25
127.153 232.521 225.423 144.491
99.829 99.556 99.645 98.626
OR735540 OR735547 OR735544 OR735549
100 100 100 100

20 20 20 20

GCF_003289945.1 GCF_003952385.1 GCF_003952465.1 n/a

OR800576 OR800574 OR800575 OR800573
PP430830 PP430831 PP430832 PP430833
OR800583 OR800582 OR800581 OR800579

@ Statistics are based on assemblies built from contigs of > 500 base pairs (bp).

b In the table, ® indicates required information of the designated genome to be named under the SeqCode, * indicates requirements for validation of a type strain
name under the ICNP. Information that is recommended, but optional for name validation under the SeqCode and the ICNP are indicated with °. The table also indicates
information regarding the minimum requirements (*) and recommendations ®) for the description of rhizobia as determined by the Subcommittee on Taxonomy of
Rhizobia and Agrobacteria, along with all the requirements as set out by the ICNP. The closest reference genome as determined by GTDB-Tk version 1.7.0 is indicated
with ¥ and all genomes were classified as Mesorhizobium senso stricto with ANI values shared between the two genomes all < 96 % and instances where the genome was
not assigned to the closest species as it falls outside the pre-defined ANI radius is indicated with n/a (full result available at https://kbase.us/n/159176/19/).

¢ Abbreviations: NCBI = National Center for Biotechnology Information (https://www.ncbi.nlm.nih.gov); SRA = Sequence Read Archive; N50 and N75 = contig
lengths where 50% and 75% of the genome is contained in the shortest contigs of at least that length; L50 and L75 = number of contigs needed to cover 50% and 75% of

the genome.

the bacteria investigated were related to Mesorhizobium strains with
characterized legume specificities. This is because the correlation of
nodC gene sequences with legume-host range can be used for delineating
symbiovars in Mesorhizobium (Peix et al., 2015; Leon-Barrios et al.,
2021). However, phylogenetic analysis showed that all the South Afri-
can strains examined grouped together, but distinct from other known
symbiovars (Supplementary Figure S9).

Discussion

Here we described seven novel Mesorhizobium species from South
Africa using the SeqCode (Hedlund et al., 2022). Since introduction, it
has been used to validly name numerous unculturable strains that would
have been otherwise classified as Candidatus taxa with names having no
standing under the ICNP (e.g., Nguyen et al., 2023, Eddie et al., 2017).
While the SeqCode was primarily developed to bring stability to taxa for
which pure cultures are typically not available, it also provides an
effective solution for validly naming cultivated organisms for which the

deposition of strains into different culture collections is difficult (Kon-
stantinidis and Rossello-Mora, 2015). For example, the nitrate-reducing
bacteria isolated and cultured from a lagoon in India could not be
validated under the ICNP due to restrictions on the export of live cul-
tures, but were later validated as Roseiconus nitratireducens and Ro.
lacunae under the SeqCode (SeqCode Register list: seqco.de/r:
v04mpu86; Kumar et al., 2021). A more recent example is the
cultured species Salinibacter pepae that was named and validated under
the SeqCode as the fastidious nature of the bacterium prevented depo-
sition of a viable axenic culture in a second culture collection (SeqCode
Register list: seqco.de/r:b5vsvzg3; Viver et al., 2023).

The 18 rhizobial symbionts considered in this study were delineated
to species level using genome data and the principles of genealogical
concordance (Rahimlou et al., 2021; Sutcliffe et al., 2021; Venter et al.,
2017). Previously, such studies would have employed only a handful of
housekeeping genes (e.g., Avontuur et al., 2022; Claassens et al., 2023;
Mavima et al., 2021), a practice that often precludes comprehensive
taxonomic resolution (Hordt et al., 2020; Young et al., 2021). The use of
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Table 2
Protologue description of M. montanum sp. nov.
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Table 3
Protologue description of M. humile sp. nov.

Species name

Mesorhizobium montanum

Species name

Mesorhizobium humile

Species status
Specific epithet
Species etymology

Diagnostic traits and
description of novel taxon

Designated Genome
Genome accession number
SRA accession

Country of origin

Region of origin

Isolation source

Date of isolation

16S rRNA gene accession

Genome status

Genome size (bp)

Size of largest contig (bp)

GC mol %

N50

Number of contigs

Read coverage

Number of strains in species
cluster *

SeqCode registry URL

sp. nov.

montanum

mon.ta’num. L. neut. adj. montanum, pertaining to
mountains, in particular the Kamiesburg
mountains, surrounding Kamieskroon, the region
where soil was sampled from.

