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Abstract 
Lupinus is known to form endophytic associations with both nodulating and 
non-nodulating bacteria. In this study, multilocus sequence analysis (MLSA) 
was used to analyze phylogenetic relationships among root nodule bacteria 
associated with Lupinus and soybean. Out of 17bacterial strains analyzed, 13 
strains isolated from root nodules of Lupinus spp. were obtained from the Na-
tional Rhizobium Germplasm Resource Collection, USDA. Additionally, two 
strains of root-nodule bacteria isolated each from native Lupinus and domes-
tic soybean were examined. Sequences of the 16S rRNA gene and three 
housekeeping genes (atpD, dnaK and glnII) were used. All the reference genes 
were retrieved from the existing complete genome sequences only. The clus-
tering of 12 of the strains was consistent among single and concatenated gene 
trees, but not USDA strains 3044, 3048, 3504, 3715, and 3060. According to 
the concatenated phylogeny, we suggest that USDA 3040, 3042, 3044, 3048, 
3051, 3060, 3504, 3709 and 3715 are Bradyrhizobium, USDA 3063 and 3717 
are Mesorhizobium, USDA 3043 is Burkholderia and USDA 3057a is Micro-
virga. The two strains isolated from native lupines in this study are Burkhol-
deria and Rhizobium, whereas the two from domestic soybean are Bradyrhi-
zobium. This study emphasizes the robustness of MLSA, the diversity of bac-
terial species that are capable of nodulating lupine and the substantial capabil-
ity of Burkholderia spp. to colonize lupine root nodules. 
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1. Introduction 

The plant family Fabaceae or Leguminosae is considered the third largest family 
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of flowering plants and is well known for its important ecological function in 
fixing atmospheric nitrogen. It is comprised of three subfamilies Caesalpinioi-
deae, Mimosoideae and Faboideae. Within the Genisteae tribe of the legume 
subfamily Faboideae, the genus Lupinus or lupine encompasses more than 280 
species of annual herbs and perennial herbaceous and woody shrubs distributed 
mainly in South and Western North America, the Andes, the Mediterranean re-
gions and Africa [1]. Because of this ability to establish symbiotic associations 
with bacteria that can fix atmospheric nitrogen in root nodules, members of the 
genus Lupinus thrive in nutrient poor soils. The rhizobial requirement of Lupi-
nus has been thought to be somewhat specific, with literature indicating that lu-
pines are mainly nodulated by soil bacteria classified in the genus Bradyrhizo-
bium, although some other rhizobial and endophytic genera nodulating lupines 
have been identified as Mesorhizobium, Rhizobium, Microvirga, Paenibacillus, 
Micromonospora, Bosea, Ochrobactrum and Cohnella [2]-[14]. In addition, 
members of the genus Burkholderia (in class Betaproteobacteria) are known as 
endophytic bacteria in lupine [15] and considered the major inhabitants of white 
lupine cluster roots [16].  

Previously, the 16S rRNA gene sequence was most commonly used in bacteri-
al phylogenetic studies because of its slow mutation rate due to functional im-
portance. The 16S rRNA sequence is genus specific and hence provides genus 
identification in more than 90% of the cases [17] [18]. However, there are some 
drawbacks associated with the use of 16S rRNA gene sequences such as the 
presence of mosaicism in the 16S rRNA gene due to horizontal gene transfer and 
recombination events, the presence of multiple copies of the rRNA operon and 
the low resolution of closely related species [2]. Multilocus sequence analysis 
(MLSA), which combines analysis of several conserved housekeeping genes [19], 
provides improved discriminatory power over the use of single locus sequence 
and thus, it has been increasingly used in phylogenetic analysis of prokaryotes 
[20] [21] [22] [23] [24]. For the genus Bradyrhizobium, a database for the tax-
onomic and phylogenetic identification using MLSA is available online at  
http://mlsa.cnpso.embrapa.br [25].  

