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Abstract 

Twelve nodulating Paraburkholderia strains isolated from indigenous South African fynbos 

legume Hypocalyptus sophoroides were investigated to determine their taxonomic status. 

Genealogical concordance analysis, based on six loci (16S rRNA, atpD, recA, rpoB, lepA and 

gltB), revealed that they separate into two consistent and exclusive groups. Average nucleotide 

identity and DNA-DNA hybridisation comparisons indicated that they were sufficiently 

divergent from their closest known phylogenetic relatives (Paraburkholderia caledonica and 

Paraburkholderia terrae, respectively) to be regarded as novel species. This was also 
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supported by the results of fatty acid analysis and metabolic characterisation. For these two 

isolate groups, we accordingly propose the new species Paraburkholderia strydomiana sp. nov. 

with WK1.1fT (= LMG 28731T = SARCC1213T) as its type strain and Paraburkholderia steynii 

sp. nov. with HC1.1baT (= LMG 28730T = SARCC696T) as its type strain. Our data thus 

showed that H. sophoroides may be considered a promiscuous symbiotic partner due to its 

ability to associate with multiple species of Paraburkholderia.  
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The GenBank/EMBL/DDBJ accession numbers for the 16S rRNA sequences of type strains 

WK1.1fT and HC1.1baT are HF674688 and HF674712, the atpD gene sequences are LN555593 

and LN555601, the rpoB accession numbers are LN555614 and LN555624 and the recA 

accession numbers are HF544384 and HF544408. Lastly the accession numbers for the lepA 

gene sequences of WK1.1fT and HC1.1baT are LT708273 and LT708274, while the gltB 

accessions are LT708294 and LT708295. The NCBI genome accession numbers for the type 

strains are MWMK00000000 and MWML00000000. 
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Introduction  

 

Hypocalyptus sophoroides is a member of the tribe Hypocalypteae in the Papilionoideae 

subfamily of legumes (Leguminosae) (Schutte and Van Wyk 1998; Legume Phylogeny 

Working Group 2017). This monogeneric tribe forms part of the so-called “Old world” 

papilionoid clade and is most closely related to the mirbelioid tribes indigenous to Australia 

(including Tasmania) and Papua-New Guinea (Van Wyk 2005; Lewis et al. 2005; Legume 

Phylogeny Working Group 2013). Similar to the other two Hypocalyptus species, 

Hypocalyptus coluteoides and Hypocalyptus oxalidifolius, the distribution of this perennial 

shrub or small tree is restricted to the Fynbos biome in the Western Cape Province of South 

Africa where it mostly grows on rocky sandstone slopes along streams (Stepanova et al. 2013). 

Symbiotic interactions with nitrogen-fixing bacteria (rhizobia) likely facilitate their survival 

and growth in these nutrient-poor soils (Yates et al. 2010), because the natural occurrence of 

root nodules (i.e., plant organs in which rhizobia chemically reduce dinitrogen to ammonium; 

Masson-Boivin et al. 2009) has been reported for all three species (Sprent 2001; Beukes et al. 

2013). Hypocalyptus root nodules are elongated, unbranched and indeterminate in shape (see 

Suppl. Fig. S1 of Beukes et al. 2013), which is similar to what has been reported for their 

mirbelioid relatives (Sprent 2001; Beukes et al. 2013). A cross-section of a stained 

Hypocalyptus sophoroides nodule (inoculated with Paraburkholderia tuberum STM678T) 

clearly showed the apical meristem, as well as the nitrogen-fixing zone with the 

Paraburkholderia-infected cells interspersed with uninfected cells (Lemaire et al. 2015).  

 

The rhizobia associated with Hypocalyptus were originally classified as Burkholderia species 

(Beukes et al. 2013). However, this diverse taxon (i.e., Burkholderia sensu lato) has since been 

split by moving most of the so-called “environmental” and “plant-beneficial-environmental” 
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species (Suárez-Moreno et al. 2012), as well as symbionts of the fungus Rhizopus microsporus 

(Partida-Martinez et al. 2007), to the new genera Paraburkholderia (Sawana et al. 2014), 

Caballeronia (Dobritsa and Samadpour 2016), Trinickia and Mycetohabitans (Estrada-de los 

Santos et al. 2018). Accordingly, all the formally described rhizobial and/or endosymbionts of 

papilionoids from South Africa have been moved to Paraburkholderia (Oren and Garrity 

2015a, b, 2017). These include P. tuberum (Vandamme et al. 2002), Paraburkholderia 

sprentiae (De Meyer et al. 2013a), Paraburkholderia dilworthii (De Meyer et al. 2014), 

Paraburkholderia rhynchosiae (De Meyer et al. 2013b), Paraburkholderia dipogonis (Sheu et 

al. 2015), Paraburkholderia kirstenboschensis (Steenkamp et al. 2015) and Paraburkholderia 

aspalathi (Mavengere et al. 2014). Because its draft genome apparently lacks nod or nif loci 

(Estrada-de los Santos et al. 2018), P. aspalathi is likely only present as an endosymbiont.  

 

Of the Paraburkholderia species described from South Africa, only P. kirstenboschensis 

included isolates originating from Hypocalyptus root nodules (including three isolates from H. 

sophoroides), as well as isolates from other Fynbos legumes (Beukes et al. 2013; Steenkamp 

et al. 2015). Generally, information regarding nodulation and nitrogen fixation in Hypocalyptus 

species is limited (Sprent 2001). However, two other species originating from South Africa, P. 

dipogonis (Sheu et al. 2015) and P. tuberum STM678T (Vandamme et al. 2002), have recently 

been shown to be capable of forming effective nodules on Hypocalyptus (Lemaire et al. 2015, 

2016), while Paraburkholderia phymatum STM815T (isolated from French Guiana) could only 

form ineffective nodules on H. sophoroides (Vandamme et al. 2002; Lemaire et al. 2016). 

These findings are consistent with the proposal that South Africa and South America represent 

two distinct centres of diversity for nodulating Paraburkholderia (Gyaneshwar et al. 2011). In 

contrast to P. phymatum strains that can nodulate Mimosa species (Elliott et al. 2007) and 

Papilionoideae species such as Dipogon lignosus (Liu et al. 2014), South African 
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Paraburkholderia apparently only nodulate Papilionoideae hosts (Liu et al. 2014) and have not 

been shown to be capable of effectively nodulating Mimosa (de Castro Pires et al. 2018).  

 

An earlier study showed that Hypocalypteae can interact with a range of diverse 

Paraburkholderia isolates (Beukes et al. 2013). Although not representing an extensive survey 

across the distribution range of individual Hypocalyptus species, this study revealed as many 

as seven distinct recA-based genotypes, distributed across the Paraburkholderia phylogeny, 

from the root nodules of H. sophoroides (Beukes et al. 2013). The overall objective of the 

present study was to delineate and characterise the species represented by a set of 12 rhizobial 

isolates from H. sophoroides. Previous work based on 16S rRNA and recA phylogenies 

suggested that this collection of isolates represent two genetically distinct groups (Beukes et 

al. 2013). Therefore, our specific aims were (i) to delimit the genetically distinct groups within 

this collection of isolates by using multilocus genealogical concordance analysis (Venter et al. 

2017); (ii) to evaluate the overall genetic and phenotypic uniqueness of the delimited groups 

relative to their closest known relatives; and (iii) to provide descriptions for these groups 

following the conventions for rhizobial systematics (Graham et al. 1991). To accomplish these 

aims, the 12 isolates were subjected to a phylogeny-based analysis of genealogical concordance 

using the gene sequences of six independent loci. The overall support for the delineated groups 

was then investigated by evaluating various phenotypic properties and genome-based criteria. 

The exclusive or genealogically concordant groups were then characterised as two new species, 

named here as Paraburkholderia strydomiana sp. nov. and Paraburkholderia steynii sp. nov. 

(see below).  
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Materials and methods  

 

Bacterial isolates, growth conditions and DNA extraction 

 

A set of 12 isolates was examined in this study (isolates WK1.1a, WK1.1c, WK1.1d, WK1.1fᵀ, 

WK1.1h, WK1.1i, WK1.1j, WK1.1k, WK1.1m, HC1.1a3, HC1.1baᵀ and HC1.1bb). Of these, 

two isolates (WK1.1a and WK1.1c) were taken directly from root nodules of H. sophoroides 

plants that grew along the Old du Toit’s Kloof Pass in the Western Cape Province of South 

Africa (Beukes et al. 2013). The remaining ten isolates originated from the root nodules of 

individual plants that were grown, under glasshouse conditions, in soil collected from the same 

location (Beukes et al. 2013). The nodulation ability of these isolates was demonstrated 

previously (Beukes et al. 2013).  

 

For comparative purposes, the type strain for Paraburkholderia hospita was obtained from the 

Belgian Coordinated Collections of Microorganisms (BCCM; Universiteit Gent, Belgium). All 

isolates were routinely grown at 28 oC on either Yeast Mannitol Agar (YMA) or Tryptone 

Yeast Extract Agar (TYA) enriched with CaCl2.2H2O to reduce the production of 

exopolysaccharides. All the isolates were preserved on beads or in 20% glycerol at -70 oC as 

part of the University of Pretoria’s Rhizobium Culture Collection. The type strains (WK1.1fT 

and HC1.1baT) of the proposed novel species have been deposited in the BCCM (with numbers 

LMG 28731T and LMG 28730T, respectively) and in the South African Rhizobium Culture 

Collection (SARCC, Pretoria, South Africa; with numbers SARCC1213T and SARCC696T, 

respectively).  
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High-quality DNA was prepared from 48 hour-old Tryptone Soy Agar (TSA; Merck) grown 

cultures. This was accomplished using the method described by Pitcher et al. (1989) with some 

modifications (Steenkamp et al. 2015). The extracted DNAs were used in all subsequent PCRs 

and DNA-DNA hybridisation (DDH) experiments, as well as for whole genome sequencing 

(see below). 

