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Abstract 

The interaction between leguminous plants and Bradyrhizobium is limited, known as host specificity. Therefore, the selection of 

an appropriate Bradyrhizobia for use as biofertilizer inoculum for legumes is necessary. The Arachis hypogea L. is the most 

popular legume produced in the Lao People's Democratic Republic (PDR). Therefore, this research aimed to obtain the appro-

priate Bradyrhizobia that provides high efficiency in A. hypogea production in the Lao PDR. The 14 isolates were obtained from 

root nodules of A. hypogea L. trapped with Lao PDR soil samples. Three were the top isolates PMVTL-01, SMVTL-02, and 

BLXBL-03 showing high efficiency for peanut growth promotion. Strains PMVTL-01 and SMVTL-02 were closely related to the 

Bradyrhizobium geno sp. SA-3 Rp7b and B. zhanjiangense, respectively, whilst strain BLXBL-03 was closely related to Brady-

rhizobium sp. CCBAU51745 and B. manausense BR3351. The competitiveness of these strains with Bradyrhizobium sp. SUT-

N9-2::GFP was analyzed, and only Bradyrhizobium sp. SMVTL-02 performed a number of occupied nodules higher than SUT-
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INTRODUCTION  

Nitrogen (N) is the primary limiting nutrient in most ter-

restrial ecosystems, and it is a nutrient supplied to most 

plants and a determinant of plant growth (Liu et al., 

2020). In addition, nitrogen is a component of proteins, 

enzymes, chlorophyll, and plant growth regulators 

(Howarth, 2022). Nitrogen deficiency can cause leaf 

areas, leaf chlorophyll, and the rate of photosynthesis 

decreases, resulting in reduced biomass production (Yu 

et al., 2022). Bradyrhizobium is gram-negative bacteria, 

capable of symbiosis with leguminous plants (Avontuur 

et al., 2019). Bradyrhizobium induces the development 

of root nodules in leguminous plants and converts at-

mospheric di-nitrogen to ammonia using the nitrogen-

fixing enzyme called nitrogenase (Priyadarshini et al., 

2021). In most cases, native nitrogen fixers can com-

pete with the inoculum but there are no effective strains 

and it might not be compatible with the host plant 

(Irisarri et al., 2019). Consequently, inherent depend-

ence on nitrogen-fixing agents without prior information 

on efficacy and compatibility with legumes leads to crop 

failure.  

The peanut (Arachis hypogea L.) is one of the most 

widespread legumes globally and an important food 

crop containing high-quality edible oils, easily digestible 

proteins, and carbohydrates (Ojiewo et al., 2020; Shiriki 

et al., 2015). Maize and Cash Crop Research Center, 

Lao PDR reported (unpublished data) that Lao PDR is a 

largely agrarian society with 80% of the people living in 

rural areas. The amount of bean production is about 

2%, peanuts shared 1.43% of the total crop production 

area, with that amount being 77% of bean production. 

Peanut production in the Lao PDR increased in 2011 by 

about 30,000 ha, with about 70,000 tons of production. 

The top three peanut producers in the Lao PDR are the 

Xayaboury, Salavanh, and Champasack provinces. 

Small-scale farmers, the major legume producers in the 

Lao PDR, rarely apply fertilizers during legume produc-

tion. Hence, the crop is dependent largely on fixed ni-

trogen from native nitrogen fixers. However, peanut 

production in the Lao PDR did not usually use bio-

fertilizer. The selection of bradyrhizobia for legume pro-

duction has received little attention in the Lao PDR due 

to inadequate research or the negligence of research-

ers and a lack of awareness of its potential in legume 

production (Atieno et al., 2020). Therefore, an appropri-

ate Bradyrhizobial strain for peanut growth promotion in 

the Lao PDR is required. In view of this, the present 

study aims to obtain the appropriate Bradyrhizobia that 

provides high efficiency in peanut, A. hypogea produc-

tion in the Lao PDR. 

MATERIALS AND METHODS  

Soil sampling 

Soil samples were collected from the area of legume 

production in three provinces in the Lao PDR: Xaya-

boury and Xaysomboon provinces, and Vientiane capi-

tal (Table S1). The soil samples were collected at 20 

samples/site with 1 kg/sample at a depth of 20 cm. 

 

Isolation of Bradyrhizobia from soil samples 

Peanut (Arachis hypogaea L.) seeds (Lao PDR eco-

type) were obtained from the Maize and Cash Crop 

Research Center, Lao PDR. The peanut seeds were 

sterilized with 95% alcohol for 20 s and 3% sodium 

hypochlorite for 20 s and washed with sterilized water 5 

times. The seeds were soaked in distilled water for 4 

hours and germinated on sterilized vermiculite for 4 

days. The pots contained mixed sterilized vermiculite 

and soil sample (1:1). The sterilized vermiculite was 

soaked in the water for 1 hour, then put in half of the 

pot prior to being autoclaved twice. The soil sample 

was put on top of the sterilized vermiculite. Then, the 

germinated seed was grown in the pot (1 seed/pot) for 

30 days under greenhouse conditions.  