In this study, we analyzed 17 bacterial strains, of which 13 had been isolated 
from root nodules of Lupinus spp. from different geographic locations at various 
times (kindly provided by the National Rhizobium Germplasm Resource Collec-
tion, USDA). Additionally, two samples each from root nodules of native Sundi-
al lupine (Lupinus perennis) and domestic soybean (Glycine max) were isolated 
from plants grown in OH, USA. We applied MLSA to assess the genetic diversity 
and phylogenetic relationships of these strains using sequence analysis of the 16S 
rRNA gene and three conserved housekeeping genes (atpD, dnaK and glnII). 
These housekeeping genes have been widely used in phylogenetic analyses due to 
their sequence and functional conservation. Additionally, there are a large num-
ber of sequences available in the databases. The atpD gene encodes the beta 
subunit of ATP synthase that produces ATP from ADP in the presence of a pro-
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ton gradient across the membrane [26] [27]. The dnaK gene encodes the DnaK 
protein, which functions as a molecular chaperone responsible for various cellu-
lar processes, such as folding of nascent polypeptides, assembly and disassembly 
of protein complexes, protein degradation and membrane translocation of se-
creted proteins [2] [4]. The glnII gene encodes glutamine synthetase II which 
catalyzes the condensation of glutamate and ammonia to form glutamine [21] 
[28] [29] [30]. Our study is distinct because all the reference gene sequences 
were extracted from the existing complete genomes that are available via the In-
tegrated Microbial Genomes database [31]. The phylogenetic tree based on the 
concatenated sequences comparing the 17 strains with 30 reference strains sug-
gests that MLSA provides improved taxonomic relationships of these bacterial 
strains. 

2. Materials and Methods 
2.1. Bacterial Strains 

A total of 17 strains from at least ten geographic locations were examined in this 
study (Table 1), including USA, Yugoslavia and Brazil; 13 strains were obtained 
from the National Rhizobium Germplasm Resource Collection, USDA. Two 
strains each were isolated from nodules of locally grown (Bowling Green, OH,  

 
Table 1. Bacterial strains. 

Strain Host Origin, collected time Suggested identification 

USDA 3040 L. albus FL, USA, 1940 Bradyrhizobium 

USDA 3042 L. albus Yugoslavia, 1955 Bradyrhizobium 

USDA 3051 L. angustifolius GA, USA, 1946 Bradyrhizobium 

USDA 3063 L. densiflorus CA, USA, 1962 bMesorhizobium 

USDA 3044 L. luteus FL, USA, 1946 Bradyrhizobium 

USDA 3048 L. luteus Brazil, 1959 Bradyrhizobium 

USDA 3504 L. mutabilis Unknown Bradyrhizobium 

USDA 3715 L. nanus CA, USA, 1922 Bradyrhizobium 

USDA 3043 L. perennis MD, USA, 1941 bBurkholderia 

USDA 3709 L. polyphyllus aNitragin, unknown location, 1945 Bradyrhizobium 

USDA 3057a L. subcarnosus aNitragin, FL, USA, 1946 bMicrovirga 

USDA 3717 L. succulentus CA, USA, 1973 Mesorhizobium 

USDA 3060 L. spp aNitragin, unknown Bradyrhizobium 

L_OO L. perennis 
Kitty Todd Nature Preserve, Swanton, 

OH, 2014 (this study) 
Burkholderia 

L_3D52 L. perennis Bowling Green, OH, 2014 (this study) Rhizobium 

SB_J Glycine max Bowling Green, OH, 2014 (this study) Bradyrhizobium 

SB_5 Glycine max Bowling Green, OH, 2014 (this study) Bradyrhizobium 

aSeed company; bPreviously reported as Bradyrhizobium. 
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USA) Lupinus perennis and Glycine max. The USDA strains had been collected 
between 1922-73, while the nodules from native lupine and domestic soybean 
were collected in October 2014 and July 2014, respectively. To isolate bacteria 
from root nodules, the collected nodules were surface sterilized by the method 
described by Deng [32], with some modifications. Briefly, the nodules were 
washed with sterile distilled water three times for 30 sec, soaked in 10% Clorox 
for 30 sec, followed by rinsing with distilled water for 30 sec, then with 70% 
ethanol for 10 min, after which they were rinsed three times with sterile distilled 
water. A sterile glass rod was used to crush root nodules from each sample fol-
lowed by streaking the suspension onto modified arabinose gluconate medium 
[33] with a sterile inoculating loop. The cultures were incubated at 30˚C. Initial 
verification was conducted by colony morphology and Gram stain. All the 
strains were maintained at 4˚C for temporary storage and in 20% glycerol at 
−80˚C for long term storage. 