Cells are Gram-negative, motile rods. On YM agar,
following 5 days of incubation at 28 °C, the colonies
are circular, cream in colour, translucent with
entire margins and convex elevations with mucoid
consistency due to the excessive production of
exopolysaccharides. The strain was not able to
tolerate a pH of < 6, but could grow at a pH of 10
and a NaCl concentration of 0.5 % to 1 %. The strain
was able to grow at 15 °C to 37 °C. The strain tested
positive for the activity of nitrate reduction to
nitrite, arginine and urea hydrolysis and the
assimilation of 4-nitrophenyl-p,D-
galactopyranoside and D-glucose. The strain could
utilise the following sugar carbon sources: dextrin,
D-maltose, D-trehalose, D-cellobiose, gentiobiose,
sucrose, D-turanose, stachyose, D-raffinose, a-D-
lactose, D-melibiose, -methyl-D-glucoside, D-
salicin, N-acetyl-D-glucosamine, N-acetyl-p-D-
mannosamine, N-acetyl-D-galactosamine, N-acetyl
neuraminic acid, a-D-glucose, D-mannose, D-
fructose, D-galactose, 3-methyl glucose, D-fucose,
L-fucose, L-rhamnose, inosine. Similarly, the strain
could utilise D-sorbitol, D-mannitol, myo-inositol,
glycerol, D-arabitol, D-aspartic acid, D-serine, D-
glucose6-POy4, D-fructose6-POy, glycyl-L-proline, L-
alanine, L-arginine, L-aspartic acid, L-glutamic
acid, L-histidine, L-pyroglutamic acid, L-serine,
pectin, D-galacturonic acid, L-galactonic acid
lactone, D-gluconic acid, D-glucuronic acid,
glucuronamide, mucic acid, quinic acid, D-
saccharic acid, p-hydroxy-phenylacetic acid,
methyl pyruvate, D-lactic acid methyl ester, L-lactic
acid, citric acid, a-keto-glutaric acid, D-malic acid,
L-malic acid, bromo-succinic acid, Tween 40,
y-amino-butryric acid, a-hydroxy-butyric acid,
B-hydroxy-D,L-butyric acid, a-keto-butyric acid,
acetoacetic acid, propionic acid, acetic acid and
formic acid as carbon sources. The strain was able
to form effective symbiosis with V. karroo.

MSK 1335™

GCA_033977145.1™

SRR26261393

South Africa

Soil sampled from Kamieskroon, Northern Cape
Province

The root nodules of Vachellia karroo.

2013

OR735540

Draft genome

6 869 492

501 236

62.94

220 403

76

127.153

n/a

32826

# The number of strains in the species cluster and excludes the strain for which
the genome was designated as the nomenclatural type.

Species status
Specific epithet
Species etymology

Diagnostic traits and
description of novel taxon

Designated Genome
Genome accession number
SRA accession

Country of origin

Region of origin

Isolation source

Sp. nov.
humile

hu.mi’le. L. neut. adj. humile, humble, referring to
the type strain’s small colony size on YM agar and
limited carbon source utilisation.

Cells are Gram-negative, motile rods. On YM agar,
following 5 days of incubation at 28 °C, the colonies
are small, circular, white, and opaque with entire
margins and flat elevations with a dry consistency.
The strain was able to grow in the pH range of 6 to 9
and tolerate NaCl concentrations of 0.3 % to 1.5 %.
The strain was able to grow at 4 °C to 35 °C. The
strain tested positive for urea and esculin ferric
citrate hydrolysis. The strain could assimilate 4-
nitrophenyl-g,D-galactopyranoside, D-glucose, L-
arabinose, D-mannose, D-mannitol, N-acetyl-
glucosamine, D-maltose, potassium gluconate,
adipic acid and malic acid. The strain was able to
form effective symbiosis with V. karroo.

VK2B™

GCA_033977215.1"

SRR26261391

South Africa

Soil sampled from Van Rhyn’s Pass, Western Cape
Province

The root nodules of Vachellia karroo

genome-based taxonomy has proven much more reliable in delineating
other rhizobial taxa, such as Bradyrhizobium (Ormeno-Orrillo and Mar-
tinez-Romero, 2019) and other genera of the family Rhizobiaceae (Ma
et al., 2023). In the current study, putative species boundaries were
determined using phylogenies inferred from 92 core genes to find
genealogically concordant clusters of strains. This task was simplified

Date of isolation 2013

16S rRNA gene accession OR735550
Genome status Draft genome
Genome size (bp) 6749 911
Size of largest contig (bp) 613 800

GC mol % 63.56

N50 234 275
Number of contigs 77

Read coverage 230.757

Number of strains in species 1
cluster *

SeqCode registry URL 32827

# The number of strains in the species cluster and excludes the strain for which
the genome was designated as the nomenclatural type.

using the UBCG pipeline which provides an indication of how many of
the 92 genes supported particular clusters via its gene support index (Na
et al., 2018). Therefore, in addition to being an invaluable and easy-to-
use tool for genome-wide phylogenetic analyses as previously shown for
the Rhizobiaceae (Ma et al., 2023), the UBCG pipeline also advances the
functional principle of delineating bacterial taxa using genealogical
concordance by directly comparing the number of core genes supporting
an inferred lineage. Undoubtedly, the UBCG pipeline and its recent
successor, UBCG2 (Kim et al., 2021) will continue to assist taxonomists
with the delineation of objective species hypotheses for evaluation using
a polyphasic approach (Venter et al., 2017).