After 30 days, the peanut roots were washed thorough-

ly with tap water to remove soil. The big nodules were 

selected for 5 nodules/plant. The nodules were put in 

an Eppendorf tube and the nodules were sterilized with 

95% ethanol for 10-20 s, then transferred to soak in 3% 

sodium hypochlorite for 5 min.s and washed with steri-

lized water 5 times. The surface-sterilized nodules were 

cut in half using a pair of blunt-tipped forceps on a steri-

lized petri dish. Alternatively, the nodules were crushed 

in an Eppendorf tube with a sterilized glass rod. The 

one loopful of nodule suspension was streaked on a 

yeast mannitol (YM) agar plate containing congo red 

(Somasegaran and Hoben, 2012) and incubated at 30°

C for 7 days. The non-absorbed congo red colonies 

were collected. 

 N9-2::GFP. In addition, the competitiveness of the selected strain Bradyrhizobium sp. SMVTL-02 in a soil sample from the Lao 

PDR in the pot level was employed by tagging the SMVTL-02 with the DsRed gene. The results demonstrated that the DsRed-

expressing tagged strain showed higher nodule occupancy than indigenous strains. Moreover, the results of the acetylene re-

duction assay (ARA), nodule number, nodule dry weight, and total plant dry weight from the pot experiment that inoculated with 

the SMVTL-02::DsRed were presented as having high potential to promote peanut growth as compared to non-inoculation. 

Thus, Bradyrhizobium sp. SMVTL-02 could be considered a potential biofertilizer inoculum for A. hypogea production in the Lao 

PDR. 

Keywords: Arachis hypogea L., Biofertilizer, Bradyrhizobium sp., Isolation, Inoculum, Nitrogen fixation 
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DNA extraction 

Each of the Bradyrhizobial isolate was inoculated into 

HEPES-MES (HM) broth (Cole and Elkan, 1973) at 30°

C for 7 days in shaking conditions at 200 rpm. The 

chromosomal DNA extraction was conducted as de-

scribed by Hartmann and Amarger (1991).  

 

BOX-PCR fingerprinting 

BOX-PCR was used to differentiate isolates of the 

Bradyrhizobia using BOX-A1R primer (5'-

CTACGGCAAGGCGACGCTGACG- 3') (Versalovic et 

al., 1994). The reaction began with denaturation for 1 

min. at 95°C/1 cycle, followed by 35 cycles of denatura-

tion (94°C; 30 s), annealing (94°C; 1 min.) and exten-

sion (65°C; 8 min.); followed by a final extension (69°C; 

10 min.) for 1 cycle. The BOX-PCR products were visu-

alized by 1.5% agarose gel electrophoresis for 45 min.s 

at 80 V. The components of the PCR reaction are sum-

marized in Table S2.  

 

Acetylene reduction assay (ARA) for measuring 

nitrogenase activity 

The peanut seeds were surface sterilized as mentioned 

before. Leonard’s jar were used to grow the plant em-

ploying sterilized vermiculite (Somasegaran and Ho-

ben, 2012). Selected Bradyrhizobial strains were cul-

tured in YM broth for 5 days and the cell was washed 

twice with saline solution (0.85% NaCl) and resuspend-

ed using 0.85% NaCl to a final optical density (OD) of 1 

at 600 nm. One ml of each inoculant was inoculated 

into root after the plants were grown for 3 days. In addi-

tion, the positive controls were inoculated with Brady-

rhizobium sp. strains TAL173 and SUTN9-2. All treat-

ments were maintained by Buffered Nodulation Medi-

um (BNM)  (Ehrhardt et al., 1992) and grown under 

lightroom conditions, at 25ºC with a 16-h-day and 8-h-

night cycle for 30 days. 

Plants from each replication were taken from Leonard's 

jar. The adhering vermiculite was removed by gently 

shaking and washing. Then, the root nodules were put 

in an 80 ml test tube that was closed with a rubber 

stopper. After that, ten percentage of air was removed 

for an equivalent volume, replaced by acetylene gas; 

and incubated for 1 hour. The product of ethylene gas 

in each vial was quantified using a gas chromatograph 

equipped with a flame ionization detector and a capil-

lary column. The chromatograms were used to inte-

grate the areas of the curves of acetylene (C2H2) and 

ethylene (C2H4) to estimate the activity of nitrogenase 

in the root nodules (David et al., 1980). 

 

Physiological characteristics 

Acid-Alkaline production 

This assay was conducted by streaking Bradyrhizobial 

strains on YM agar containing an acid/base indicator, 

Bromothymol Blue (BTB; 0.025 g/l) (Somasegaran and 

Hoben, 2012). Plates were incubated at 30°C for 7 

days to observe the color changes from green to blue 

or yellow as indicators of alkali or acid production, re-

spectively. The colony-forming was observed every 

day with the changing of the color medium. 

 

IAA (indole-3-acetic acid) production assay 

The IAA production from each strain was determined 

by a colorimetric technique using the Salkowski rea-

gent containing 1.2% FeCl3 in 37% sulfuric acid (Bric et 

al. ,  1991).  Bradyrhizobial strains were first grown as 

starters for 5 days in YM broth and washed. The cell 

concentration was measured the same as before. 

Then, 1% of freshly grown Bradyrhizobial culture was 

cultured in a 50 ml tube containing 15 ml HM broth 

supplemented with 100 mg/l L-Tryptophan, at 30°C for 

7 days with a shaking speed of 190 rpm. The cultures 

were centrifuged at 5,000 rpm for 10  min.s at 4°C, and 

the supernatant was mixed with the Salkowski reagent 

(1:2) (Mohite, 2013). The mixtures were incubated for 

15 min.s in darkness at 28 ± 2 °C and absorbance was 

measured at 530 nm. The produced IAA concentrations 

were estimated using a standard IAA curve. 