2.2. DNA Extraction, PCR and Sequencing 

Total genomic DNA of bacterial strains was extracted using ZR Fungal/Bacterial 
DNA MiniPrep™ kit (Zymo research, CA) following the manufacturer’s recom-
mendations. The 16S rRNA gene and housekeeping genes (atpD, dnaK and 
glnII) were amplified using primers and PCR conditions [2] [3] [9] [21] [34] 
[35] listed in Table 2. The PCR products were purified using the Qiagen MinE-
lute PCR Purification kit (QIAGEN, Germany) and were quantified using a Na-
noDrop 2000 spectrophotometer (Thermo Fisher Scientific, PA). Sequencing of 
the PCR amplicons was conducted by DNA Analysis LLC (Cincinnati, OH). 

2.3. Phylogenetic Analyses 

Multiple nucleotide sequence alignments were generated using MUSCLE version 
3.5 [36]. The sequences of three housekeeping genes atpD, dnaK and glnII were 
concatenated using Sequence Matrix version 1.0 [37]. The phylogenies of each gene 
and the concatenated sequences were constructed by the maximum-likelihood 
method using MEGA version 6.06 [38], with default parameters. Statistical sup-
port for tree nodes was determined by bootstrap analysis of 1000 replicates. We 
used MEGA version 6.06 for identification of conserved, variable and parsimony 
informative regions of consensus sequences (Table 3).  

For phylogenetic analyses, the sequences encoding 16S rRNA and three 
housekeeping genes of 30 reference strains representing Bradyrhizobium, Burk-
holderia, Mesorhizobium, Microvirga, Rhizobium and Rhodopseudomonas ge-
nera were extracted from the existing complete genomes available via the Inte-
grated Microbial Genomes database of the Joint Genome Institute  
(http://img.jgi.doe.gov) [31] and the GenBank database of the NCBI  
(http://www.ncbi.nlm.nih.gov) [39]. Sequences of Campylobacter jejuni NCTC 
11168 and Helicobacter pylori OK113 were used as outgroups. Accession infor-
mation of all the sequences used in this study is listed in Table 4. 
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Table 2. Primers and PCR conditions. 

Gene Primer Sequence (5’-3’) 
PCR annealing  

temperature (˚C) 
Length of PCR  
amplicon (bp) 

Reference 

16S rRNA fD1 AGAGTTTGATCCTGGCTCAG 55 1485 [3] 

 rD1 CTTAAGGAGGTGATCCAGCC    

atpD TSatpDf TCTGGTCCGYGGCCAGGAAG 58 595 [3] 

 TSatpDr CGACACTTCCGARCCSGCCTG    

 MVatpDfa GGCCGCATYATGAACGTSAT 52 526 This study 

 MVatpDra GGGTGAAGCGGAAGATGTTG    

 atpD-Fb TCGGCGCCGTCGTSGAC 54 1315 [35] 

 atpD-Rb RGCTTCCGGCAGRTKRTCGTA    

dnaK BRdnaKf TTCGACATCGACGCSAACGG 58 474 [21] 

 BRdnaKr GCCTGCTGCKTGTACATGGC    

 BUdnaKfd GTSTAYGAYCTSGGCGGCGG 58 900 [34] 

 BUdnaKrd GAASGTSACYTCGATCTGCGG    

 dnaK forwarda GAGATCGGCGACGGCGTGTTC 56 746 [9] 

 dnaK reversea GATGCGGATCTGSTGCTCCTTG    

 TSdnaK3e AAGGAGCAGCAGATCCGCATCCA 58 330 [2] 

 TSdnaK2e GTACATGGCCTCGCCGAGCTTCA    

 dnaK-RS-Fc CACSACGATCCCGACSAA 54 650 [35] 

 dnaK-RS-Rc TCGTAGTCGGCRTCGACSAC    

glnII TSglnIIf AAGCTCGAGTACATCTGGCTCGACGG 57 647 [3] 

 TSglnIIr SGAGCCGTTCCAGTCGGTGTCG    

 MVglnIIfa GGAYTCCAACGATCAGCTYT 52 528 This study 

 MVglnIIra TGBGCGAGRATCTTGGTGTA    

Primers used for: aUSDA 3057a, bL_3D52, cUSDA 3043 and L_3D52, dL_OO, eUSDA 3063, USDA 3715 and USDA 3717. 
 