 

Phylogenetic analysis 

 

DNA sequence information for six independent gene regions was utilised in this study. The 

sequences for two of these (16S rRNA and recA) were available from previous work (Beukes 

et al. 2013), while those for four additional genes were determined during this study. The latter 

included atpD (encoding ATP synthase subunit beta), rpoB (encoding RNA polymerase 

subunit beta), gltB (encoding glutamate synthase subunit alpha) and lepA (encoding translation 

elongation factor 4).  

 

For rpoB and atpD, PCR amplification and sequencing were performed as described by 

Steenkamp et al. (2015). For amplifying portions of the gltB and lepA genes, primer set gltBF 

(5’ CTG CAT CAT GAT GCG CAA GTG 3’) and gltBR (5’ CTT GCC GCG GAA RTC GTT 

GG 3’) (Spilker et al. 2009), and primer set lepA-F2 (5’ TGG TTC GAC AAC TAC GTC GG 

3’) and lepA-R (5’ ATC AGC ATG TCG ACC TTC AC 3’) (Estrada-de los Santos et al. 2013) 

were used. Each 25 μl PCR reaction contained 50 - 100 ng genomic DNA, 10 mM of each 

primer, 0.1 U/μl Super-Therm Taq DNA polymerase (Southern Cross, Biotechnology, SA) and 

reaction buffer, 25 mM MgCl2 and lastly 2.5 mM of each of the four dNTPs. PCR cycle 

conditions were as follows: initial denaturation at 95 oC for 5 min, followed by 30 cycles of 

denaturation at 95 oC for 30 s, annealing at 55 oC for 30 s and elongation at 72 oC for 1 min 30 
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s finishing with a final elongation step of 10 min at 72 oC. The gltB and lepA amplicons were 

purified and sequenced in both directions using the original PCR primers as described before 

(Steenkamp et al. 2015).   

 

Electropherograms for the respective forward and reverse sequences for atpD, rpoB, lepA and 

gltB were analysed and assembled into individual contigs using ChromasLite v2.01 

(Technelysium, Queensland, Australia) and BioEdit v7.0.5.3 (Hall 1999). The atpD, recA, 

rpoB, lepA and gltB sequences determined in this study have been submitted to the European 

Nucleotide Archive (https://www.ebi.ac.uk) (see Supplementary Table S1). Also, all of the 

DNA sequences used in this study were compared to those in the nucleotide database of the 

National Center for Biotechnology Information (NCBI; https://www.ncbi.nlm.nih.gov; Benson 

et al. 2017) using blastn (Altschul et al. 1990).  

 

Individual datasets were generated for all six loci. In addition to the sequences for the 12 

isolates from H. sophoroides and P. hospita, these datasets included the corresponding 

sequences from the type strains of other known species as per the List of Prokaryotic Names 

with Standing in Nomenclature (LPSN; www.bacterio.net) (Euzéby 1997; Parte 2013). For the 

latter, only species which have sequences for all five protein-coding gene regions were 

included in these analyses. We also analysed broader or extended 16S rRNA and recA datasets 

to incorporate newly described species for which these were the only sequence information 

available. For outgroup purposes, the various gene datasets included the type strains of three 

Caballeronia species (i.e., Caballeronia fortuita LMG 29320T; Caballeronia temeraria LMG 

29319T and Caballeronia catudaia LMG 29318T) previously described from South African 

soil (Peeters et al. 2016). 
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The 16S rRNA sequences were aligned with MAFFT (Multiple Alignment using Fast Fourier 

Transformation; http://mafft.cbrc.jp/alignment/server/) using the Q-INS-I strategy to account 

for secondary structure (Katoh and Toh 2008). The sequences for the respective protein-coding 

genes were manually aligned in BioEdit by making use of the inferred amino acid sequences. 

SequenceMatrix (Vaidya et al. 2011) was used to generate a concatenated dataset consisting of 

the aligned sequences for the five protein-coding genes. 

 

Maximum likelihood (ML) and maximum parsimony (MP) trees were generated using each 

individual dataset as well as the concatenated dataset. ML trees were inferred using PhyML 

v3.1 (Guindon and Gascuel 2003) and the best-fit models as indicated by jModelTest v2.1.7 

(Guindon and Gascuel 2003; Darriba et al. 2012). In these analyses, all the datasets included a 

proportion of invariable sites and gamma correction to account for among site variation. The 

recA and atpD datasets utilised the TIM2 transition substitution model (Darriba and Posada 

2014), the gltB dataset utilised the TIM1 transition substitution model, the rpoB, lepA and 

concatenated datasets utilised the General Time Reversible (GTR) model (Tavare 1986), while 

the 16S rRNA datasets used the Tamura and Nei (1993) model. MP trees were inferred with 

MEGA 6 (Tamura et al. 2013) using Tree-Bisection-Regrafting (TBR; Nei and Kumar 2000) 

at a search level of 1 in which the initial trees were obtained by the random addition of 

sequences for which there were 1000 replicates. For the MP analysis, only positions with < 5% 

alignment gaps, missing data or ambiguous bases were used, while branch lengths for the most 

parsimonious trees were calculated using the average pathway method (Nei and Kumar 2000). 

For both ML and MP analyses, branch support was estimated using nonparametric bootstrap 

analysis of 1000 pseudoreplicates (Felsenstein 1985). 
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Sequences for the common symbiotic loci, nifH and nodA (encoding dinitrogenase reductase 

and an acyltransferase, respectively), for the Paraburkholderia isolates associated with 

indigenous fynbos legumes were obtained during a previous study (Beukes et al. 2013). We 

included only those for isolates associated with H. sophoroides here. These protein-coding 

regions were aligned as described above, after which maximum-likelihood analyses were 

performed. The nifH dataset used the TIM3 transitional substitution model (Darriba and Posada 

2014) and the nodA dataset used the Hasegawa-Kishino-Yano (HKY) model (Hasegawa et al. 

1985). Only the HKY analysis included a proportion of invariable sites and gamma correction 

for among site rate variation. Branch support was estimated using bootstrap analysis of 1000 

pseudoreplicates.  

 

Genome sequences for isolates WK1.1fT and HC1.1baT 

 

The whole genome sequences for isolates WK1.1fT and HC1.1baT were determined. Their 

respective high-quality DNAs were subjected to whole genome shotgun sequencing at 

Stellenbosch University’s Central Analytical Facilities (CAF; Stellenbosch, South Africa). The 

Ion Torrent 200-base pair (bp) chemistry (Thermo Fisher Scientific) was used for library 

preparation, while sequencing with HiQ chemistry on an Ion PI™ Chip (Thermo Fisher 

Scientific) was used to generate single-ended reads. The reads were filtered and trimmed using 

FastX Tools v0.0.14, which eliminated short reads (< 150 bases) and removed adaptor 

sequences and regions of low quality. The remaining sequences were assembled using SPAdes 

v3.6.0. (Nurk et al. 2013). The statistical report for the assemblies was generated using BBMap 

(Joint Genome Institute, U.S. Department of Energy). 

 

 



11 

 

ANI and DDH 

 

The assembled genomes for WK1.1fT and HC1.1baT were used to determine the pair-wise ANI 

values between each isolate and its closest known relatives, as determined by the extended recA 

phylogeny. This was done using JSpecies (Richter and Rosselló-Móra 2009), where ANI 

values were calculated by pair-wise BLAST comparisons of genomes that were in turn 

artificially sectioned into 1020 base fragments. Only those fragments that were > 30% similar 

over an aligned region of > 70% of their lengths to the reference were considered homologous. 

JSpecies then calculated the ANI values across the genomes by averaging the percentage 

identities obtained for individual homologous fragments. 

 

DDH experiments were performed in-house following the procedure described by Goris et al. 

(2007), with minor modifications (Steenkamp et al. 2015). These experiments included all 12 

of the isolates examined in this study. We also included the type strains of the species closely 

related to the isolates from H. sophoroides, as based upon the extended recA phylogeny. 

 

Phenotypic characterisation  

 

Cell morphology, size and motility were determined using Zeiss Stereo and compound 

microscopes and Auxiovision version 4.8 software. To study growth characteristics, isolates 

were streaked onto TYA, YMA, TSA and MacConkey Agar without crystal violet (MA; 

Merck). Incubation was aerobic at 28 oC for 3-4 days, except for MA, where isolate growth 

was evaluated at 29 oC and 37 oC. Growth of the isolates in Tryptone Yeast Broth (TYB, Oxoid) 

containing either 0.5% (wt/vol) or 1% (wt/vol) NaCl was evaluated at 28 oC. To determine the 

optimum growth pH, all 12 isolates were grown in a pH range of 4-9 in Yeast Mannitol Broth 
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at 28 oC with shaking for 4 days. Catalase activity was determined by flooding a colony with 

10 % H2O2. Oxidase activity was detected by blotting a loopful of cells on sterile filter paper 

soaked in 1 % N,N,N’,N’-tetramethyl ρ-phenylenediamine.  