 

Antibiotic resistance profile 

The Bradyrhizobial strains were cultured in YM broth 

for 5 days and the cell was washed twice with saline 

solution (0.85% NaCl) and resuspended using 0.85% 

NaCl to a final optical density (OD) of 1 at 600 nm. 

Fig. 1. Map showing provinces  of Lao PDR and sites of 

the soil sampling 
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Then, 10 µl of cell suspension in 0.85% NaCl was 

dropped onto YM agar supplemented with various anti-

biotics (Table S3) as well as dropped onto YM agar 

without antibiotics as the control. Three repetitions 

were done for each test. Colony-forming was observed 

after 30°C for 7 days. 

 

Siderophore production assay 

Siderophore production from Bradyrhizobial isolates 

was detected by universal chrome azurol sulfonate 

(CAS) assay. CAS reagents contained 86.24 mg CAS, 

0.142 mM ferric chloride (FeCl3 .6H2O) in 10 mM HCl, 

and 104.14 mg hexadecyltrimethylammonium bromide 

(HDTMA) (Arora and Verma, 2017). The Bradyrhizobial 

strains were first grown in YMB for 5 days prior to 

washing and measurement of the cell concentration, as 

previously mentioned. Then, 1% of the Bradyrhizobial 

culture was cultivated in nutrient broth (2.5 g/L beef 

extract, 5 g/L peptone) at 30°C for 7 days. Then, the 

cultures were centrifuged at 5,000  rpm for 10 min.s at 

4°C, and the supernatant was mixed with CAS rea-

gents (1:1). The mixtures were incubated for 20 min.s 

in darkness at 28 ± 2  °C and absorbance was meas-

ured at 630 nm. The siderophore produced by Bradyrhi-

zobial strains was measured in percent siderophore 

unit (psu), controlled according to the formula (Payne, 

1993): 

Siderophore production PSU = [(Ar – As)/Ar] × 100   

                 Eq.1 

Ar = absorbance of the reference (CAS solution and 

non-injected broth)  

As = absorbance of the sample (CAS solution and the 

cell-free supernatant of the sample) 

 

Biochemical characteristics  

 The Bradyrhizobial strains were cultured and washed 

as previously mentioned. The API ZYM test and carbon 

utilization and nitrogen assimilation tests were used in 

this study. 

 

API ZYM test 

Enzyme activity was measured using the APIZYM kit 

(bioMerieux). The biochemical characteristics were 

assessed using the API 20NE kits after 7 days; 20 sub-

strates were used, and the enzyme activity was qualita-

tively examinate based on color development along 

with the instructions in the manuscript. 

 

Carbon utilization and nitrogen assimilation  

Determination of the carbon and nitrogen utilization of 

Bradyrhizobial isolates was conducted by cultivation for 

5 days in YMB broth, then the cell culture was washed 

twice with BNM medium diet without succinate. Cell 

concentrations were measured at optical density (OD) 

at 600 nm and taken to OD600 of 1 in BNM broth. Car-

bon (C) and nitrogen (N) sources were added at the 

appropriate concentrations of 5 mM, 20 mM, and 10 

mM, respectively (Table S4), into the liquid BNM medi-

um. To determine the utilization of C and N sources, 

each test was inoculated with 5% (V/V) bacterial inocu-

lum. Bacterial growth was determined based on culture 

turbidity, with growth indicated as (+) and no growth 

indicated as (-) compared to non-inoculation for 7 days 

in aerated and non-oxygenated broth conditions. 

 

Nodulation test with other legumes 

Bradyrhizobial strains were cultured in YM broth as de-

scribed previously. The seeds were sterilized with vari-

ous conditions as summarized in Table S5. Then, 

seeds were washed with and soaked in sterilized water 

overnight at ambient temperature, except that Arachis 

hypogaea L. and Glycine max were soaked in sterilized 

water for 4 hours. All seeds were germinated on steri-

lized 0.8% (w/v) agar for 1 to 2 days at 30°C in the 

dark. The germinated seeds were transferred into a 

pouch (two plants/pouch) and inoculated with 2 ml of 

each strain of bacterial inoculum. All plants were main-

tained with BNM medium and grown under lightroom 

conditions at 25ºC with a 16-h-day and 8-h-night cycle 

for 30 days. 

 

Genotypic characteristics 

The top three strains (PMVTL-01, SMVTL-02, and 

BLXBL-03) of Bradyrhizobial isolates from different geo-

graphical origins were selected. The DNA was amplified 

with primers 16S rRNA, recA, atpD, glnII, and rpoB 

genes, as listed in Table S6. The 16S rRNA was based 

on the PCR results. All isolates were shown a single 

fragment amplification which was subsequently used for 

sequencing of the 16S rRNA gene. The PCR products 

of housekeeping genes were transferred into the 

pTG19-T cloning vector (Vivantis Technologies Sdn 

Bhd) and screened by blue-white colony selection. The 

nucleotide sequence of those genes was sequenced by 

ATGC Co., Ltd., South Korea.  