Table 3. Sequence information. 17 (16S rRNA, dnaK), 15 (glnII) and 14 (atpD) strains were analyzed, together with 30 reference 
strains. 

Locus 
Strains  

analyzed (n) 

Nucleotides (%) 
Total* Frequency T/C/A/G (%) 

Conserved Variable Parsimony-informative 

16S rRNA 47 688 (39.6) 918 (52.9) 612 (35.2) 1289.1/1734 19.9/23.6/24.5/32 

atpD 44 676 (41.5) 939 (57.7) 704 (43.2) 1175.5/1627 16.9/33.1/19.4/30.6 

dnaK 47 836 (39.8) 1165 (55.5) 935 (44.5) 1372/2099 14.4/30.8/23.3/31.5 

glnII 45 401 (24) 1190 (71.3) 1031 (61.8) 957.1/1667 17.9/32.3/20.5/29.3 

Concatenated housekeeping 47 1913 (35.4) 3294 (61) 2670 (49.5) 3388.8/5393 16.2/32/21.3/30.6 

*Mean number of nucleotides amplified/number of sites analyzed, including gaps. 
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Table 4. Accession numbers of sequences of the reference strains. 

Species Strain 
Accession no./Integrated Microbial Genomes database Gene ID 

16S rRNA atpD glnII dnaK 

Bradyrhizobium diazoefficiens USDA 110 NR_074322.1a NC_004463.1a NC_004463.1a NC_004463.1a 

Bradyrhizobium daqingense CGMCC 1.10947 2596849087b 2596843584b 2596844579b 2596843831b 

Bradyrhizobium elkanii WSM1741 2513694649b 2513695301b 2513692556b 2513695064b 

Bradyrhizobium yuanmingense CGMCC 1.3531 2596918164b 2596919055b 2596920471b 2596918860b 

Bradyrhizobium huanghuaihaiense CGMCC 1.10948 2596982279b 2596975684b 2596979525b 2596975428b 

Bradyrhizobium japonicum USDA 6 2511997030b 2511995921b 2513662812b 2511996162b 

Mesorhizobium loti MAFF303099 2596918164b 637076488b 637073590b NC_002678.2a 

Mesorhizobium ciceri WSM1271 NC_014923a 649871049b 649873526b 649870594b 

Mesorhizobium australicum WSM2073 2509394613b 2509394154b 2509397135b 2509393630b 

Mesorhizobium metallidurans STM 2683 2601505225b 2601504724b 2601506641b 2601504159b 

Mesorhizobium opportunistum WSM2075 2503199683b 2503199217b 2503202630b 2503198743b 

Rhodopseudomonas palustris DX-1 649839171b 649837789b 649841704b 649837619b 

Rhizobium tropici CIAT_899 NR_102511.1a 2524421805b 2524419063b 2524418614b 

Rhizobium multihospitium HAMBI 2975 2616551835b 2616557675b 2616553289b 2616551680b 

Rhizobium giardinii H152T 2514002513b 2513998581b 2513996665b 2514001597b 

Rhizobium alamii YR540 2585227592b 2585223835b 2585221953b 2585223201b 

Rhizobium loessense CGMCC 1.3401 2596901882b 2596899519b 2596896711b 2596896745b 

Rhizobium mongolense USDA 1844 2513930752b 2513928522b 2513924297b 2513924262b 

Rhizobium mesoamericanum STM3625 2537420238b 2537420370b 2537421941b 2537416751b 

Rhizobium etli CFN 42 640437097b 640440878b 640440115b 640437182b 

Rhizobium leguminosarum CCGE 510 2530650189b 2530647440b 2530646549b 2530648392b 

Rhizobium rhizogenes CF262 2587978724b 2530647440b 2587979059b 2587978481b 

Burkholderia phymatum STM815 NR_074668.1a 642594831b 642593265b 642594287b 

Burkholderia mimosarum NBRC 106338 2600796967b 2600790698b 2600791842b 2600789814b 

Burkholderia tuberum STM678 2512348064b 2512346960b 2512345484b 2512347522b 

Burkholderia xenovorans LB400 2607186426b 637949601b 2607184451b 637945690b 

Burkholderia pseudomallei K96243 640705518b 637569407b 637568300b 637568821b 

Microvirga lupini Lut6 2508725373b 2508734351b 2508728833b 2508727620b 

Microvirga lotononidis WSM3557 2509076004b 2509079259b 2509075706b 2509077502b 

Microvirga guangxiensis CGMCC 1.7666 2596960782b 2596957129b 2596959864b 2596957490b 