 

The metabolic profiles for the various isolates were determined using API 20NE strips 

(bioMérieux), as well as the Biolog GN2 MicroPlate system (Biolog). These tests were 

performed under standardised conditions and according to the manufacturers’ instructions, 

with incubation at 28 oC and results recorded after 48 h. Colonies used for inoculating the 

various test substrates included in these tests were taken from 24 h to 48 h cultures on TSA at 

28 oC. 

 

The proposed type strains (WK1.1fT and HC1.1baT) of each of the novel species delineated 

here were subjected to whole cell fatty acid analysis. Strains were cultured on TSA following 

the prescribed MIDI protocol (http://www.midi-inc.com/techNote_101.pdf). The analysis was 

done by the Food and Environmental Research Agency (Sand Hutton, York, United Kingdom) 

using an Agilent Technologies 6890 gas chromatograph and the MIDI Sherlock Microbial 

Identification System version 6.2. 

 

Results 

 

Phylogenetic analysis 

 

BLAST comparison of the 16S rRNA sequences of the 12 isolates from H. sophoroides to 

those in the NCBI nucleotide database showed that they were all most similar to species of the 

genus Paraburkholderia. For example, the 16S rRNA sequences for the 12 isolates shared > 
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99% identity with P. caledonica LMG 19076T or P. terrae LMG 23368T. To determine the 

overall relatedness of the 12 Paraburkholderia isolates to other members of the genus, a 16S 

rRNA phylogeny was generated, which included all validly named Paraburkholderia species 

(Fig. 1). This showed that eight isolates (WK1.1fT, WK1.1k, WK1.1a, WK1.1j, WK1.1i, 

WK1.1h, WK1.1d and WK1.1m) formed a well-supported monophyletic group that included 

the type strain of P. caledonica. The proposed type strain for this group, WK1.1fT, shares 100% 

16S rRNA sequence similarity when aligned with P. caledonica LMG 19076T. The remaining 

four isolates (HC1.1baT, WK1.1c, HC1.1bb and HC1.1a3) formed a well-supported and 

exclusive group, closely related to P. terrae KMY02T and P. hospita LMG 20598T. The aligned 

16S rRNA sequence similarity between HC1.1baT and P. terrae KMY02T is 100% while it 

shares 98.6% sequence similarity with P. hospita LMG 20598T. Similar overall patterns were 

observed in the recA phylogeny with comparable taxon selection (Suppl. Fig. S1). The two 

main differences in the recA tree were that the first group of eight isolates grouped separately 

from the type strain for P. caledonica, while the second group of four isolates formed a well-

supported group that contained the type strain for P. terrae. Based on these combined data, and 

using Nixon and Wheeler’s (1990) approach, these two diagnosable groups (i.e., P. caledonica 

plus WK1.1fT, WK1.1k, WK1.1a, WK1.1j, WK1.1i, WK1.1h, WK1.1d and WK1.1m, and P. 

terrae plus HC1.1baT, WK1.1c, HC1.1bb and HC1.1a3) were regarded as putative species 

hypotheses, the validity of which we interrogated in subsequent analyses. 
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Fig. 1. A maximum parsimony (MP) tree inferred from 16S rRNA sequence analysis of a group of 12 Paraburkholderia 

isolates associated with Hypocalyptus sophoroides. The length of the tree is 1001 steps, the consistency index is 0.21, the 

retention index is 0.68 and the homoplasy index is 0.79. A similar tree was obtained using maximum likelihood (ML) 

analysis. Statistical support for the groupings are shown in the order MP/ML and only support ≥ 50% are indicated. 

Information regarding the type strain and GenBank accession numbers for each species is indicated in brackets. Species 

names which appear in inverted commas are combinations that have not yet been validly published. The scale bar 

corresponds to 10 character state changes 
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The 12 H. sophoroides isolates, together with P. caledonica and P. terrae were subjected to 

genealogical concordance analysis based on the partial sequences of five protein-coding genes. 

These were recA (ca. 850 bp), atpD (ca. 1200 bp), rpoB (ca. 1000 bp), gltB (ca. 582 bp) and 

lepA (ca. 747 bp). Phylogenetic analyses of these individual datasets supported the separation 

of the 12 H. sophoroides isolates into the two groups recovered before (Fig. 2 and 

Supplementary Figures S2-S7). Across all five of the phylogenies, the eight isolate group 

remained highly supported (97-100% bootstrap support) and excluded P. caledonica LMG 

19076T as its closest known relative. The four isolate group was well-supported (95-100% 

bootstrap support) in the atpD, rpoB, gltB and lepA genealogies but, as before, included the 

type strain of P. terrae in the recA phylogeny.  

 

Analysis of nifH and nodA sequences separated the isolates originating from H. sophoroides 

into two clusters (Suppl. Fig. S8A and B). One of these clusters included the eight isolate group 

observed in the recA, atpD, rpoB, gltB and lepA genealogies (Fig. 2). The other nifH- and nodA-

based cluster included the previously observed four isolate cluster. Both of the nifH- and nodA-

based clusters also included isolates of P. kirstenboschensis and, as yet, unnamed isolates from 

H. sophoroides root nodules. It would therefore appear as if there are at least two lineages of 

the symbiotic locus responsible for interaction with H. sophoroides.     
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Fig. 2. Results for the genealogical concordance analysis based on five protein-coding genes. The trees were 

produced with maximum parsimony, although similar groupings were obtained with maximum likelihood 

analysis. Bootstrap support, based on 1000 pseudoreplicates, are indicated at the branches in the order MP/ML 

where only support ≥ 50% are indicated. The 12 isolates from Hypocalyptus sophoroides are indicated in green, 

while their close relatives, P. caledonica and P. terrae, are indicated in red and blue respectively. The scale bar 

corresponds to 10 character state changes for the recA, rpoB and gltB phylogenies, 20 changes for the atpD and 

lepA phylogenies, and 50 changes for the concatenated phylogeny. Three Caballeronia species were used as 

outgroups. For details regarding maximum-likelihood support values, type strain designations and GenBank 

accession numbers, view Supplementary Figures S2 to S7 
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Genome sequences of isolates WK1.1fT and HC1.1baT 

 

For strain WK1.1fT a total of 6,240,372 single-ended reads were generated, which 

corresponded to 5,789,317 quality-filtered reads with an average length of 190 bases. Assembly 

of these reads generated a draft genome consisting of 8,397,958 bases across 259 contigs with 

120.63 x coverage, N50 of 105,781 and G + C content of 61.6%. Using the Rapid Annotation 

Subsystem technology (RAST; Aziz et al. 2008) this genome was predicted to contain 8339 

protein-coding genes with 55 genes encoding RNAs. Likewise, a total of 7,375,488 single-

ended reads were generated for strain HC1.1baT. Application of the quality filter resulted in 

6,800,907 reads with an average length of 200 bases, which assembled into a draft genome 

consisting of 11,448,031 bases. This assembly consisted of 1466 contigs at a coverage of 

108.72 x, with an N50 of 29,805 bases and G + C content of 61.8%. RAST predicted that the 

HC1.1baT genome contains 11,936 protein-coding genes and 58 genes encoding RNAs. 

Additionally, to meet the proposed minimum standards for using these genomes for taxonomic 

purposes (Chun et al. 2018), we also confirmed that their full-length 16S rRNA gene sequences 

were identical to those determined previously using Sanger sequencing. These draft assemblies 

are available from NCBI under the accession numbers MWMK00000000 and 

MWML00000000.  

 

ANI and DDH 

 

Comparison of the draft genome sequence for strain WK1.1fT (representative of the eight 

isolate group) with those of the type strains for validly named species closely related to it (i.e., 

P. caledonica NBRC 102488T, P. dilworthii WSM3556T, P. rhynchosiae WSM 3937T and P. 

kirstenboschensis LMG 28727T) generated ANI values below the proposed 95-96% threshold 
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(Richter and Rosselló-Móra 2009; Arahal 2014) for P. kirstenboschensis, P. rhynchosiae and 

P. dilworthii (Table 1). In the comparison between WK1.1fT and P. caledonica NBRC 

102488T, reciprocal ANI values of 94.97 and 95.51% were obtained, which fall within the 

proposed cut-off threshold with which to delineate novel species (Richter and Rosselló-Móra 

2009; Arahal 2014). Similarly, for the comparisons involving HC1.1baT (representative of the 

four isolate group) (Table 1). ANI values lower than 95-96% were obtained for the comparisons 

with P. hospita LMG 20598T and P. caribensis MWAP64T, while the comparison between 

HC1.1baT and P. terrae NBRC 100964T yielded reciprocal values of 95.18 and 95.91%. 

Therefore, most of the comparisons yielded ANI values below the 95-96% cut-off threshold, 

while the current closest neighbours of each proposed new species had comparison values in 

the range 95-96% (Richter and Rosselló-Móra 2009; Arahal 2014). 

Table 1 Pairwise comparison of the shared ANI percentage between P. strydomiana sp. nov. WK1.1fT (a) and P. 

steynii sp. nov. HC1.1baT (b) and their closest relatives which have genome sequences. Reciprocal search results 

are indicated above and below the diagonal. The proportions of the genomes included in these analyse are 

indicated in parentheses (see Supplementary Table S3) 

 

P. strydomiana 

sp. nov. 