Given that genomes for type strains of certain Mesorhizobium species
are not available, a multipronged strategy was used to ensure the nov-
elty of our seven new species. The first step was to identify species
lacking type strains with sequenced genomes by comparing information
from the GTDB and the LPSN (Parks et al., 2022; Parte et al., 2020). To
deal with the taxa missing in our 92-gene dataset, sequences previously
generated for MLSA and available in public nucleotide databases were
utilised. This allowed for the identification of two V. karroo symbionts as
putative members of M. abyssinicae, the type strain (AC98cT) of which
lacks a publicly available genome sequence. This species was first iso-
lated from the root nodules of Vachellia abyssinica and V. tortilis in
Ethiopia (Degefu et al., 2011; Degefu et al., 2013), although strains of
M. abyssinicae have also been identified in the root nodules of other le-
gumes in Ethiopia (Aserse et al., 2013; Tena et al., 2017). Additionally,
our 92-gene analysis showed that M. abyssinicae likely also includes
Mesorhizobium sp. M4B.F.Ca.ET.203.01.1.1 which was originally


https://disc-genomics.uibk.ac.at/seqcode/registers/r:3oauw4q0
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Table 4
Protologue description of M. vachelliae sp. nov.
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Table 5
Protologue description of M. australafricanum sp. nov.

Species name Mesorhizobium vachelliae

Species name Mesorhizobium australafricanum

Species status
Specific epithet
Species etymology

Sp. nov.
vachelliae

va.chel.li’ae. N.L. gen. n. vachelliae, of Vachellia,
referring to the host plant from which this organism
was recovered.

Cells are Gram-negative, motile rods. On YM agar,
following 5 days of incubation at 28 °C, the colonies
are circular, cream, translucent with entire margins
and convex elevations with viscid consistency. The
strain was able to grow in the pH range of 5 to 10
and tolerate a NaCl concentration of 0.3 % to 2.5 %.
The strain was able to grow at 4 °C to 37 °C. The
strain tested positive for the activity of nitrate
reduction to nitrite, urea and esculin ferric citrate
hydrolysis. The strain could assimilate 4-
nitrophenyl-g,D-galactopyranoside, D-glucose, L-
arabinose, D-mannose, D-mannitol, N-acetyl-
glucosamine, D-maltose and malic acid. The strain
could utilize dextrin, D-maltose, D-trehalose, D-
cellubiose, gentiobiose, sucrose, D-turanose,
stachyose, D-raffinose, D-melibiose, f-methyl-D
glucoside, D-salicin, N-acetyl-D glucosamine, N-
acetyl- p -D mannosamine, N-acetyl-D
galactosamine, a-D-glucose, D-mannose, D-
fructose, D-galactose, 3-methyl glucose, D-fucose,
L- fucose, L-rhamnose, D-sorbitol, D-mannitol, D-
arabitol, myo-inositol, glycerol, D-fructose6-POs,,
Glycyl-L-proline, L-arginine, L-aspartic acid, L-
glutamic acid, L-histidine, pectin, glucuronamide,
methyl pyruvate, D-lactic acid methyl ester, L-lactic
acid, citric acid, D-malic acid, L-malic acid, bromo-
succinic acid, y-amino-butyric acid, a-hydroxy-
butyric acid, p-hydroxy-D-L-butyric acid,
acetoacetic acid, propionic acid, acetic acid and
formic acid as sources of carbon. The strain was
able to form effective symbiosis with V. karroo.

Diagnostic traits and
description of novel taxon

Designated Genome VK25A™
Genome accession number GCA_033977325.1™
SRA accession SRR26261387

South Africa
Soil isolated from Mookgophong, Limpopo

Country of origin
Region of origin

Province
Isolation source The root nodules of Vachellia karroo
Date of isolation 2013
16S rRNA gene accession OR735554
Genome status Draft genome
Genome size (bp) 7 055 270
Size of largest contig (bp) 706 620
GC mol % 63.61
N50 364 428
Number of contigs 83
Read coverage 174.885

Number of strains in species 1
cluster *

SeqCode registry URL 32828

2 The number of strains in the species cluster and excludes the strain for which
the genome was designated as the nomenclatural type.

isolated from chickpea rhizosphere soil in Ethiopia (Greenlon et al.,
2019). The genome of this strain represents 23 other genomes in the
GTDB, all of which were either reconstructed metagenomes or isolated
from chickpea root nodules and rhizosphere soil in Ethiopia (Greenlon
et al., 2019). Therefore, all of the previous research, combined with the
available genome-based resources, would go a long way towards un-
derstanding the biology and ecology of this apparently widespread
rhizobial species.