Campylobacter jejuni  NCTC 11168 2608345134b 2608345210b 2608345793b 2608345849b 

Helicobacter pylori OK113 2598008753b 2598009033b 2598009653b 2598010026b 

aGene sequences from NCBI GenBank database. bGene sequences from Integrated Microbial Genomes database, United States Department of Energy. 
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3. Results 
3.1. Phylogeny Based on the 16S rRNA Sequence 

PCR amplification of the 16S rRNA gene yielded a single amplicon for each 
strain ranging in size from 880 bp to 1600 bp. The estimated mean frequencies 
of T, C, A, and G nucleotides within this region were 19.9%, 23.6%, 24.5%, and 
32%, respectively, as shown in Table 3. The consensus 16S rRNA sequence of 
all 47 strains spanned 1734 positions, out of which 688 were conserved, 918 
were variable and 612 were parsimony-informative. A position was considered 
parsimony-informative if it contained at least two types of nucleotides, and at 
least two of them occurred with a minimum frequency of two. 

The phylogenetic tree constructed with 16S rRNA gene sequences was fairly 
well resolved and split the strains into two clades: one large group and one rela-
tively smaller group (Groups I and II, Figure 1). Group I, with a bootstrap sup-
port of 98%, was further divided into two subgroups that clustered strains pri-
marily belonging to the genera of Bradyrhizobium and Microvirga (clades 1 and 
2), or Mesorhizobium and Rhizobium genera (clades 3 and 4) with 96%, 38%, 
87%, and 94% bootstrap support, respectively. USDA strains 3040, 3709, 3042 
and 3051 together with SB_J (soybean) and SB_5 (soybean) were clustered with 
Bradyrhizobium, whereas USDA strains 3057a, 3048, 3060, 3715 and 3044 were 
placed with Microvirga. USDA strains 3717 and 3063 were grouped with Mesor-
hizobium whereas L_3D52 (lupine) was grouped with Rhizobium. The second 
smaller group of the 16S rRNA gene tree contained a subgroup with 99% boot-
strap support, comprised of five reference strains of Burkholderia, USDA 3504, 
USDA 3043 and L_OO (lupine). 

3.2. Phylogenies Based on Housekeeping Gene Sequences 

The three housekeeping genes selected for this study are highly conserved 
among bacteria of the order Rhizobiales. The mean lengths of the fragments of 
atpD, dnaK, and glnII genes used in phylogenetic analysis were 1175 bp, 1372 
bp, and 957 bp, respectively (Table 3). When sequence conservation at the DNA 
level was considered, the lowest level of conservation (24%) was observed with 
glnII, while sequence conservation of atpD and dnaK genes was 41.5% and 
39.8%, respectively.  