The 16S rRNA, recA, atpD, glnII, and rpoB sequences 

were analyzed and constructed the phylogenetic tree 

using MEGA (Molecular Evolutionary Genetics Analy-

sis) software version 11.0 with a neighbor-joining tree 

generated under the K2P distance model and statistical 

support for tree nodes refers to bootstrap values of 

1,000 replicates. Moreover, the phylogenetic tree was 

combined with the sequences of 16S rRNA and house-

keeping genes. The sequences were submitted to the 

GenBank database. The accession numbers were pre-

sented beside the strain’s name which showed in each 

of the phylogenetic tree.  

 

Co-inoculation of the top three wild type strains 

with SUTN9-2::GFP  

The top three wild type strains and the SUTN9-2::GFP 

strain (Piromyou et al., 2017) were cultured in YMB, as 
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described previously. The peanut germinated seeds 

were transferred to grow in Leonard's jar, after plants 

were grown for 3 days before being inoculated with 

inoculum. The ratios of SUTN9-2::GFP per each select-

ed strain (1×106 CFU/ml) were 0.1:0.9, 0.3:0.7, 0.5:0.5, 

0.7:0.3, and 0.9:0.1 (ml:ml) and the plants were grown 

under lightroom conditions at 25ºC with a 16-h-day and 

8-h-night cycle for 30 days. The best strain was evalu-

ated from nodule occupancy, the nodules derived from 

SUTN9-2::GFP were observed under a stereo fluores-

cence microscope (Leica TL5000 Ergo Transmitted 

Light Base from Leica Microsystems (Switzerland) 

Ltd.). 

 

Co-inoculation of SMVTL-02::DsRed in soil  

condition  

Bradyrhizobium sp. strain SMVTL-02 was cultured in 

HM broth medium for 4 days at 30°C. Escherichia 

coli strain HB101 containing pRK2013 helper plasmid 

(Figurski and Helinski, 1979) and DH5α harboring the 

pBjGroEL4::DsRed2 (Hayashi et al., 2014) were cul-

tured at 37°C in Luria-Bertani (LB) broth medium 

(Sambrook et al., 1989) supplemented with 100 µg/ml 

kanamycin (Km) for 24 h. The strain SMVTL-02 was 

tagged with pBjGroEL4::DsRed2 (Okubo et al., 2013) 

by triparental mating. Transconjugants were selected 

on HM agar plates containing 200 µg/ml streptomycin 

and 50 µg/ml nalidixic acid (Okubo et al., 2013; Piromy-

ou, Greetatorn, et al., 2015).  

In this experiment, soil was collected from the Faculty 

of Agriculture of the National University of Lao PDR 

campus, located at Nabong, 30 km northeast of Vienti-

ane (18.123680°N, 102.791173°E). In this region, the 

soil is characterized as sandy loam, which has a pH of 

5.07 and contains EC 0.115 ms/cm, OM 1.19%, P 

45.20 ppm, K 68.3 ppm, Ca 433.3 ppm, and Mg 89.5 

ppm. The seeds were grown in plastic pots (20 cm × 18 

cm) containing 1 kg of mixed sterilized vermiculite and 

3 kg of the soil sample (1:3) for 4 days (2 plants/pot), 

After that, the plants were inoculated with SMVTL-

02::DsRed 1 ml/plant (OD600=1, 1 × 109 cells/ml). Plants 

were grown under greenhouse conditions and the ARA, 

plant dry weight, nodule dry weight, and nodule occu-

pancy were analyzed. The nodule occupancy was ana-

lyzed from the derived red nodule by observation under 

a stereo fluorescence microscope as previously de-

scribed. 

 

Statistical analyses 

All experimental data were analyzed by Statistical 

Package for the Social Sciences (SPSS) software and 

means were compared using turkey P < 0.05. Mean 

values and standard deviation (SD) were used for data 

presentation in this experiment. 

RESULTS  

Isolation of Bradyrhizobial from soil and strain  

selection  

To obtain Bradyrhizobia nodulating peanuts (Lao PDR 

ecotype), the soil samples collected from 3 provinces in 

the Lao PDR, i.e., Xayaboury and Xaysomboon prov-

inces, and Vientiane capital were used for rhizobial 

isolation using peanut as a root trap. The rhizobial 

strains were determined heterogeneity between spe-

cies by BOX-PCR. The result showed that 14 different 

Bradyrhizobial strains were obtained from a total of 250 

isolates. Seven strains were isolated from Sanphon 

village (SPXBL-01, SPXBL-02, SPXBL-03, SPXBL-04, 

SPXBL-05, SPXBL-06, and SPXBL-07), 3 strains were 

isolated from Buamlao village (BLXBL-01, BLXBL-02, 

and BLXBL-03), 2 strains were isolated from Parkxarb 

mai village (PMVTL-01 and PMVTL-02), and 2 strains 

were isolated from Somsamai village (SMVTL-01 and 

SMVTL-02) (Fig. S1).  