ANI represented a major line of evidence for the species hypotheses
identified in this study (Richter and Rossell6-Mora, 2009). Although the
96 % ANI threshold is useful for distinguishing species in most natural
populations (Gosselin et al., 2022; Rodriguez-R et al., 2021), this metric
is often taxon-specific and regarded merely as an aid to taxonomic
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Species status
Specific epithet
Species etymology

Sp. nov.

australafricanum

aus.tral.a.fri.ca’num. L. neut. adj. australis,
southern; L. neut. adj. africanum, African; N.L. neut.
adj. australafricanum, pertaining to southern Africa.
Cells are Gram-negative, motile rods. On YM agar,
following 5 days of incubation at 28 °C, the colonies
are circular, cream, translucent with entire margins

Diagnostic traits and
description of novel taxon

and convex elevations with mucoid consistency.
The strain was able to grow in the pH range of 5 to
10 and tolerate a NaCl concentration of 0.3 % to
2.5 %. The strain can grow at 10 °C to 35 °C. The
strain tested positive for the activity of D-glucose
fermentation and urea and esculin ferric citrate
hydrolysis. The strain could assimilate 4-
nitrophenyl-g,D-galactopyranoside, D-glucose, L-
arabinose, D-mannose, D-mannitol, N-acetyl-
glucosamine, D-maltose, adipic acid and malic acid.
The strain could utilize dextrin, D-maltose, D-
trehalose, D-cellubiose, gentiobiose, sucrose, D-
turanose, stachyose, D-raffinose, a-D-lactose, D-
melibiose, p-methyl-D glucoside, D-salicin, N-
acetyl-D glucosamine, N-acetyl-f—D mannosamine,
N-acetyl-D galactosamine, N-acetyl neuraminic
acid, a-D-glucose, D-mannose, D-fructose, D-
galactose, 3-methyl glucose, D-fucose, L- fucose, L-
rhamnose, inosine, D-sorbitol, D-mannitol, D-
arabitol, myo-inositol, glycerol, D-glucose6-POy, D-
fructose6-POy,, D-aspartic acid, gelatin, glycyl-L-
proline, L-alanine, L-arginine, L-aspartic acid, L-
glutamic acid, L-histidine, L-pyroglutamic acid,
pectin, D-galacturonic acid, L-galactonic acid
lactone, D-gluconic acid, D-glucuronic acid,
glucuronamide, D-saccharic acid, methyl pyruvate,
D-lactic acid methyl ester, citric acid, a-keto-
glutaric acid, L-lactic acid, D-malic acid, L-malic
acid, bromo-succinic acid, Tween 40, y-Amino-
butyric acid, p-hydroxy-D-L-butyric acid,
acetoacetic acid, propionic acid, acetic acid and
formic acid as sources of carbon. The strain was
able to form effective symbiosis with V. karroo.

Designated Genome VK9D™®

Genome accession number GCA_033977265.1™

SRA accession SRR26261389

Country of origin South Africa

Region of origin Soil isolated from Stutterheim, Eastern Cape
province

Isolation source The root nodules of Vachellia karroo

Date of isolation 2013

16S rRNA gene accession OR735552

Genome status Draft genome

Genome size (bp) 6462116

Size of largest contig (bp) 726 971

GC mol % 63.15

N50 348 747

Number of contigs 74

Read coverage 153.078

Number of strains in species 2
cluster *

SeqCode registry URL 32829

# The number of strains in the species cluster and excludes the strain for which
the genome was designated as the nomenclatural type.

descriptions (Goris et al., 2007; Konstantinidis and Tiedje, 2005; Palmer
et al., 2020). In the current study, for example, all except one of the
M. captivum sp. nov. strains shared ANI values exceeding 96 %. How-
ever, we proposed the inclusion of the outlier strain (i.e., VK4C) based
on its close phylogenetic grouping with all other strains of M. captivum
sp. nov. Further research is needed to interrogate the taxonomic status of
strain VK4C, and until such time we propose treating it as M. captivum.
Nevertheless, all ANI values estimated for strains from the same species
were above 96 %, reiterating a higher average genome identity between
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Table 6
Protologue description of M. album sp. nov.
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Table 7
Protologue description of M. dulcispinae sp. nov.

Species name

Mesorhizobium album

Species name Mesorhizobium dulcispinae

Species status
Specific epithet
Species etymology

Diagnostic traits and
description of novel taxon

Sp. nov.
album

al’bum. L. neut. adj. album, white, referring to the
white colonies of the type strain on YM agar.