In general, the maximum-likelihood phylogenetic trees of the housekeeping 
genes (Figures 2-4) were similar to that of the 16S rRNA gene. While most of 
the clustering pattern was consistent among the single gene trees, there were 
some exceptions. These exceptions include USDA strains 3044, 3048, 3715 and 
3060, which grouped with Microvirga in the 16S rRNA gene tree, but clustered 
with Bradyrhizobium in all three housekeeping gene trees as shown in Figures 
2-4. Furthermore, USDA strain 3504, which was grouped closer to Burkholderia 
in the 16S rRNA gene tree, was clustered with Rhizobium in the glnII gene tree 
(Figure 4) but with Bradyrhizobium in the atpD and dnaK gene trees (Figure 2 
and Figure 3). 
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Figure 1. Maximum-likelihood phylogenetic tree showing the relationships of 49 strains based on the 16S rRNA gene sequences. 
Strains examined in the present study are shown in boldface. Clades I and II correspond to the two main groups identified and 
Arabic numbers represent the subclades. Bootstrap values ≥ 50% (1000 replicates) are given at the branching points. The scale bar 
indicates the number of substitutions per site. Campylobacter jejuni NCTC 11168 and Helicobacter pylori OK 113 were used as 
outgroups. Phylogenetic analyses were conducted using MEGA version 6.06. 
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Figure 2. Maximum-likelihood phylogenetic trees showing the relationships of 46 strains based on the atpD gene sequences. 
Strains examined in the present study are shown in boldface. Clades I and II correspond to the two main groups identified and 
Arabic numbers represent the subclades. Bootstrap values ≥ 50% (1000 replicates) are given at the branching points. The scale bar 
indicates the number of substitutions per site. Campylobacter jejuni NCTC 11168 and Helicobacter pylori OK 113 were used as 
outgroups. Phylogenetic analyses were conducted using MEGA version 6.06.  
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Figure 3. Maximum-likelihood phylogenetic trees showing the relationships of 49 strains based on the dnaK gene sequences. 
Strains examined in the present study are shown in boldface. Clades I and II correspond to the two main groups identified and 
Arabic numbers represent the subclades. Bootstrap values ≥ 50% (1000 replicates) are given at the branching points. The scale bar 
indicates the number of substitutions per site. Campylobacter jejuni NCTC 11168 and Helicobacter pylori OK 113 were used as 
outgroups. Phylogenetic analyses were conducted using MEGA version 6.06. 
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Figure 4. Maximum-likelihood phylogenetic trees showing the relationships of 47 strains based on the glnII gene sequences. 
Strains examined in the present study are shown in boldface. Clades I and II correspond to the two main groups identified and 
Arabic numbers represent the subclades. Bootstrap values ≥ 50% (1000 replicates) are given at the branching points. The scale bar 
indicates the number of substitutions per site. Campylobacter jejuni NCTC 11168 and Helicobacter pylori OK 113 were used as 
outgroups. Phylogenetic analyses were conducted using MEGA version 6.06. 
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3.3. Phylogeny Based on Concatenated atpD, dnaK  
and glnII Sequences 

When the three housekeeping genes, atpD, dnaK and glnII, were used to gener-
ate a concatenated phylogenetic tree, a consensus sequence of 3388 bp was pro-
duced; of the 5393 positions analyzed, 35.4% was conserved, 61% variable and 
49.5% parsimony-informative. The calculated mean frequencies of T, C, A, and 
G nucleotides were 16.2%, 32%, 21.3%, and 30.6%, respectively (Table 3).  

Two groups were resolved in the concatenated tree; one large group and one 
relatively smaller group (Figure 5) as found in the 16s rRNA tree. Both groups 
had a bootstrap support of 84%. The larger group contained four subgroups, 
each of which included reference strains of Bradyrhizobium, Microvirga, Me-
sorhizobium, and Rhizobium genera with 87%, 100%, 97%, and 100% bootstrap 
support, respectively. USDA strains 3040, 3709, 3042, 3044, 3048, 3060, 3504, 
3715 and 3051 from Lupinus together with SB_J and SB_5 from Glycine max 
were placed with Bradyrhizobium, whereas only USDA strain 3057a grouped 
with Microvirga. USDA strains 3717 and 3063 were placed with Mesorhizobium 
whereas L_3D52 was included in the subgroup containing Rhizobium. The 
second smaller group of the concatenated gene tree comprised five reference 
strains of Burkholderia, USDA 3043 and L_OO (Figure 5).  

When the grouping patterns were compared, the concatenated gene tree was 
more like the trees generated from each of the single housekeeping genes 
(Figures 2-4) than to the one generated from 16S rRNA gene (Figure 1). The 
clustering of most strains was consistent with the single gene trees and the con-
catenated gene tree with few exceptions. For example, the USDA 3504 strain 
grouped with Burkholderia when only the 16S rRNA gene was used, and with 
Rhizobium in glnII gene analyses; however, it was classified with Bradyrhizo-
bium both when atpD alone and concatenated sequences were used. Other ex-
ceptions include strains USDA 3044, 3048, 3715 and 3060 that were grouped 
with Microvirga in the 16S rRNA gene tree, but with Rhizobium when glnII was 
analyzed. These strains clustered with Bradyrhizobium in the atpD, dnaK and 
concatenated trees. 