To select the Bradyrhizobia that performed with high 

efficiency in promoting peanut growth, either equivalent 

to or better than type strains TAL173 and SUTN9-2, an 

acetylene reduction assay (ARA) was measured from 

inoculated peanuts (Fig. S2). The highest nitrogenase 

activity was derived from isolate PMVTL-01. The ARA 

activity of isolates SPXBL-02, SPXBL-03, SPXBL-06, 

BLXBL-03, PMVTL-02, and SMVTL-02 were higher 

than TAL173 but not significantly different when com-

pared to SUTN9-2. While SPXBL-01, SPXBL-04, 

SPXBL-05, SPXBL-07, BLXBL-01, BLXBL-02, and 

SMVTL-01 were lower than SUTN9-2, PMVTL-01, 

SPXBL-02, SPXBL-03, SPXBL-06, BLXBL-03, PMVTL-

02, and SMVTL-02, but not significantly different when 

compared to TAL173 (Fig. S2A).  

Bradyrhizobium sp. strain SUTN9-2 performed the 

highest of nodule number. The isolates SPXBL-01, 

SPXBL-05, SPXBL-06, SPXBL-07, BLXBL-01, PMVTL-

01, PMVTL-02, SMVTL-01, and SMVTL-02 performed 

significantly higher than TAL173 but significantly lower 

than SUTN9-2. The isolates SPXBL-02, SPXBL-03, 

SPXBL-04, BLXBL-02, and BLXBL-03 performed signif-

icantly lower than SUTN9-2, SPXBL-01, SPXBL-05, 

SPXBL-06, SPXBL-07, BLXBL-01, PMVTL-01, PMVTL-

02, SMVTL-01, and SMVTL-02 but significantly higher 

than TAL173 (Fig. S2B).  

The nodule dry weight was the highest in SUTN9-2, 

BLXBL-03, and PMVTL-01 inoculation. The isolates 

SPXBL-01, SPXBL-02, SPXBL-03, SPXBL-04, SPXBL-

05, SPXBL-06, SPXBL-07, BLXBL-01, BLXBL-02, and 

SMVTL-02 were significantly lower than SUTN9-2, 

BLXBL-03 and PMVTL-01 but significantly higher than 

TAL173 (Fig. S2C). Therefore, from these results, the 

Bradyrhizobium sp. isolates PMVTL-01, SMVTL-02, 

and BLXBL-03 were selected for further study.  
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Determination of acid-alkaline and IAA production  

Most of the selected strains were in the slow-grower 

group (7 days) and generated a medium color from 

green to blue (alkaline) (Fig. S3). The colony forming 

size of PMVTL-01 was smaller than that of SMVTL-02 

and BLXBL-03; the colony was cream-white, dense, 

and convex (Fig. S3A). The SMVTL-02 showed a big-

ger size than PMVTL-01 and BLXBL-03; the colony 

was translucent, convex, and slime (Fig. S3B). The 

BLXBL-03 showed a medium colony size as compared 

to PMVTL-01 and SMVTL-02; the colony was cream-

white, dense, and convex (Fig. S3C).  

The results of IAA produced from selected isolates 

demonstrated that BLXBL-03 showed a dark pink color 

as compared to the other strains (Fig. S4A) and dis-

played a maximum IAA production at 29.164 µg/ml 

when compared to the 4 other strains (Fig. S4B). The 

isolate PMVTL-01 produced IAA at 0.695 µg/ml and 

SMVTL-02 IAA at 1.282 µg/ml, significantly lower than 

SUTN9-2 at 6.195 µg/ml. However, they were signifi-

cantly different when compared to TAL173 at 0.443 µg/

ml (Fig. S4B).  

 

Intrinsic antibiotic-resistant profiles  

The results of antibiotic-resistant profiles indicated that 

PMVTL-01 resisted carbenicillin, cefotaxime, nalidixic 

acid, and ampicillin but was sensitive to chlorampheni-

col, gentamicin, tetracycline, and kanamycin. In addi-

tion, this strain showed spontaneity to erythromycin, 

nalidixic acid (50 μg/ml) medium, streptomycin, and 

spectinomycin (Table 1). SMVTL-02 resisted carbenicil-

lin and nalidixic acid but was sensitive to chlorampheni-

col, cefotaxime, gentamicin, tetracycline, kanamycin 

(100  μg/ml), and ampicillin (100 μg/ml). On the other 

hand, this strain showed spontaneity to erythromycin, 

streptomycin, spectinomycin, and kanamycin (50 μg/

ml). The strain BLXBL-03 resisted carbenicillin, gen-

tamicin, nalidixic acid, and ampicillin but was sensitive 

to chloramphenicol and tetracycline and spontaneous 

to erythromycin, cefotaxime, streptomycin, spectinomy-

cin, and kanamycin. Every selected strain resisted car-

benicillin and nalidixic acid and was susceptible to chlo-

ramphenicol and tetracycline. On the other hand, 

BLXBL-03 resisted only gentamicin, and only SMVTL-

02 was susceptible to ampicillin (Table 1).   

 

Determination of siderophore production 

The results of siderophore production indicated that 

different Bradyrhizobium sp. strains showed variation 

(Fig. S5A and S5B). SMVTL-02 was the most proficient 

siderophore producer when compared to other strains 

(Fig. S5B). PMVTL-01 was found to be one of the most 

efficient siderophore producers, with an efficiency sig-

nificantly higher than that of SUTN9-2 and BLXBL-03. 

However, PMVTL-01 was not significantly different 

when compared to TAL173 (Fig. S5B). Meanwhile, 

BLXBL-03 showed significantly lower than every strain 

(Fig. S5B). 