Cells are Gram-negative, motile rods. On YM agar,
following 5 days of incubation at 28 °C, the colonies

are circular, white, opaque with entire margins and
convex elevations with viscid consistency. The
strain was able to grow in the pH range of 6 to 9 and
tolerate a NaCl concentration of 0.3 % to 2.5 %. The
strain can grow at 15 °C to 40 °C. The strain tested
positive for the ability to reduce nitrates to nitrites
and nitrogen, and could hydrolyse arginine, urea,
esculin ferric citrate and gelatin. The strain could
assimilate 4-nitrophenyl-f,D-galactopyranoside, D-
glucose, L-arabinose, potassium gluconate, malic
acid and phenylacetic acid. The strain could utilize
dextrin, D-maltose, D-trehalose, D-cellubiose,
gentiobiose, sucrose, D-turanose, stachyose, D-
raffinose, a-D-lactose, D-melibiose, p-methyl-D
glucoside, a-D-glucose, D-mannose, D-fructose, D-
galactose, 3-methyl glucose, D-fucose, L-fucose, L-
rhamnose, inosine, Glycyl-L-proline, L-alanine, L-
arginine, L-aspartic acid, L-glutamic acid, L-
histidine, L-pyroglutamic acid, L-serine, pectin, D-
galacturonic acid, L-galactonic acid lactone, D-
gluconic acid, glucuronamide, mucic acid, quinic
acid, D-saccharic acid, methyl pyruvate, D-lactic
acid methyl ester, L-lactic acid, D-malic acid, L-
malic acid, bromo-succinic acid, Tween 40,
B-hydroxy-D,L-butyric acid, acetoacetic acid and
acetic acid as sources of carbon. The strain was able
to form effective symbiosis with V. karroo.

Designated Genome VK24D™
Genome accession number GCA_033977205.1™
SRA accession SRR26261376

South Africa
Soil isolated from Mookgophong, Limpopo

Country of origin
Region of origin

Province
Isolation source The root nodules of Vachellia karroo
Date of isolation 2013
16S rRNA gene accession OR735549
Genome status Draft genome
Genome size (bp) 7 217 979
Size of largest contig (bp) 381 941
GC mol % 63.25
N50 123 883
Number of contigs 176
Read coverage 144.491
Number of strains in species  n/a

cluster *

SeqCode registry URL 32771

2 The number of strains in the species cluster and excludes the strain for which
the genome was designated as the nomenclatural type.

strains in a species cluster as opposed to those of genomes from different
Mesorhizobium species (Goris et al., 2007; Ormeno-Orrillo et al., 2015;
Yoon et al., 2017).

As expected, the incorporation of physiological and biochemical at-
tributes enhanced our knowledge of the biological traits of these Meso-
rhizobium strains, while at the same time also demonstrating intra-
species coherence and interspecies differentiation (Brady et al., 2010).
For example, our strains generally showed a high degree of tolerance to
environmental stressors such as salinity, temperature and pH, which
corresponds what is known for many other Mesorhizobium type strains
(Laranjo and Oliveira, 2011; Laranjo et al., 2014). In terms of intra-
species cohesion, various shared commonalities (e.g., urea, esculin and
gelatin hydrolysis, and the use of certain sugars and hexose phosphates
as sole carbon source) were observed for M. vachelliae sp. nov.,
M. australafricanum sp. nov., M. humile sp. nov., M. dulcispinae sp. nov.
and M. captivum sp. nov.. Some of these conserved characters differed
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Species status
Specific epithet
Species etymology

Sp. nov.
dulcispinae

dul.ci.spi.na.e L. fem. adj. dulcis, sweet; L. fem. n.
spina, thorn; N.L. gen. n. dulcispinae, of a sweet
thorn, referring to the common name of Vacellia
karroo, the host plant from which this organism was

Diagnostic traits and
description of novel taxon

Designated Genome
Genome accession number
SRA accession

Country of origin

Region of origin

Isolation source

Date of isolation

16S rRNA gene accession

Genome status

Genome size (bp)

Size of largest contig (bp)

GC mol %

N50

Number of contigs

Read coverage

Number of strains in species
cluster *

SeqCode registry URL

recovered.

Cells are Gram-negative, motile rods. On YM agar,
following 5 days of incubation at 28 °C, the colonies
are circular, cream, translucent with entire margins
and convex elevations with viscid consistency. The
strain was able to grow in the pH range of 6 to 9 and
tolerate a NaCl concentration of 0.3 % to 2.5 %. The
strain can grow at 10 °C to 35 °C. The strain could
hydrolyse urea and esculin ferric citrate and
assimilate 4-nitrophenyl-p,D-galactopyranoside, D-
glucose, L-arabinose, D-mannose, D-maltose and
potassium gluconate. The strain could utilize
dextrin, D-maltose, D-trehalose, D-cellubiose,
gentiobiose, sucrose, D-turanose, stachyose, D-
raffinose, a-D-lactose, D-melibiose, f-methyl-D
glucoside, D-salicin, N-acetyl-D-glucosamine, N-
acetyl-f-D-mannosamine, N-acetyl-D-
galactosamine, o-D-glucose, D-mannose, D-
fructose, D-galactose, 3-methyl glucose, D-fucose,
L- fucose, L-rhamnose, D-sorbitol, D-mannitol, D-
arabitol, myo-inositol, glycerol, D-glucose6-PO,, D-
fructose6-POy, glycyl-L-proline, L-alanine, L-
arginine, L-aspartic acid, L-glutamic acid, L-
histidine, L-pyroglutamic acid, L-serine, pectin, D-
galacturonic acid, L-galactonic acid lactone, D-
gluconic acid, D-glucuronic acid, glucuronamide,
mucic acid, quinic acid, D-saccharic acid, P-
hydroxy-phenylacetic acid, L-lactic acid, D-lactic
acid methyl ester, citric acid, a-keto-glutaric acid,
L-lactic acid, D-malic acid, L-malic acid, bromo-
succinic acid, Tween 40, y-amino-butyric acid,
B-hydroxy-D-L-butyric acid, acetoacetic acid,
propionic acid and acetic acid as sources of carbon.
The strain was able to form effective symbiosis with
V. karroo.