4. Discussion 

DNA sequence analysis of evolutionarily stable marker genes is commonly used 
for the identification and classification of bacterial species [40]. The past two 
decades, microbiologists have primarily relied on 16S rRNA gene sequences for 
bacterial classification because of conservation of its ribosomal operon size, 
nucleotide sequence and secondary structure within a bacterial species [41]. 
However, drawbacks associated with the use of 16S rRNA gene sequences have 
limited its applicability for bacterial phylogenetic analyses [23]. Recent studies 
suggest the possibility of occurrence of horizontal gene transfer and recombina-
tion events within the 16S rRNA gene [42] [43], including reports of horizontal 
gene transfers and mosaic-like structures within the 16S rRNA gene in bacterial  
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Figure 5. Maximum-likelihood phylogenetic tree showing the relationships of 49 strains based on the concatenated sequences of 
atpD, dnaK and glnII genes. Strains examined in the present study are shown in boldface. Clades I and II correspond to the two 
main groups identified and Arabic numbers represent the subclades. Bootstrap values ≥ 50% (1000 replicates) are given at the 
branching points. The scale bar indicates the number of substitutions per site. Campylobacter jejuni NCTC 11168 and Helicobac-
ter pylori OK 113 were used as outgroups. Phylogenetic analyses were conducted using MEGA version 6.06. 
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genera such as Rhizobium, Aeromonas, Bradyrhizobium, Streptococcus and Ac-
tinomycetes [44] [45] [46] [47]. It has been also reported that the polymorphic 
nucleotide distribution pattern within the 16S rRNA sequence is highly variable 
among different species. This could lead to phylogenies that are inconsistent 
with other genes as evident in causing uncertain phylogenetic placement of Rhi-
zobium galegae [48]. Therefore, phylogenetic analysis of rhizobial species based 
on the analysis of partial 16S rRNA gene sequences may lead to distorted phylo-
genies and misidentification, because it may represent only a part of the mosaic- 
like structure [22] [23].  

The presence of multiple copies of the rRNA operon and intra-genomic hete-
rogeneity is another factor that makes 16S rRNA gene an imperfect choice for 
phylogenetic analysis. The copy number of the rRNA genes can vary from one to 
15 within a single bacterial genome [49]. Although these multiple copies are 
mostly identical or nearly identical, there are reports of divergent copies within a 
single genome [50]. When Rhizobia are considered, the slow growing Bradyrhi-
zobium strains have only a single copy of 16S rRNA gene, whereas the faster 
growing Rhizobium spp. possess three copies [51]. Copy number variations and 
potential of horizontal gene transfer events limit the use of 16S rRNA gene se-
quence in taxonomy as well as in MLSA [52]. In addition, high degree of con-
servation and sequence similarity among the species of the genus Bradyrhizo-
bium have been reported [53]. All these facts signify that the 16S rRNA sequence 
is an inferior candidate for phylogenetic inference of rhizobia and emphasize the 
importance of employing alternative, multi-locus strategies.  

For MLSA, we selected a set of housekeeping genes based on the sequence va-
riability among the particular species of bacteria. The housekeeping genes atpD, 
dnaJ, dnaK, gap, glnA, glnII, gltA, gyrB, pnp, recA, rpoA, rpoB and thrC have 
been used in MLSA of rhizobial species [52]. It is also important to determine 
the number of housekeeping genes that should be used for MLSA. In general, 
three or more housekeeping genes have been commonly used in MLSA ap-
proach for the inference of phylogenetic relationships of rhizobia [2] [3] [20] 
[54]-[64]. In this study, we used three housekeeping genes, atpD, dnaK and 
glnII, to achieve a good resolution. Since concatenated sequences can yield more 
accurate phylogenetic trees than consensus of separate gene phylogenies even for 
sequences with different substitution patterns [65], concatenated sequences of 
the three housekeeping genes were used in phylogenetic analysis. 

Out of the 13 USDA strains, 10 strains (USDA 3040, 3042, 3043, 3044, 3048, 
3051, 3057a, 3060, 3063 and 3709) have been previously reported as Bradyrhizo-
bium [66] [67] [68], USDA 3717 has been classified as Mesorhizobium [2], while 
USDA 3504 and 3715 have not been previously studied. Our MLSA research 
showed that seven strains (USDA 3040, 3042, 3044, 3048, 3051, 3060, and 3709) 
are Bradyrhizobium, confirming the previous reports. The strain USDA 3051, 
previously identified as Rhizobium lupini, was recently reclassified by Peix [69] 
as Bradyrhizobium lupini based on MLSA of 16S rRNA, recA and glnII gene se-
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quences. Consistent with the latter report, we identified USDA 3051 as Bradyr-
hizobium. We used the same approach to analyze two of the same marker genes 
(16S rRNA and glnII) with two additional housekeeping genes (dnaK and atpD) 
to support this classification. According to the topologies of both 16S rRNA and 
concatenated gene phylogenies (Figure 1 and Figure 5), the strains USDA 3043, 
3057a, and 3063 grouped with Burkholderia, Microvirga, and Mesorhizobium, 
respectively. Thus, we recommend to reclassify these three strains, which were 
previously reported as Bradyrhizobium [68]. The USDA 3717 was classified as 
Mesorhizobium in this study, in agreement with previous identification [2]. To 
our knowledge, this is the first study to identify USDA 3504 and 3715 and we 
propose to classify them as Bradyrhizobium (Table 1).  