 

APIZYM test analyses and utilization of various  

carbon and nitrogen sources 

The result of the APIXYM test demonstrated that en-

zyme activity derived from all strain tests showed posi-

tive results in potassium nitrate (reduction of nitrates to 

nitrogen), D-glucose (fermentation), L-arginine, urea, 

esculin, and ferric citrate, as well as negative results for 

Antibiotic Concentration (µg/

ml) 

Strains 

PMVTL-01 SMVTL-02 BLXBL-03 

Carbenicillin 

Chloramphenicol 

Erythromycin 

Cefotaxime 

Gentamicin 

Tetracycline 

Nalidixic acid 

  

Streptomycin 

  

Spectinomycin 

  

Kanamycin 

  

Ampicillin 

500 

500 

250 

20 

50 

100 

20 

50 

100 

200 

100 

200 

50 

100 

50 

100 

  R* 

S 

SP 

R 

S 

S 

R 

SP 

SP 

SP 

SP 

SP 

S 

S 

R 

R 

R 

S 

SP 

S 

S 

S 

R 

R 

SP 

SP 

SP 

SP 

SP 

S 

S 

S 

R 

S 

SP 

SP 

R 

S 

R 

R 

SP 

SP 

SP 

SP 

SP 

SP 

R 

R 

* Resistant (R), Sensitive (S) and Spontaneous (SP) 

Table 1. Bradyrhizobium sp. strains and their intrinsic antibiotic profiles 
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Active ingredients Strains 

TAL173 SUTN9-2 PMVTL-01 SMVTL-02 BLXBL-03 

Potassium nitrate (reduction of nitrates to nitrites) 

Potassium nitrate (reduction of nitrates to nitrogen) 

L-tryptophan 

D-glucose (fermentation) 

L-arginine 

Urea 

Esculin 

Ferric citrate 

Gelatin (bovine origin) 

4-Nitrophenyl-βD-galactopyranoside 

 Assimilation 

D-glucose 

L-arabinose 

D-mannose 

D-mannitol 

N-acetyl-glucosamine 

D-maltose 

Potassium 

Gluconate 

Capric acid 

Adipic acid 

Malic acid 

Trisodium citrate 

Phenylacetic acid 

  -* 

+ 

- 

+ 

+ 

+ 

+ 

- 

- 

- 

  

+ 

+ 

+ 

+ 

- 

- 

- 

- 

- 

- 

- 

+ 

+ 

- 

+ 

- 

+ 

+ 

+ 

+ 

- 

- 

- 

  

+ 

+ 

+ 

+ 

- 

- 

- 

- 

- 

- 

- 

+ 

+ 

- 

+ 

- 

+ 

+ 

+ 

+ 

- 

- 

- 

   

+ 

+ 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

+ 

- 

+ 

+ 

+ 

+ 

- 

- 

- 

   

+ 

+ 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

+ 

- 

+ 

+ 

+ 

+ 

- 

- 

- 

  

 + 

+ 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

* Bradyrhizobium sp. can (+) or cannot (-) use the substrate 

Table 2. Result of hydrolytic enzymes activity assayed using API ZYM test kit 

Sources 

Growth ability observed from culture turbidity (Assimilation)   

TAL173 SUTN9-2 PMVTL-01 SMVTL-02 BLXBL-03 

+O2 -O2 +O2 -O2 +O2 -O2 +O2 -O2 +O2 -O2 

Carbon           

Succinate   +* + + + + + + + + + 

Malate - - + + - - - - - - 

Malonate - - - - - - - - - - 

Glucose + - + - + - + - + - 

Sucrose - - - - - - - - - - 

Phenol - - - - - - - - - - 

Glutamate + - + - + - + - + - 

Glutamine + + + + + + + + + + 

Glycine - - + - + - - - - - 

Alanine - - + + - - - - + + 

Arginine - - - - - - - - - - 

Asparagine + + + + + + + + + + 

Proline + + + + + + + + + + 

Tryptophan - - - - - - - - - - 

Lysine + - + - + - + - + - 

Sorbitol + + + + + + + + + + 

Myoinositol - - - - - - - - - - 

Arabinose + - + - + - + - + - 

Mannitol + - + - - - - - - - 

Nitrogen                     

NH4Cl + - + - + - + - + - 

KNO3 + - + - + - + - + - 

Urea - - - - - - - - - - 

NH4NO3 + - - - - - - - + - 

Table 3. Utilization of various carbon and nitrogen sources by Bradyrhizobium sp. in broth culture under anaerobic (-O2) 

and microaerobic aerobic (+O2) conditions 

*Bradyrhizobium sp. can (+) or cannot (-) use the substrate   
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potassium nitrate (reduction of nitrates to nitrites), gela-

tin (bovine origin), and 4-Nitrophenyl-βD-

galactopyranoside (Table 2). In the case of assimila-

tion, the strains TAL173 and SUTN9-2 showed positive 

results in D-glucose, L-arabinose, D-mannose, and D-

mannitol, trisodium citrate, and phenylacetic acid. On 

the other hand, PMVTL-01, SMVTL-02, and BLXBL-03 

showed positive results in D-glucose and L-arabinose 

but they could not assimilate other substrates tested in 

this experiment (Table 2).  