VK23D™

GCA_033977345.1™

SRR26261378

South Africa

Soil isolated from Mookgophong, Limpopo
Province

The root nodules of Vachellia karroo

2013

OR735547

Draft genome

6 698 899

953 217

63.48

352 659

78

232.521

3

32830

# The number of strains in the species cluster and excludes the strain for which
the genome was designated as the nomenclatural type.

among species (e.g., strains of M. abyssinicae and M. vachelliae sp. nov.
grew across a wider range of temperature, salinity and pH than the other
species). However, we also observed substantial within-species variation
for many other traits. These included the capacity for utilising certain
carbon sources, assimilating various substrates and for reducing nitrate
to nitrogen. Such intra-species variation is not uncommon as the assays
for scoring the relevant characters are non-reproducible in some cases
(De Lajudie et al., 2019; Sutcliffe, 2015). The lack of phenotypic
coherence in some cases could also be attributed to these metabolic


https://disc-genomics.uibk.ac.at/seqcode/registers/r:3oauw4q0
https://disc-genomics.uibk.ac.at/seqcode/registers/r:3oauw4q0

M. van Lill et al.

Table 8

Protologue description of M. captivum sp. nov.

Species name

Mesorhizobium captivum

Species status
Specific epithet
Species etymology

Sp. nov.
captivum
cap.ti’vum L. neut. adj. captivum, captured or

captive, referring to the capturing of this organism
with a compatible rhizobial host.

Cells are Gram-negative, motile rods. On YM agar,
following 5 days of incubation at 28 °C, the colonies
are circular, cream, translucent with entire margins

Diagnostic traits and
description of novel taxon

and convex elevations with viscid consistency. The
strain was able to grow in the pH range of 6 to 9 and
tolerate a NaCl concentration of 0.3 % to 1.5 %. The
strain can grow at 15 °C to 35 °C. The strain tested
positive for urea and esculin ferric citrate
hydrolysis. The strain could assimilate 4-
nitrophenyl-,D-galactopyranoside, D-glucose, L-
arabinose, D-mannose, D-mannitol, D-maltose,
potassium gluconate, adipic acid and trisodium
citrate. The strain could utilize dextrin, D-maltose,
D-trehalose, D-cellubiose, gentiobiose, sucrose, D-
turanose, D-raffinose, a-D-lactose, D-melibiose,
p-methyl-D glucoside, D-salicin, N-acetyl-D
glucosamine, N-acetyl-p-D mannosamine, N-acetyl-
D galactosamine, a-D-glucose, D-mannose, D-
fructose, D-galactose, 3-methyl glucose, D-fucose,
L-fucose, L-rhamnose, D-sorbitol, D-mannitol, D-
arabitol, myo-inositol, glycerol, D-glucose6-PO,, D-
fructose6-POy, glycyl-L-proline, L-alanine, L-
arginine, L-aspartic acid, L-glutamic acid, L-
histidine, pectin, D-galacturonic acid, L-galactonic
acid lactone, D-gluconic acid, D-glucuronic acid,
glucuronamide, mucic acid, D-lactic acid methyl
ester, citric acid, L-lactic acid, D-malic acid, L-malic
acid, bromo-succinic acid, Tween 40, y-amino-
butyric acid, p-hydroxy-D-L-butyric acid,
acetoacetic acid and acetic acid as sources of
carbon. The strain was able to form effective
symbiosis with V. karroo.

Designated Genome VK22E™
Genome accession number GCA_033977165.1™
SRA accession SRR26261381

South Africa
Soil isolated from Mookgophong, Limpopo

Country of origin
Region of origin

Province
Isolation source The root nodules of Vachellia karroo
Date of isolation 2013
16S rRNA gene accession OR735544
Genome status Draft genome
Genome size (bp) 6 954 195
Size of largest contig (bp) 409 668
GC mol % 63.30
N50 124 007
Number of contigs 142
Read coverage 225.423

Number of strains in species 4
cluster *

SeqCode registry URL 32831

@ The number of strains in the species cluster and excludes the strain for which
the genome was designated as the nomenclatural type.

properties being found on mobile genetic elements, whose mobility
could negate the use of such traits for taxonomic purposes (Ormeno-
Orrillo and Martinez-Romero, 2013).