WK1.1FT 

P. caledonica 

NBRC 102488T 

P. kirstenboschensis 

LMG 28727T 

P. rhynchosiae 

WSM3937T 

P. dilworthii 

WSM3556T 

(a) P. 

strydomiana sp. 

nov. WK1.1fT 
- 94.97 (83.41) 91.92 (72.20) 86.06 (60.77) 

87.75 

(67.16) 

P. caledonica 

NBRC 102488T 
95.51 (74.31) - 92.65 (68.54) 86.27 (58.30) 

88.11 

(64.39) 

P. 

kirstenboschensis 

LMG 28727T 

91.84 (68.80) 92.1 (73.42) - 86.84 (56.64) 
88.88 

(63.88) 

P. rhynchosiae 

WSM3937T 
86.32 (59.43) 86.22 (64.03) 87.12 (58.13) - 

87.84 

(65.71) 

P. dilworthii 

WSM3556T 
88.13 (63.57) 88.08 (67.65) 89.21 (62.67) 87.94 (63.24) - 

 

 
P. steynii sp. 

nov. HC1.1baT 

P. terrae 

NBRC 

100964T 

P. hospita LMG 

20598T 

P. caribensis 

MWAP64T 

(b) P. steynii sp. nov. 

HC1.1baT - 95.18 (79.50) 93.45 (69.36) 90.81 (72.78) 

P. terrae NBRC 100964T 95.91 (72.41) - 94.82 (71.21) 91.69 (74.65) 

P. hospita LMG 20598T 94.14 (71.41) 94.54 (79.86) - 91.48 (74.61) 

P. caribensis MWAP64T 91.98 (61. 82) 92.09 (69.20) 92.17 (61.91) - 
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We complemented the ANI analysis with conventional laboratory DDH experiments (Table 2). 

Values obtained for comparisons among individuals from the eight isolate group all exceeded 

90%, while comparisons with their closest known relative, P. caledonica LMG 19076T, yielded 

values of < 69% (Table 2). Similarly, for the four isolate group (Table 2), the within-group 

comparisons produced values of > 94%, while those involving other species (i.e., P. terrae 

LMG 23368T) had values below the accepted 70% threshold for species (Achtman and Wagner 

2008). These values were in the same range as those calculated using digital DDH (Meier-

Kolthoff et al. 2013); an average of 66.4% similarity (based on three methodologies) for P. 

strydomiana sp. nov. vs. P. caledonica, and an average of 65.2% similarity for P. steynii sp. 

nov. and P. terrae.  

 

Table 2 DDH-based percentage DNA similarity amongst Paraburkholderia strains belonging to P. strydomiana 

sp. nov. (a) and P. steynii sp. nov. (b) and their closest known relatives. The values in brackets indicate the 

difference between the reciprocal reactions divided by 2 

 WK1.1a WK1.1fT WK1.1j WK1.1m 

(a)P. strydomiana 

sp. nov. 

    

WK1.1a 100    

WK1.1fT 91.4 (± 8.6) 100   

WK1.1j 98.5 (± 1.6) 92.3 (± 2.5) 100  

WK1.1m  100 (± 0.4)  100 

P. caledonica LMG 

19076T 

 63.7 (± 3.2) 61.2 (± 9.2) 68.6 (± 9.8) 

 

 HC1.1a3 HC1.1baT HC1.1bb 

(b) P. steynii sp. nov.    

HC1.1a3 100   

HC1.1baT 94.4 (± 5.6) 100  

HC1.1bb 99.4 (± 0.6) 95.7 (± 4.3) 100 

P. terrae LMG 23368T  26.0 (± 5.0)  

 

Phenotypic characterisation  

Our results showed that all these bacteria are Gram-negative, motile rods that are 0.6-0.7 µm 

wide and 1.5-2.0 µm long in the case of eight isolate group, while for the four isolate group 

cells are 0.7-0.8 µm wide and 2.3-2.7 µm long. Isolates of both groups grow well on YMA, 
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TYA and TSA at 28 oC. On all these growth media, colonies of the eight isolate group are 

creamy white, smooth and round with entire margins. Copious amounts of extracellular 

polysaccharides were observed on YMA. Colonies of the four isolate group were observed to 

be less smooth and mucoid on YMA agar and rough on TSA. All these strains grow in TYB 

containing 0.5 and 1% NaCl. Most of the strains could grow across the whole pH range tested 

(4-9), although no growth was observed for isolates WK1.1a and WK1.1m at pH 9. The 

members of the eight isolate group grow on MacConkey agar at 29 oC and 37 oC, but no growth 

was observed for the members of the four isolate group on this medium. All strains were found 

to be positive for catalase and oxidase. Supplementary Table S2 contains an overview of the 

results obtained for the various phenotypic tests, including those obtained with the API 20NE 

and Biolog GN2 MicroPlate systems. The TaxonNumbers for the two species in the Digital 

Protologue database are TA00804 (P. steynii sp. nov.) and TA00795 (P. strydomiana sp. nov.), 

respectively. 

  

A number of phenotypic features were identified that could differentiate the eight and four 

isolate groups from their near neighbours (Table 3), as determined based upon the extended 

recA phylogeny. The members of the eight isolate group can be differentiated from P. 

caledonica LMG 19076T and P. kirstenboschensis LMG 28727T by the assimilation of adipic 

acid and m-inositol, respectively. The members of the four isolate group can be distinguished 

from P. terrae LMG 23368T by nitrate reduction and the assimilation of adipic acid, m-inositol, 

citrate and alpha-ketovaleric acid. 
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Table 3 Phenotypic traits that differentiate P. strydomiana sp. nov. and P. steynii sp. nov. from the type strains of 

closely related Paraburkholderia species 

Phenotypic traits a      

 1b 2 3 4 5 

Isolation source RN RN RN RH RH 

Nitrate reduction V + V + - 

Activity of      

Arginine dihydrolase V V + - + 

Tryptophan deaminase ND ND + - - 

Urease - +    

β-Galactosidase + + V + + 

Assimilation of      

Adipic acid + + + - - 

Capric acid V + V + + 

D-Glucose + + + + + 

D-Mannitol + + + + + 

D-Mannose + + + + + 

l-Arabinose + + + + + 

m-Inositol - - + ND + 

2-Aminoethanol + + V ND ND 

L-Serine V + + ND + 

a-Ketovaleric acid V + - ND - 

a-Ketoglutaric acid V + V ND ND 

N-Acetylglucosamine + + + + + 

Trisodium citrate V + V - - 

Growth in O/F medium      

D-Glucose - - - - - 

DNA G + C content  62.0 62.0 61.8 62.0 62.0 
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a The results of the various properties were coded as follows: RN refers to root nodule; RH refers to rhizosphere; 

+ indicates that all isolates test positive; - indicates that all isolates test negative; V indicates that the results are 

variable; ND indicates that no data were available. 

b Strains are numbered as follows: 1. Paraburkholderia strydomiana sp. nov. (represented by isolates WK1.1fT, 

WK1.1k, WK1.1a, WK1.1j, WK1.1i, WK1.1h, WK1.1d and WK1.1m); 2. P. steynii sp. nov. (represented by 

HC1.1baT, WK1.1c, HC1.1bb and HC1.1a3); 3. P. kirstenboschensis LMG 28727T; 4. P. caledonica LMG 

19076T; 5. P. terrae LMG 23368T 

 

Fatty acid analysis revealed the presence of C16:0 in strains WK1.1fT and HC1.1baT, 

respectively representing the eight and four isolate groups, which is consistent with what has 

been reported for members of Burkholderia sensu lato (Yabuuchi et al. 1992; Garrity et al. 

2005). Both strains WK1.1fT and HC1.1baT were found to contain a small percentage of an 

unidentified fatty acid with a chain-length value of 10.928 or possibly 12:0 ALDE, which has 

also been seen in Paraburkholderia fungorum and P. caledonica (Coenye et al. 2001). 

Supplementary Table S2 contains details of the major fatty acids identified in the two proposed 

type strains.  

 

Discussion 

We used a six-step polyphasic approach that incorporates the principles of genealogical 

concordance for delineating putative species hypotheses (Venter et al. 2017) for a group of 12 

isolates resulting from a previous study (Beukes et al. 2013). In the previous study two widely 

used taxonomic markers (16S rRNA and recA gene sequences) were used to identify putative 

species boundaries (Weir et al. 2004; Vinuesa et al. 2005; Shams et al 2013) from a collection 

of fynbos-associated Paraburkholderia symbionts. This allowed delineation of two distinct 

groups, each containing a known species of Paraburkholderia (i.e., P. caledonica and P. 

terrae, respectively). Interrogation of these initial species boundaries were accomplished with 
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steps 2-5 of the Venter et al. (2017) workflow. DNA sequences for multiple independent loci 

were obtained (step 2), where we specifically used those for protein-coding genes that are 

commonly employed for taxonomic purposes in Paraburkholderia or Burkholderia sensu lato 

(Spilker et al. 2009; Estrada-de los Santos et al. 2013; Steenkamp et al. 2015). The next three 

steps involved inference and comparison of the five single-gene genealogies to examine the 

validity of the initially identified species hypotheses. All genealogies showed that the isolates 

designated here as P. strydomiana sp. nov. (i.e., the eight isolate group) represent a unique 

group that excluded other known species (including P. caledonica that was initially thought to 

be part of this species hypothesis). These genealogies also showed that the four isolate group 

represents a unique taxon that is distinct from all known species, here designated P. steynii sp. 

nov. The only exception was observed in the recA tree, in which P. terrae grouped with our P. 

steynii sp. nov. isolates. This was most likely due to the highly conserved nature of recA and 

incomplete lineage sorting subsequent to the divergence of the two species (Galtier and Daubin 

2008; Venter et al. 2017), although horizontal gene transfer of this locus between the species 

cannot be excluded (Venter et al. 2017). 