Most strains could grow on both anaerobic (-O2 ) and 

microaerobic aerobic (+O2 ) conditions with succinate, 

glutamine, asparagine, proline, tryptophan, and sorbitol 

(Table 3). Furthermore, TAL173 could grow on glucose 

(+O2), glutamate (+O2 ), lysine (+O2 ), arabinose (+O2 ), 

mannitol (+O2), NH4Cl, KNO3, and NH4NO3. Meanwhile, 

SUTN9-2 could grow on malate, glucose (+O2 ), gluta-

mate (+O2), glycine (+O2), alanine, lysine (+O2), arabi-

nose (+O2), mannitol (+O2), NH4Cl, and KNO3. PMVTL-

01 could be utilized in glucose (+O2), glutamate (+O2), 

glycine (+O2 ), lysine (+O2 ), arabinose (+O2 ), NH4 Cl, 

and KNO3 . SMVTL-02 was grown in glucose (+O2 ), 

glutamate (+O2), lysine (+O2), arabinose (+O2), NH4Cl, 

and KNO3 . BLXBL-03 could utilize in glucose (+O2 ), 

glutamate (+O2 ), alanine, arabinose (+O2 ), NH4 Cl, 

KNO3, and NH4NO3. 

 

Nodulation test with other legumes   

To test the host specificity of Bradyrhizobium sp. 

strains PMVTL-01, SMVTL-02, and BLXBL-03, 18 vari-

eties of legumes were used (Table 4). All the isolates 

were not nodulated on Aeschynomene indica, A. eve-

nia, Glycine max (Chiang Mai 60), Lotus japonicus, 

Psophocarpus tetragonolobus, Samanea saman, and 

Sesbania rostrata. In addition, only isolate SMVTL-02 

could not nodulate Cajanus cajan (Linn.) Millsp. and 

only isolate BLXBL-03 could not nodulate Crotalaria 

juncea and Vigna radiata (SUT1). 

 

Peanut growth promotion and symbiotic properties 

To determine the nodulation efficiency of new isolated 

strain PMVTL-01, SMVTL-02 and BLXBL-03 comparing 

with Thai strains (including Bradyrhizobium sp. TAL173 

and SUTN9-2), peanut Lao PDR ecotype was used for 

the nodulation test. From the results of ARA, SMVTL-

02 performed highest nitrogenase activity (Fig. 2B). 

PMVTL-01 showed significantly nitrogenase activity 

higher than BLXBL-03 and TAL173 but was not signifi-

cantly different when compared to SUTN9-2 (Fig. 2B). 

BLXBL-03 performed significantly in terms of lower ni-

trogenase activity than PMVTL-01, SMVTL-02, and 

SUTN9-2 but higher than TAL173 (Fig. 2B).  

For the nodule numbers, the higher numbers were 

found in SMVTL-02 and SUTN9-2 (Fig. 2C). PMVTL-01 

showed a reduction in nodule numbers, while per-

formed nitrogenase activity higher nodules number 

than BLXBL-03 and TAL173 (Fig. 2C). BLXBL-03 

showed a significantly lower nodule number than every 

strain except TAL173 (Fig. 2C). The nodule dry weight 

and total plant dry weight showed nitrogenase activity 

higher and not significantly different in PMVTL-01, 

SMVTL-02, and SUTN9-2 (Fig. 2D and 2E), while 

BLXBL-03 showed a significant reduction but in both 

nodules, dry weight and total plant dry weight were 

higher than TAL173 and non-inoculated (Fig. 2D and 

2E). These results indicated that SMVTL-02 could be a 

potential biofertilizer inoculum for peanut production. To 

confirm efficiency of this strain, the competitiveness of 

Plant Strains 

PMVTL-01 SMVTL-02 BLXBL-03 

Aeschynomene americana 

A. indica 

A. evenia 

A. afraspera 

Arachis hypogaea (Thainan 9) 

Cajanus cajan (Linn.) Millsp. 

Crotalaria juncea 

Glycine max (Chiang Mai 60) 

Indigofera tinctoria 

Lotus japonicus 

Macroptilium atropurpureum 

Psophocarpus tetragonolobus 

Samanea saman 

Sesbania rostrata 

Vigna radiata (SUT1) 

V. mungo (U thong 2) 

V. subterranean 

V. unguiculata ssp. sesquipedalis 

  +* 

- 

- 

+ 

+ 

+ 

+ 

- 

+ 

- 

+ 

- 

- 

- 

+ 

+ 

+ 

+ 

+ 

- 

- 

+ 

+ 

- 

+ 

- 

+ 

- 

+ 

- 

- 

- 

+ 

+ 

+ 

+ 

+ 

- 

- 

+ 

+ 

+ 

- 

- 

+ 

- 

+ 

- 

- 

- 

- 

+ 

+ 

+ 

*Bradyrhizobium sp. can (+) or cannot (-) nodulate on legume species    

Table 4 The result of Bradyrhizobium sp. nodulation in 18 kinds of legume. 
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SMVTL-02 with indigenous strains was investigated in 

the next part.  

 

16S rRNA gene  

 To examine the phylogenetic relationships between 

Bradyrhizobium sp. isolates PMVTL-01, SMVTL-02, 

and BLXBL-03 and other members of the Bradyrhizobi-

aceae, a phylogenetic tree was constructed based on 

16S rRNA sequences and Rhizobium rhizogenes 

ATCC11325, R. tropici CIAT899, Sinorhizobium fredii 

HH103, and Mesorhizobium huakuii USDA4779 were 

used as an outgroup of the root of the phylogenetic tree 

(Fig. 3). These results suggested that PMVTL-01 and 

SMVTL-02 showed the highest similarity to those of 

Bradyrhizobium genosp. SA-3 str. Rp7b and B. zhan-

jiangense CCBAU5178. Furthermore, BLXBL-03 was 

shown to be closely related to B. manausense BR3351 

and B. guangzhouense with final bootstrap support of 

90%.  