The genome-based definition of Mesorhizobium senso stricto as
implemented by the GTDB was used in this study (Parks et al., 2022).
The GTDB’s splitting of Mesorhizobium based on relative evolutionary
divergence (Parks et al., 2018) is consistent with previous suggestions
that the genus is non-monophyletic (Hordt et al., 2020). The GTDB
currently classifies species with Mesorhizobium type strains into seven
genera (i.e., Mesorhizobium sensu stricto and six novel genera that are yet
to be described). Species retained in Mesorhizobium sensu stricto includes
36 type strains as listed on the LPSN, while 107 unnamed novel species
are recognised by the GTDB (Parks et al., 2018). Although this
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assemblage of bacteria is relatively diverse, most represent rhizobial
symbionts of forage legumes (Nandasena et al., 2009), medicinal plants
(Jarvis and Tighe, 1994; Marcos-Garcia et al., 2017; Martinez-Hidalgo
and Hirsch, 2017), crops (Laranjo et al., 2008) and other ecologically
important legumes (Degefu et al., 2013; Zhu et al., 2015). A small
number of Mesorhizobium type strains have been isolated from unusual
sources such as water (Pedron et al., 2021) and compost (Lin et al.,
2019), while the bulk of the unnamed Mesorhizobium sensu stricto species
included in the GTDB originate from unique environments such as
methylated amine enrichment medium (BioSample: SAMN(04076519),
activated sludge (BioSample: SAMN21211502) and bioreactors (Bio-
Sample: SAMN05660516). Implementation of a more holistic view
based on both the LPSN and GTDB would thus provide for a more un-
biased overview of the microbial diversity of this genus (Chuvochina
et al., 2023).

The findings of this study emphasise the need for more studies on the
diversity and taxonomy of Mesorhizobium. In our 92-gene phylogeny,
three of the new species formed part of larger clades consisting of GTDB
representatives of undescribed species. The clade containing M. humile
sp. nov. also included undescribed strains from soil (BioSamples:
SAMN12071710 and SAMN12071672) and rhizosphere soil of Cicer
arietinum from Australia (BioSample: SAMNO07540851). The closest
known relative of the clade containing M. australafricanum sp. nov. and
M. montanum sp. nov. is an undescribed strain obtained from root nodule
of Otholobium candicans in South Africa (BioSample: SAMN02440597)
and another unnamed strain deposited into GenBank without any met-
adata (BioSample: SAMNO03159463). Similarly, the closest relative of
M. album sp. nov. was an undescribed strain from a root nodule of
Vachellia seyal (Diouf et al., 2015). Although the other larger clades
containing the remainder of our new species included at least one known
species, they also included GTDB-recognized unnamed species. The
clade containing M. vachelliae sp. nov. shared close relatives of
M. plurifarium from the root nodules of Senegalia senegal (de Lajudie
et al., 1998), as well as undescribed strains originating from soil and root
nodules of Senegalia senegal (Diouf et al., 2015; Vinuesa et al., 2005) and
Glycyrrhiza uralensis in Japan (BioSample: SAMD00251586). The clade
with M. dulcispinae sp. nov. included M silamurunense isolated from root
nodules of Astragalus species in China (Zhao et al., 2012), while the clade
with M. captivum sp. nov. included a M. loti strain isolated from a zinc
minefield (BioSample: SAMNO04351373), as well as an undescribed
strain isolated from C. arietinum root nodules (Greenlon et al., 2019).