 

The final step of the Venter et al. (2017) workflow involved testing our species hypotheses for 

P. strydomiana sp. nov. and P. steynii sp. nov. with additional biological and genetic 

information. Both species hypotheses were not contradicted by the results of our DDH 

experiments and ANI comparisons. For the analyses comparing P. strydomiana sp. nov. and P. 

steynii sp. nov. with other known species (including P. caledonica and P. terrae), DDH 

similarity values were all below the 70% guideline value for species delineation (Goris et al. 

2007; Achtman and Wagner 2008). Consistent with this, ANI values below 95% were obtained 

in comparisons between the draft genomes of the two proposed new type strains and those of 

closely related species, although the ANI comparisons between the proposed type strains and 
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their closest known phylogenetic neighbours were within the cut-off range of 95-96% (Richter 

and Rosselló-Móra 2009; Arahal 2014); exceptions in ANI cut-off values for different groups 

have been noted (e.g. Steenkamp et al. 2015; Ciufo et al. 2018; Shapiro 2018) and the high 

genome similarity could be an indication of recent divergence (Shapiro 2018), between P. 

strydomiana sp. nov. and P. caledonica, and P. steynii and P. terrae.  

 

We are aware that some researchers would consider these isolates as subspecies of P. 

caledonica and P. terrae, however we would caution against implementing this view due to 

the significant differences in biology between these isolates and their closest neighbours. 

Paraburkholderia strydomiana sp. nov. and P. steynii sp. nov. are both root-nodulating plant 

symbionts whereas the type strains for P. caledonica NBRC 102488T and P. terrae NBRC 

100964T do not possess this ability. Also, the genomes of P. caledonica and P. terrae do not 

contain any of the common nodulation loci nodABCD (data not shown; as viewed on 

GenBank). The only exceptions are nodI and nodJ, but these genes have functions in both 

nodulating and non-nodulating bacteria (Aoki et al. 2013). 

 

For the intraspecies comparisons of isolates belonging to P. strydomiana sp. nov. and P. steynii 

sp. nov., DDH similarity values exceeding 70% were retrieved. The suitability of these cut-off 

values has also been shown previously for Paraburkholderia species (e.g., De Meyer et al. 

2013b, 2014; Baek et al. 2015; Steenkamp et al. 2015; Bournaud et al. 2017). Several 

biochemical properties also supported the P. strydomiana sp. nov. and P. steynii sp. nov. 

species hypotheses. For example, P. strydomiana sp. nov. can be differentiated from its near 

neighbours (P. caledonica and P. kirstenboschensis) by the assimilation of adipic acid and m-

inositol, while P. steynii sp. nov. can be differentiated from its near neighbour P. terrae by 

nitrate reduction, the assimilation of adipic acid, m-inositol, citrate and valerate. Taken 
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together, this study thus presents independent lines of evidence, based on multiple types of 

genetic and biological data, for supporting P. strydomiana sp. nov. and P. steynii sp. nov. as 

novel and stably delimited taxa (Dayrat 2005; Kämpfer and Glaeser 2012).  

 

Based on our multigene phylogeny (see Fig. 2 and Supplementary Figure S7), P. strydomiana 

sp. nov. and P. steynii sp. nov. are both related to known rhizobial species. P. strydomiana is 

closely related to other nodulators (P. kirstenboschensis, P. dilworthii and P. rhynchosiae) 

from South Africa (De Meyer et al. 2013b, 2014; Steenkamp et al. 2015), while P. steynii is 

related to various Mimosa-nodulating species (Paraburkholderia diazotrophica, 

Paraburkholderia piptadeniae, P. phymatum and Paraburkholderia caribensis (Vandamme et 

al. 2002; Elliott et al. 2007; Sheu et al. 2013; Bournaud et al. 2017). However, both P. 

strydomiana sp. nov. and P. steynii sp. nov. are closely related to non-nodulators. The closest 

known relative of P. strydomiana is the environmental species P. caledonica (Coenye et al. 

2001). This species has been reported from rhizosphere soils in the UK, Scotland, the 

Netherlands and South Africa, as well as leaf endophytes of Rubiaceae from several countries 

in Sub-Saharan Africa (including South Africa) (Coenye et al. 2001; Verstraete et al. 2014). 

The closest known relatives of P. steynii are P. terrae (Yang et al. 2006) and P. hospita (Goris 

et al. 2002). The type strain of P. terrae is diazotrophic and was first isolated from forest soil 

in South Korea (Yang et al. 2006), but the species predominantly receives attention for the 

strain BS001 that is a symbiont of the fungus Lyophyllum sp. strain Karsten, for which it also 

provides antifungal protection (Nazir et al. 2013; Nazir et al. 2014). P. hospita was originally 

isolated from agricultural soil from Belgium (Goris et al. 2002) and information regarding its 

biology and distribution is limited.  
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The majority of the strains defined here as belonging to P. strydomiana sp. nov. were originally 

isolated from H. sophoroides nodules resulting from trapping experiments and nodulation was 

proven on either siratro (Macroptilium atropurpureum) or cowpea (Vigna unguiculata) 

(Beukes et al. 2013). Three of the four strains defined here as belonging to P. steynii sp. nov. 

originated from nodules resulting from trapping experiments performed with H. sophoroides, 

while all strains tested positive for nodulation on either cowpea (Vigna unguiculata) or siratro 

(Macroptilium atropurpureum) (Beukes et al. 2013). The findings presented in this study thus 

expand the known range of rhizobia with which H. sophoroides associates to three 

Paraburkholderia species, i.e., P. strydomiana sp. nov., P. steynii sp. nov. and P. 

kirstenboschensis. Based on previous work (Beukes et al. 2013), this legume probably 

associates with at least two additional Paraburkholderia species that still require 

characterisation. All of these H. sophoroides symbionts were obtained from the same collection 

site at two or three different time points, which suggest that the exploration of more sites could 

reveal the existence of additional symbionts for this legume. Furthermore, irrespective of their 

species identities, the Paraburkholderia isolates interacting with this plant bear one of at least 

two forms of the symbiotic nifH- and nodA locus. This suggests diversity in the locus 

determining the H. sophoroides interaction and that it may be maintained and expressed in 

multiple genomic backgrounds (i.e., species). As the symbiosis enables legumes to grow under 

adverse environmental conditions (Thrall et al. 2000, 2005; Klock et al. 2015), it can be 

suggested that being able to interact with multiple rhizobial partners under the nutrient-poor 

conditions of the Fynbos biome would be advantageous for H. sophoroides. Also, 

Paraburkholderia symbionts of legumes in the Fynbos biome typically do not have many strict 

host interactions (Lemaire et al. 2015). Further research is, however, required to determine 

whether P. strydomiana and P. steynii follow the same pattern and also nodulate legumes other 

than H. sophoroides. 
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Description of Paraburkholderia strydomiana sp. nov. 

 

Paraburkholderia strydomiana (stry.do.mi.a’na. N.L. fem. adj. strydomiana, named in honour 

of Professor Barend (Ben) Wilhelm Strydom (1932-2018) for his contributions towards 

bacteriology in South Africa). 

 

Cells are Gram-negative, motile rods that are 0.6-0.7 µm wide and 1.5-2.0 µm long. Grows 

well on Yeast Mannitol Agar, Tryptone Yeast Agar and Tryptone Soy Agar at 28 oC. Grows in 

TYB containing 0.5 and 1% NaCl. Most strains can grow in the pH range 4-9. Growth is 

observed on MacConkey agar at 29 oC and 37 oC. Positive for catalase and oxidase. Positive 

for the assimilation of D-glucose, L-arabinose, D-mannose, D-mannitol, N-acetyl glucosamine, 

potassium gluconate, capric acid, adipic acid, malic acid, trisodium citrate and phenyl acetic 

acid. No assimilation of D-maltose and L-tryptophan, while D-glucose fermentation also does 

not occur. Negative for the liquefaction of gelatin as well as for the hydrolysis of aesculin. 

Positive for β-glucosidase activity and negative for urease activity. Unable to reduce nitrate to 

nitrite (given by the negative NO3 and N2 potassium nitrate tests). Positive for the oxidation of 

L-arabinose, D-arabitol, D-fructose, L-fucose, L-rhamnose and D-sorbitol while the oxidation 

of adonitol, D-cellobiose, α-D-lactose, maltose, D-melibiose, D-raffinose, sucrose and xylitol 

is negative. The major fatty acids are C16:0, C16:1 ω7c and/or C16:1 ω6c, C17:0 cyclo and C18:1 ω7c. 

The DNA G + C content of the type strain is 61.6 % as determined from the draft genome. 

The type strain, WK1.1fT (= LMG 28731T = SARCC1213T), was isolated from rhizosphere soil 

associated with Hypocalyptus sophoroides located in Old du Toit’s Kloof Pass (Western Cape 

Province, South Africa) in 2004.  
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Description of Paraburkholderia steynii sp. nov.  

 

Paraburkholderia steynii (ste.y’ni.i. N.L. gen. n. steynii, of Steyn, in honour of Professor Pieter 

Lodewikus Steyn (1936 - ), who initiated the research on indigenous nitrogen-fixing bacteria 

at the University of Pretoria). 