Of the strains obtained from locally grown plants (OH, USA), the two soybean 
strains (SB_J and SB_5), were identified as Bradyrhizobium, whereas the new 
lupine strains, L_OO and L_3D52 were identified as Burkholderia and Rhizo-
bium, respectively. These identifications are consistent among all trees obtained 
from 16S rRNA, single housekeeping and concatenated gene phylogenies. No 
relationships between the geographical origins and the patterns of gene se-
quences were apparent in this study, most likely due to this small sample and its 
limited geographic origins.  

Although members of the genus Burkholderia are reported as endophytes of 
lupines [15] [16], there is a lack of evidence about them forming nodules. How-
ever, some species of Burkholderia such as B. phymatum, B. tuberum, B. viet-
namiensis and B. cepacia are known to effectively nodulate certain other impor-
tant legumes including common bean and fix nitrogen [6] [15] [70]-[75]. These 
nodulating Burkholderia species contain nod and nif genes that are very similar 
to those of alphaproteobacteria, suggesting a common origin [76]. In this MLSA 
study, the two strains USDA 3043 and L_OO, both of which were isolated from 
L. perennis, were identified as Burkholderia.  

The sequences of atpD and glnII genes of USDA 3043 and L_OO could not be 
amplified after several attempts using primers specific for rhizobial species listed 
in Table 2. Since both these strains were identified as Burkholderia with the 16S 
rRNA and dnaK gene phylogenies, we developed Burkholderia-specific pri-
mers for the glnII gene. For the atpD gene, primers specific for Burkholderia 
by Estrada-De Los Santos [77] were employed. In addition, the atpD gene of the 
strain SB_J, which was identified as Bradyrhizobium in all the other trees, could 
not be amplified. There is compelling evidence of intragenic recombination in 
the atpD gene, which might be the underlying reason behind the inability to am-
plify this gene in USDA 3043, L_OO and SB_J even when using genus-specific 
primers [54] [78] [79] [80]. Furthermore, it has been recommended that the 
atpD gene should be used with caution in studying the phylogeny of bacteria 
belonging to the genus Bradyrhizobium [21].  

Among the single housekeeping gene trees and the concatenated gene tree, the 
evidence producing a phylogeny that was incongruent with others was the glnII 
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gene tree, in which the sequences from USDA 3504 clustered with Rhizobium. 
The glnII gene sequence also harbored the greatest variability (71.3%, Table 3). 
This high genetic heterogeneity could be attributed to genetic recombination 
within the glnII gene [79]. In addition, the two outgroups used in this study 
placed close to the cluster of Burkholderia in both 16S rRNA and the glnII gene 
trees, further suggesting the possibility of genetic recombination (Figure 1 and 
Figure 4).  

5. Conclusion 

In conclusion, this study employed MLSA of concatenated housekeeping genes 
are further authentication for this approach as a more robust method for phylo-
genetic analysis of rhizobia over the analysis of 16S rRNA gene sequences alone 
[19] [52]. According to the phylogeny of the concatenated dataset, we propose 
that USDA strains 3063, 3717, 3043 and 3057a should be considered for reclassi-
fication. Also, despite evidence that lupines are mainly nodulated by members of 
the genus Bradyrhizobium [3], the two strains isolated from lupines in this study 
were shown to be Burkholderia sp. and Rhizobium sp. However, additional stu-
dies are required to confirm symbiotic nodulation, especially of Burkholderia 
spp., by 1) re-inoculation on lupine, 2) sequencing of symbiosis-essential genes 
such as nod and nif, and 3) testing nitrogen fixation ability by culturing on a 
N-free semisolid medium such as BAz medium and an acetylene reduction ac-
tivity assay [70] [72]. 
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