The seven new Mesorhizobium species descriptions provided here
comply with the rules of the SeqCode (Hedlund et al., 2022), although
we also attempted to accommodate guidelines outlined by the Sub-
committee on Taxonomy of Rhizobia and Agrobacteria of the Interna-
tional Committee on Systematics of Prokaryotes (ICSP) (de Lajudie et al.,
2019). The Subcommittee previously acknowledged the SeqCode’s
value (Mousavi and Young, 2023), but because the SeqCode is not
endorsed by the ICSP (Goker et al., 2022), the Subcommittee can only
consider names to be validly published if they are described in accor-
dance with the ICNP’s rules (de Lajudie et al., 2019; Mousavi and Young,
2023). Accordingly, in terms of the guidelines listed by the Subcom-
mittee, we provided evidence of intra-species variation (where new
species included multiple strains) with genomes of sufficient quality and
completeness, documented phenotype information and demonstrated
that members of the new species are capable of nodulating V. karroo,
thereby satisfying Koch’s postulates (de Lajudie et al., 2019). This study
represents an initial endeavour to formally name the rhizobial symbi-
onts of V. karroo that would otherwise be left in limbo under the ICNP’s
current stance on culture availability and significantly contributes to the
understanding of the intricate interaction between V. karroo and a
prominent rhizobial partner, Mesorhizobium. Additionally, by formally
naming the symbionts of V. karroo using the SeqCode, this work con-
stitutes and illustrative example of how genome sequence data can serve
as nomenclatural types for naming bacteria in countries where CBD- and
NP-related legislation precludes compliance with the ICNP.
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Table 9
Phenotypic traits for the species delineated in this study.
Phenotypic trait” Mesorhizobium species”
vac. hum. aus. mon. dul. cap. alb. aby.
(n=2) (n=2)° n=2) m=1 n=3) m=5) m=1) n=2)
Temperature growth range (°C) * 4-37 4-35 4-35 15-37 10-40 4-35 15-40 10-40
Salinity growth range (% w/v NaCl) “ 0.3-2.5 0.3-2.5 0.3-2.5 0.5-1.0 0.3-2.5 0.3-2.5 0.3-2.5 0.3-2.5
pH growth range * 5-10 6-9 5-10 6-10 6-9 6-10 6-9 5-10
Nitrate reduction (NO3 — NOy) + - - + v - + v
Nitrite reduction (NO5 — N) — — — — v v + -
Hydrolysis of:
L-arginine, urea v v v + v v +
Esculin ferric citrate, gelatin v v v - v v + v
Utilization of:
4-Nitrophenyl-p, D-galactopyranoside, D-glucose + + + + + \4 + v
L-arabinose, potassium gluconate, malic acid, phenylacetic acid v v v — v v + v
D-Mannose, D-mannitol, N-acetyl-glucosamine, D-maltose, captric v v v — v v - v

acid, adipic acid, trisodium citrate
Carbon source: Sugars

Dextrin, D-maltose, D-trehalose, D-cellobiose, gentiobiose, sucrose, + + + + v v + +
D-turanose, stachyose

D-Raffinose, a-D-lactose, D-melibiose, p-methyl-D-glucoside v + + + v v + +

D-Salicin, N-acetyl-D-glucosamine, N-acetyl-p-D-mannosamine. N- v + + + v v - +
acetyl-D-galactosamine, N-acetyl neuraminic acid

o-D-Glucose, D-mannose, D-fructose, D-galactose, 3-methyl glucose, v + + + v v + +

D-fucose, L-fucose, L-rhamnose, inosine
Carbon sources: carboxylic acids, esters and fatty acids

p-Hydroxy-phenylacetic acid, propionic acid, formic acid, v - v + v v - v

Tween 40, a-hydroxy-butyric acid, f-hydroxy-D, L-butyric acid, v + + + + v + +
acetoacetic acid, acetic acid

Methyl pyruvate, D-lactic acid methyl ester, L-lactic acid, D-malic + + + + v v + +
acid, L-malic acid, bromo-succinic acid

Citric aicd, a-keto-glutaric acid, y-amino-butyric acid v + + + v v — v

a-Keto-glutaric acid — - — - - - - —

Carbon source: Amino acids

Glycyl-L-proline, L-alanine, L-aspartic acid, L-glutamic acid, L- v + + + v v + +
pyroglutamic acid

L-arginine, L-histidine, L-serine v — v + v v + +

Carbon source: Hexose-PO,

D-Glucose-6-PO,4, D-Fructose-6-PO4 v + + + + + - +

Carbon source: Hexose acids

Pectin, D-galacturonic acid, L-galactonic acid lactone v + + + v v + +

D-Gluconic acid, D-glucuronic acid, glucuronamida, mucic acid, v — v + v v + +
quinic acid, D-saccharic acid

Other carbon sources:

D-sorbitol, D-mannitol, Myo-inositol, glycerol —+ + + + + + - +

D-Arabitol, D-aspartic acid, D-serine v - v + v v - v

 Phenotypic traits were determined and the results are indicated as follows; positive (+), negative (—) or variable (v) if all strains of a species did not display the
same result, while * demonstrates minimum and maximum ranges of physiological growth characteristics. For the full repertoire of physiological characters see
Supplementary Table S4, and for the biochemical attributes of the strains see Supplementary Table S5 and S6.

b Species are abbreviated as follows: vac. = M. vachelliae sp. nov., hum. = M. humile sp. nov., aus. = M. australafricanum sp. nov., mon. = M. montanum sp. nov.,
dul. = M. dulcispinae sp. nov., cap. = M. captivum sp. nov., and alb. = M. album sp. nov. The column labelled “aby.” includes the results for strains of M. abyssinicae
recovered in this study.

¢ In light of the minuscule size of the bacterial colonies on culture media and the insufficient availability of bacterial cells in solution, we opted to omit the Biolog
GenlII Microplate™ results for VK2B of M. humile. Consequently, we relied solely on the Biolog GenlIII Microplate™ results acquired from VK2D within the species
cluster for informative analysis.
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