 

Cells are Gram-negative, motile rods that are 0.7-0.8 µm wide and 2.3-2.7 µm long. Grows 

well on Yeast Mannitol Agar, Tryptone Yeast Agar and Tryptone Soy Agar at 28 oC. Grows in 

TYB containing 0.5 and 1% NaCl, while no growth is observed on MacConkey agar at 29 oC 

and 37 oC. Can grow in the pH range 4-9. Positive for catalase and oxidase. Positive for the 

assimilation of D-glucose, L-arabinose, D-mannose, D-mannitol, N-acetyl glucosamine, 

potassium gluconate, capric acid, adipic acid, malic acid, trisodium citrate and phenyl acetic 

acid. No assimilation of D-maltose, L-tryptophan and no D-glucose fermentation. Negative for 

the liquefaction of gelatin as well as for the hydrolysis of aesculin. Positive for β-glucosidase 

and urease activity. Positive in the NO3 potassium nitrate test but negative for the N2 potassium 

nitrate test. Positive for the oxidation of adonitol, D-cellobiose, D-trehalose, L-arabinose, D-

arabitol, D-fructose, L-fucose, L-rhamnose and D-sorbitol, while the oxidation of α-D-lactose, 

maltose, D-melibiose, D-raffinose, sucrose and xylitol is not observed. The major fatty acids 

are C16:0, C16:1 ω7c and/or C16:1 ω6c, C17:0 cyclo, C18:1 ω7c and C19:0 cyclo ω8c. The DNA G + 

C content of the type strain is 61.8 % as determined from the draft genome. 

 

The type strain, HC1.1baT (= LMG 28730T = SARCC696T), was recovered from rhizosphere 

soil associated with Hypocalyptus sophoroides from Old du Toit’s Kloof Pass (Western Cape 

Province, South Africa) in 2006.  

 



29 

 

Acknowledgements This study was funded by the National Research Fund (NRF). University 

of Pretoria DNA sequencing facility for Sanger sequencing, as well as the library building for 

Ion Torrent Proton Sequencing. We wish to thank Prof. B. Schink for the helpful advice on the 

etymology of the bacterial names. 

 

Supplementary Information 

Supplementary Table S1. GenBank accession numbers for the sequences generated in this 

study as well as for the 12 Paraburkholderia isolates being investigated 

 

Supplementary Table S2. Metabolic, biochemical and fatty acid properties according to 

Biolog GN2, API 20NE tests and as determined by gas chromatography. Results include all 

the strains of the two novel species, except for the fatty acid analysis which was only performed 

on the respective type strains. 

 

Supplementary Table S3. Percentages of genomes analysed during ANI analyses (number of 

nucleotides/ number of fragments). 

 

Supplementary Table S4. Comparative genome characteristics of P. strydomiana sp. nov., P. 

steynii sp. nov. and their closest phylogenetic neighbours  

 

Supplementary Figure S1. One of nine most parsimonious tree inferred from the analysis of 

recA sequences of a group of 12 Paraburkholderia isolates associated with Hypocalyptus 

sophoroides. The length of the tree is 739 steps, the consistency index is 0.30, the retention 

index is 0.69 and the homoplasy index is 0.70. Statistical support for the groupings are shown 

in the order MP/ML and only support  50% are listed. Information regarding the type strain, 
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GenBank accession number/locus tag for each species is indicated in brackets, while the 

number accompanied by * is a GOLD Project ID. Species names which appear in inverted 

commas (‘…’) are combinations which have not yet been validly published. The scale bar 

corresponds to 10 character state changes. 

 

Supplementary Figure S2. One out of two most parsimonious trees inferred from the analysis 

of atpD sequences of a group of 12 Paraburkholderia isolates associated with Hypocalyptus 

sophoroides. The length of the tree is 1076 steps, the consistency index is 0.32, the retention 

index is 0.70 and the homoplasy index is 0.68. Statistical support for the groupings is shown 

in the order MP/ML and only support  50% is listed. Information regarding the type strain, 

GenBank accession number/locus tag for each species is indicated in brackets, while the 

number accompanied by * is a GOLD Project ID. Species names which appear in inverted 

commas (‘…’) are combinations which have not yet been validly published. The scale bar 

corresponds to 20 character state changes. 

 

Supplementary Figure S3. One of 12 most parsimonious trees inferred after analysing the 

recA sequences of the 12 Paraburkholderia isolates associated with Hypocalyptus 

sophoroides. The tree has a length of 793 steps, a consistency index of 0.31, a retention index 

of 0.69, and homoplasy index of 0.69. Bootstrap support is indicated only when  50% and 

appear in the order MP/ML. Listed in brackets is the type strain and GenBank accession 

number/locus tag for each species, while the number accompanied with * is a GOLD Project 

ID. Species appearing in inverted commas (‘…’) are combinations which have not yet been 

validly published. The scale bar corresponds to 10 character state changes. 
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Supplementary Figure S4. One of two most parsimonious tree resulting from the analysis of 

rpoB sequences from 12 Paraburkholderia isolates associated with Hypocalyptus sophoroides. 

The tree length is 830 steps, it has a consistency index of 0.28, a retention index of 0.65 and a 

homoplasy index of 0.70. Bootstrap support is indicated in the order MP/ML and only support 

of  50% is shown. Information regarding the type strain, GenBank accession number/locus 

tag of each species is listed in brackets, while * denotes a GOLD Project ID. Species names in 

inverted commas (‘…’) are combinations which have not yet been validly published. The scale 

bar corresponds to 10 character state changes. 

 

Supplementary Figure S5. One of three most parsimonious trees resulting from the analysis 

of lepA sequences for the 12 Paraburkholderia isolates associated with Hypocalyptus 

sophoroides in this study. This tree is 1502 steps long, has a consistency index of 0.30, a 

retention index of 0.64, and a homoplasy index of 0.70. Bootstrap support is indicated in the 

order MP/ML and only support of  50% are shown. Type strain and GenBank accession 

number/locus tag for each species is listed in brackets, while * denotes a GOLD Project ID. 

Species in inverted commas (‘…’) are combinations awaiting valid publication. The scale bar 

corresponds to 20 character state changes. 

 

Supplementary Figure S6. The most parsimonious tree inferred from the analysis of the gltB 

sequences of 12 Paraburkholderia isolates associated with Hypocalyptus sophoroides. The tree 

has a length of 648, a consistency index of 0.33, a retention index of 0.69 and homoplasy index 

of 0.67. Statistical support for the groupings are indicated in the order MP/ML and only support 

of  50% are shown. Listed in brackets is the type strain and GenBank accession numbers/locus 

tags for each species, while * indicates a Gold Project ID. Species names in inverted commas 
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(‘…’) are combinations which are still awaiting valid publication. The scale bar corresponds 

to 10 character state changes. 

 

Supplementary Figure S7. One of four most parsimonious trees inferred from analysing a 

five gene concatenated dataset (atpD + recA + rpoB + gltB + lepA) including the 12 focal 

Paraburkholderia species. The tree length is 5059 steps, has a consistency index of 0.29, a 

retention index of 0.64 and a homoplasy index of 0.71. Statistical support of  50% is indicated 

in the order MP/ML. Listed in the brackets are the type strain number for each species. Species 

names in inverted commas (‘…’) are combinations which are still awaiting valid publication. 

The scale bar corresponds to 50 character state changes. 

 

Supplementary Figure S8. A. Maximum likelihood phylogeny of a segment of the nifH locus 

for all available H. sophoroides associated rhizobial isolates. The tree is rooted at the midpoint, 

while the key indicates to which Paraburkholderia species the isolate belongs. Listed in 

brackets is the GenBank accession number for that isolate. The scale bar indicates the number 

of nucleotide changes per site. B. Maximum likelihood phylogeny of a fragment of the nodA 

locus for all available H. sophoroides rhizobial isolates. Listed in brackets are the GenBank 

accession number for the isolate. The tree is rooted at the midpoint and follows the same key 

as for part A. The scale bar indicates the number of nucleotide changes per site. The nifH 

sequence for isolate WK1.1k and the nodA sequence for WK1.1e were not available.  

 

Conflict of Interest: The authors declare that they have no conflict of interest.  



33 

 

References  

Achtman M, Wagner M (2008) Microbial diversity and the genetic nature of microbial species. 

Nat Rev Microbiol 6:431-440  

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic Local Allignment Search 

Tool. J Mol Biol 215:403-410 

Aoki A, Ito M, Iwasaki W (2013) From β- to α-Proteobacteria: the origin and evolution of 

rhizobial nodulation genes nodIJ. Mol Biol Evol 30: 2494-2508 

Arahal D (2014) Whole-gnome analyses: average nucleotide identity. Method Microbiol 41: 

103-122 

Aziz RK, Bartels D, Best AA, DeJongh M, Disz T, Edwards et al (2008) The RAST server: 

rapid annotations using subsystems technology. BMC Genomics 9:75 

http://dx.doi.org/10/1186/1471-2164-9-75 

Baek I, Seo B, Lee I, Yi H, Chun J (2015) Burkholderia monticola sp. nov., isolated from 

mountain soil. Int J Syst Evol Microbiol 65:504-509 

Benson DA, Cavanaugh M, Clark K, Karsch-Mizrachi I, Lipman DJ, Ostell J et al (2017) 

GenBank. Nucleic Acids Res 45:D37-D42. Doi: 10.1093/nar/gkx1094 

Beukes CW, Venter SN, Law IJ, Phalane FL, Steenkamp ET (2013) South African papilionoid 

legumes are nodulated by diverse Burkholderia with unique nodulation and nitrogen-

fixation Loci. PLoS ONE 8:e68406. doi: 10.1371/journal.pone.0068406  

Bournaud C, Moulin L, Cnockaert M, de Faria S, Prin Y, Severac D, Vandamme P (2017) 

Paraburkholderia piptadeniae sp. nov., and Paraburkholderia ribeironis sp. nov., two 

root-nodulating symbiotic species of Piptadenia gonoacantha in Brazil. Int J Syst Evol 

Microbiol 67:432-440  



34 

 

Chun J, Oren A, Ventosa A, Christensen H, Arahal DR, da Costa MS, Rooney AP, Yi H, Xu 

X-W, De Meyer S, Trujillo ME (2018) Proposed minimal standards for the use of 

genome data for the taxonomy of prokaryotes. Int J Syst Evol Microbiol 68:461-466 

Ciufo S, Kannan S, Sharma S, Badretdin A, Clark K, Turner S et al (2018) Using average 

nucleotide identity to improve taxonomic assignments in prokaryotic genomes at the 

NCBI. Int J Syst Evol Microbiol 68: 2386-2392 

Coenye T, Laevens S, Willems A, Ohlen M, Hannant W, Govan JRW, Gillis M, Falsen E, 

Vandamme P (2001) Burkholderia fungorum sp. nov. and Burkholderia caledonica sp. 

nov., two new species isolated from the environment, animals and human clinical 

samples. Int J Syst Evol Micr 51:1099-1107  

Darriba D, Posada D (2014) jModelTest 2.0 Manual v0.1.1 (http://darwin.uvigo.es/software/) 

Darriba D, Taboada GL, Doallo R, Posada D (2012) jModelTest 2: more models, new 

heuristics and parallel computing. Nature Methods 9:772 

Dayrat B (2005) Towards integrative taxonomy. Biol J Linn Soc 85: 407-415 

de Castro Pires R, dos Reis Junior FB, Zilli JE, Fischer D, Hofmann A, James EK et al (2018) 

Soil characteristics determine the rhizobia in association with different species of 

Mimosa in central Brazil. Plant Soil 423:411-428 

De Meyer SE, Cnockaert M, Ardley JK, Maker G, Yates R, Howieson JG, Vandamme P 

(2013a) Burkholderia sprentiae sp. nov., isolated from Lebeckia ambigua root nodules. 

Int J Syst Evol Micr 63:3950-3957 

De Meyer SE, Cnockaert M, Ardley JK, Trengove RD, Garau G, Howieson JG, Vandamme P 

(2013b) Burkholderia rhynchosiae sp. nov., isolated from Rhynchosia ferulifolia root 

nodules Int J Syst Evol Micr 63:3944-3949 



35 

 

De Meyer SE, Cnockaert M, Ardley JK, Van Wyk B-E, Vandamme PA, Howieson JG (2014) 

Burkholderia dilworthii sp. nov., isolated from Lebeckia ambigua root nodules. Int J 

Syst Evol Microbiol 64:1090-1095 

Dobritsa AP, Samadpour M (2016) Transfer of eleven Burkholderia species to the genus 

Paraburkholderia and proposal of Caballeronia gen. nov., a new genus to 

accommodate twelve species of Burkholderia and Paraburkholderia. Int J Syst Evol 

Microbiol 66:2836-2846 

Elliott GN, Chen W-M, Chou J-H, Wang H-C, Sheu S-Y, Perin L et al (2007) Burkholderia 

phymatum is a highly effective nitrogen-fixing symbiont of Mimosa spp. and fixes 

nitrogen ex planta. New Phytol 173:168-180 

Estrada-de los Santos P, Palmer M, Chávez-Ramírez B, Beukes C, Steenkamp ET, Briscoe L 

et al (2018) Whole genome analyses suggests that Burkholderia sensu lato contains two 

additional novel genera (Mycetohabitans gen. nov., and Trinickia gen. nov.): 

implications for the evolution of diazotrophy and nodulation in the Burkholderiaceae. 

Genes 9:389 doi: 10.3390/genes9080389 

Estrada-de los Santos P, Vinuesa P, Martínez-Aguilar L, Hirsch AM, Caballero-Mellado J 

(2013) Phylogenetic analysis of Burkholderia species by multilocus sequence analysis 

Curr Microbiol 67:51-60 

Euzéby JP (1997) List of bacterial names with standing in nomenclature: a folder available on 

the internet. Int J Syst Bacteriol 47:591-592 

Felsenstein J (1985) Confidence limits on phylogenies: An approach using the bootstrap. 

Evolution 39:783-791 

Galtier N, Daubin V (2008) Dealing with incongruence in phylogenomic analyses. Phil Trans 

R Soc B 363:4023-4029 



36 

 

Garrity GM, Bell JA, Linburn T (2005) Family I. Burkholderiaceae. In: Brenner DJ, Krieg NR, 

Staley JT, Garrity GM (eds) In Bergey’s Manual of Systematic Bacteriology 2, 2nd edn. 

Springer, New York, pp 438-475 

Goris J, Dejonghe W, Falsen E, De Clerck E, Geeraerts B, Willems A, Top EM, Vandamme 

P, De Vos P (2002) Diversity of transconjugants that acquired plasmid pJP4 or pEMT1 

after inoculation of a donor strain in the A- and B-horizon of an agricultural soil and 

description of Burholderia hospita sp. nov. and Burkholderia terricola sp. nov. System 

Appl Microbiol 25:340-352 

Goris J, Konstantinidis KT, Klappenbach JA, Coenye T, Vandamme P, Tiedje JM (2007) 

DNA-DNA hybridization values and their relationship to whole-genome sequence 

similarities. Int J Syst Evol Microbiol 57:81-91 

Graham PH, Sadowsky MJ, Keyser HH, Barnet M, Bradley RS, Cooper JE et al (1991) 

Proposed minimal standards for the description of new genera and species of root- and 

stem-nodulating bacteria. Int J Syst Bacteriol 41:582-587 

Guindon S, Gascuel O (2003) A simple, fast and accurate method to estimate large phylogenies 

by maximum-likelihood. Syst Biol 52:696-704 

Gyaneshwar P, Hirsch AM, Moulin L, Chen W-M, Elliott GN, Bontemps C et al (2011) 

Legume-nodulating betaproteobacteria: diversity, host range, and future prospects. Mol 

Plant Microbe In 24:1276-1288 

Hall TA (1999) BioEdit: a user-friendly biological sequence alignment editor and analysis 

program for Windows 95/98/NT. Nucl Acid S 41:95-98 

Hasegawa M, Kishino H, Yano T (1985) Dating of the human-ape splitting by a molecular 

clock of mitochondrial DNA. J Mol Evol 22:160-174 

Kämpfer P, Glaeser SP (2012) Prokaryotic taxonomy in the sequencing era - the polyphasic 

approach revisited. Environ Microbiol 14:291-317 



37 

 

Katoh K, Toh H (2008) Improved accuracy of multiple ncRNA alignment by incorporating 

structural information into a MAFFT-based framework. BMC Bioinformatics 9:212. 

doi: 10.1186/1471-2105-9-212 

Klock MM, Barrett LG, Thrall PH, Harms KE (2015) Host promiscuity in symbiont 

associations can influence exotic legume establishment and colonization of novel 

ranges. Divers Distrib 21:1193-1203 

Legume Phylogeny Working Group (LPWG) (2013) Legume phylogeny and classification in 

the 21st century: progress, prospects and lessons for other species-rich clades. Taxon 

62:217-248 

Legume Phylogeny Working Group (LPWG) (2017) A new subfamily classification of the 

Leguminosae based on a taxonomically comprehensive phylogeny. Taxon 66:44-77 

doi: 10.12705/661.3  

Lemaire B, Dlodlo O, Chimphango S, Stirton C, Schrire B, Boatwright JS, Honnay O, Smets 

E, Sprent J, James EK, Muasya AM (2015) Symbiotic diversity, specificity and 

distribution of rhizobia in native legumes of the Core Cape Subregion (South Africa) 

FEMS Microbiol Ecol doi: http://dx.doi.org/10.1093/femsec/fiu024 

Lemaire B, Chimphango SBM, Stirton C, Rafudeen S, Honnay O, Smets E et al (2016) 

Biogeographical patterns of legume-nodulating Burkholderia spp.: from African 

Fynbos to continental scales. Appl Environ Microbiol 82: 5099-5115 

Lewis G, Schrire B, Mackinder B, Lock M, (2005) Legumes of the World. Royal Botanic 

Gardens Kew, London, UK  

Liu WY, Ridgway HJ, James TK, James EK, Chen W-M, Sprent JI et al (2014) Burkholderia 

sp. induces functional nodules on the South African invasive legume Dipogon lignosus 

(Phaseoleae) in New Zealand soils. Microb Ecol 68:542-555 



38 

 

Masson-Boivin C, Giraud E, Perret X, Batut J (2009) Establishing nitrogen-fixing symbiosis 

with legumes: how many rhizobium recipes? Trends Microbiol 17:458-466 

Mavengere NR, Ellis AG, Le Roux JJ (2014) Burkholderia aspalathi sp. nov., isolated from 

root nodules of the South African legume Aspalathus abietina Thunb. Int J Syst Evol 

Micr 64:1906-1912 

Meier-Kolthoff JP, Auch AF, Klenk H-P, Göker M (2013) Genome sequence-based species 

delimitation with confidence intervals and improved distance functions. BMC 

Bioinformatics 14:60 http://www.biomedcentral.com/1471-2105/14/60 

Nazir R, Warmink JA, Voordes DC, van de Bovenkamp HH, van Elsas JD (2013) Inhibition 

of mushroom formation and induction of glycerol release - ecological strategies of 

Burkholderia terrae BS001 to create a hospitable niche at the fungus Lyophyllum sp. 

strain Karsten. Microb Ecol 65:245-254 

Nazir R, Tazetdinova DI, van Elsas JD (2014) Burkholderia terrae BS001 migrates proficiently 

with diverse fungal hosts through soil and provides protection from antifungal agents. 

Font Microbiol doi: 10.3389/fmicb.2014.00598 

Nei M, Kumar S (2000) Molecular Evolution and Phylogenetics. Oxford University Press, New 

York 

Nixon KC, Wheeler QD (1990) An amplification of the phylogenetic species concept. 

Cladistics 6:211-223 

Nurk S, Bankevich A, Antipov D, Gurevich A, Korobeynikov A, Lapidus A et al. (2013) 

Assembling genomes and mini-metagenomes from highly chimeric reads. Res Comput 

Mol Biol 7821:158–170 

Oren A, Garrity GM (2015a) List of new names and new combinations previously effectively, 

but not validly, published. Validation List no. 164. Int J Syst Evol Microbiol 65:2017-

2025  



39 

 

Oren A, Garrity GM (2015b) List of new names and new combinations previously effectively, 

but not validly, published. Validation List no. 165. Int J Syst Evol Microbiol 65:2777-

2783 

Oren A, Garrity GM (2017) List of new names and new combinations previously effectively, 

but not validly, published. Validation List no. 173. Int J Syst Evol Microbiol 67:1-3 

Parte AC (2013) LPSN - list of prokaryotic names with standing in nomenclature. Nucleic 

Acids Res 42:D613-D616 

Partida-Martinez LP, Groth I, Schmitt I, Richter W, Roth M, Hertweck C (2007) Burkholderia 

rhizoxinica sp. nov. and Burkholderia endofungorum sp. nov., bacterial endosymbionts 

of the plant-pathogenic fungus Rhizopus microsporus. Int J Syst Evol Microbiol 

57:2583–2590 

Peeters C, Meier-Kolthoff JP, Verheyde B, De Brandt E, Cooper VS, Vandamme P (2016) 

Phylogenomic study of Burkholderia glathei-like organisms, proposal of 13 novel 

Burkholderia species and emended descriptions of Burkholderia sordidicola, 

Burkholderia zhejiangensis, and Burkholderia grimmiae. Front Microbiol doi: 

10.3389/fmicb.2016.00877 

 Pitcher DG, Saunders NA, Owen RJ (1989) Rapid extraction of bacterial genomic DNA with 

guanidium thiocyanate. Lett Appl Microbiol 8:151-156 

Richter M, Rosselló-Móra R (2009) Shifting the genomic gold standard for the prokaryotic 

species definition. Proc Natl Acad Sci USA 106:19126-19131 

Sawana A, Adeolu M, Gupta RS (2014) Molecular signatures and phylogenomic analysis of 

the genus Burkholderia: proposal for division of this genus into the emended genus 

Burkolderia containing pathogenic organisms and a new genus Paraburkholderia gen. 

nov. harboring environmental species. Front Genet doi:10.3389/fgene.2014.00429 



40 

 

Schutte AL, van Wyk B-E (1998) The tribal position of Hypocalyptus Thunberg (Fabaceae). 

Novon 8:178-182   

Shams M, Vial L, Chapulliot D, Nesme X, Lavire C (2013) Rapid and accurate species and 

genomic species identification and exhaustive population diversity assessment of 

Agrobacterium spp. using recA-based PCR. Syst Appl Microbiol 36:351-358 

Shapiro BJ (2018) What microbial population genomics has taught us about speciation. In: 

Polz M, Rajora O (eds) Population genomics: microorganisms. Population genomics. 

Springer, Cham. doi: https://doi.org/10.1007/13836_2018_10 

Sheu S-Y, Chou J-H, Bontemps C, Elliott GN, Gross E, dos Reis Junior FB et al. (2013) 

Burkholderia diazotrophica sp. nov., isolated from root nodules of Mimosa spp. Int J 

Syst Evol Microbiol 63:435-441 

Sheu S-Y, Chen M-H, Liu WYY, Andrews M, James EK, Ardley JK (2015) Burkholderia 

dipogonis sp. nov., isolated from root nodules of Dipogon lignosus in New Zealand and 

Western Australia. Int J Syst Evol Microbiol 65: 4716-4723 

Spilker T, Baldwin A, Bumford A, Dowson CG, Mahenthiralingam E, LiPuma JJ (2009) 

Expanded multilocus sequence typing for Burkholderia species. J Clin Microbiol 47: 

2607-2610   

Sprent JI (2001) Nodulation in legumes. Royal Botanic Gardens Kew, London, UK  

Steenkamp ET, van Zyl E, Beukes CW, Avontuur JR, Chan WY, Palmer M et al. (2015) 

Burkholderia kirstenboschensis sp. nov. nodulates papilionoid legumes indigenous to 

South Africa. Syst Appl Microbiol 38:545-554 

Stepanova AV, Kotina EL, Tilney PM, Van Wyk B-E (2013) Wood and bark anatomy of 

Hypocalyptus support its isolated taxonomic position in Leguminosae. S Afr J Bot 

89:234-239 



41 

 

Suárez-Moreno ZR, Caballero-Mellado J, Coutinho BG, Mendonça-Previato L, James EK, 

Venturi V (2012) Common features of environmental and potentially beneficial plant-

associated Burkholderia. Microb Ecol 63:249-266 

Tamura K, Nei M (1993) Estimation of the number of nucleotide substitutions in the control 

region of mitochondrial DNA in humans and chimpanzees. Mol Biol Evol 10:512-526 

Tamura K, Stecher G, Peterson D, Filipski A, Kumar S (2013) MEGA6: Molecular 

Evolutionary Genetic Analysis Version 6.0. Mol Biol Evol 30:2725-2729 

Tavaré S (1986) Some probabilistic and statistical problems in the analysis of DNA sequences. 

In: Miura RM (ed) Some mathematical questions in Biology – DNA sequence analysis. 

American Mathematical Society, Rhode Island, pp 57-86 

Thrall PH, Burdon JJ, Woods MJ (2000) Variation in the effectiveness of symbiotic 

associations between native rhizobia and temperate Australian legumes: interactions 

within and between genera. J Appl Ecol 37:52-65 

Thrall PH, Millsom DA, Jeavons AC, Waayers M, Harvey GR, Bagnall DJ, Brockwell J (2005) 

Seed inoculation with effective root-nodule bacteria enhances revegetation success. J 

Appl Ecol 42:740-751  

Vaidya G, Lohman DJ, Meier R (2011) SequenceMatrix: concatenation software for the fast 

assembly of multi-gene datasets with character set and codon information. Cladistics 

27: 171-180. Accessible at http://dx/doi.org/10.1111/j.1096-0031.2010.00329.x 

Van Wyk B-E (2005) Tribe Hypocalypteae. In: Lewis L, Schrire B, Mackinder B, Lock M 

(eds) Legumes of the World, 1st edn. Royal Botanic Gardens Kew, London, UK, pp 

336–337 

Vandamme P, Goris J, Chen W-M, de Vos P, Willems A (2002) Burkholderia tuberum sp. nov. 

and Burkholderia phymatum sp. nov., nodulate the roots of tropical legumes. Syst Appl 

Microbiol 25:507-512 



42 

 

Venter SN, Palmer M, Beukes CW, Chan W-Y, Shin G, van Zyl E, Seale T, Coutinho TA, 

Steenkamp ET (2017) Practically delineating bacterial species with genealogical 

concordance. Antonie Leeuwenhoek 110:1311-1325  

Verstraete B, Peeters C, van Wyk B, Smets E, Dessein S, Vandamme P (2014) Intraspecific 

variation in Burkholderia caledonica: Europe vs. Africa and soil vs. endophytic 

isolates. Syst Appl Microbiol 37:194-199 

Vinuesa P, Silva C, Lorite MJ, Izaguirre-Mayoral ML, Bedmar EJ, Martínez-Romero E (2005) 

Molecular systematics of rhizobia based on maximum likelihood and Bayesian 

phylogenies inferred from rrs, atpD, recA and nifH sequences, and their use in the 

classification of Sesbania microsymbionts from Venezuelan wetlands. Syst Appl 

Microbiol 28:702-716 

Weir BS, Turner SJ, Silvester WB, Park D-C, Young JM (2004) Unexpectedly diverse 

Mesorhizobium strains and Rhizobium leguminosarum nodulate native legume genera 

of New Zealand, while introduced legume weeds are nodulated by Bradyrhizobium 

species. Appl Environ Microbiol 70:5980-5987 

Yabuuchi E, Kosako Y, Oyaizu H, Yano I, Hotta H, Hashimoto Y, Ezaki T, Arakawa M (1992) 

Proposal of Burkholderia gen. nov. and transfer of seven species of the genus 

Pseudomonas homology group II to the new genus, with the type species Burkholderia 

cepacia (Palleroni and Holmes 1981) comb. nov. Microbiol Immunol 36:1251-1275 

Yang H-C, Im W-T, Kim KK, An D-S, Lee S-T (2006) Burkholderia terrae sp. nov., isolated 

from a forest soil. Int J Syst Evol Microbiol 56:453-457 

Yates MJ, Verboom GA, Rebelo AG, Cramer MD (2010) Ecophysiological significance of leaf 

size variation in Proteaceae from the Cape Floristic Region. Functional Ecology 

24:485-492 

 