 

Housekeeping gene analysis 

The additional housekeeping genes selected to refine 

the phylogenetic analysis were conserved among bac-

teria in the rhizobial group that contains 4 housekeep-

ing. In this study, recA (474 bp), atpD (512 bp), glnII 

(581bp), and rpoB (388 bp) were used for constructing 

phylogenetic trees (Fig. 4A-D).  

In the recA gene, PMVTL-01 and SMVTL-02 changed 

the position closer to B. liaoningense LMG18230 and 

another cluster followed by the first cluster, including 

Fig. 2. Peanut growth promotion and symbiotic properties. (A) phenotype of peanut when inoculated with Bradyrhizobi-
um sp., (B) nitrogenase activity measured by acetylene reduction assay (ARA), (C) nodule number, (D) nodule dry 
weight and (E) total plant dry weight.  The results were measured in peanut under lightroom conditions at 30 DAI, non-
inoculated (NI). Values with different letters in each treatment differed significantly at P ≥ 0.05 (n = 3)  
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Bradyrhizobium sp. DOA9, B. yuanmin.gense 

LMG21827, and the second cluster, including Bradyrhi-

zobium sp. ORS3257, Bradyrhizobium genosp. SA-3 

str. Rp7b and B. zhanjiangense CCBAU51781. Mean-

while, BLXBL-03 was clustered with Bradyrhizobium 

sp. CCBAU51745 with bootstrap support of 99%, fol-

lowed by B. manausense BR3351 at 51% (Fig. 4A).  

The tree built with the atpD gene; PMVTL-01 and 

SMVTL-02 were clustered in Bradyrhizobium sp. SUT-

N9-2 and B. yuanmin.gense LMG21827 with bootstrap 

support of 94%, for BLXBL-03 was closer in two sub-

groups: the first clustering 4 strains with high similarity 

with Bradyrhizobium sp. CCBAU51745 with bootstrap 

support of 99% and the second with B. manausense 

BR3351 with bootstrap support of 73% (Fig. 4B).  

The tree built with the glnII gene also resulted PMVTL-

01 and SMVTL-02 being closer in two subgroups: the 

first clustering 4 strains with higher similarity with Brad-

yrhizobium genosp. SA-4 str. CB756 with bootstrap 

support of 98% and the second with two strains group-

ing with B. arachidis 62303 and B. arachidis LMG26795 

with bootstrap support of 82% (Fig. 4C).  

A greater variance was also found with the rpoB gene; 

PMVTL-01 and BLXBL-03 showed high similarity to 

Bradyrhizobium sp. ORS3257. Meanwhile, PMVTL-01 

was closely relate to Bradyrhizobium sp. CCBAU51745 

and B. manausense BR3351 with bootstrap support of 

98% (Fig. 4D).  

From the analysis of the 16S rRNA (Fig. 3) and the 

combination of 4 housekeeping genes (Fig. 5), the sec-

tion of Bradyrhizobium in two main groups was clear 

and the position of all isolates strains was the same in 

the 16S rRNA gene tree. PMVTL-01 and SMVTL-02 

were closer to B. zhanjiangense CCBAU51781 and 

Bradyrhizobium genosp. SA-3 str. Rp7b with bootstrap 

support of 68%. Meanwhile, BLXBL-03 was relatively 

homogeneous with two subgroups: the first subgroup 

including B. manausense BR3351 and Bradyrhizobium 

sp. CCBAU51745 with bootstrap support of 99% and 

the second subgroup including B. guangdongense 

CCBAU51658, B. guangdongense CGMCC1.15034, 

and B. guangzhouense CCBAU53424 with bootstrap 

support of 95%. 

 

Competitiveness between wild type strain  

co-inoculated with SUTN9-2::GFP 

To test the competitiveness of wild type strains PMVTL-

01, SMVTL-02, and BLXBL-03 compared to Bradyrhi-

Fig. 3. 16S rRNA phylogenetic tree, phylogenetic tree of 16S rRNA sequences acquired by the neighbor-joining method 

appearing the phylogenetic relationship of the Bradyrhizobium sp. with the correlated species. The phylogenetic tree 

procreated based on 16S rRNA genes of the 29 rhizobial strains. Neighbor-joining were conducted in MEGA11, the boot-

strap is calculated inferred from 1000 replicates and shown at the respective nodes for values >70%, the scale bar repre-

sents 0.01% sequence divergence 
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zobium sp. strain SUTN9-2::GFP (Fig. 6A-F), the five-

ratio dual-inoculated treatments, strain PMVTL-01 oc-

cupied nodules lower than SUTN9-2::GFP, at 1:9 

(31.20% SUTN9-2 and 68.80% PMVTL-01), 3:7 

(63.03% SUTN9-2 and 36.97% PMVTL-01), 5:5 

(57.09% SUTN9-2 and 42.91% PMVTL-01), 7:3 

(71.08% SUTN9-2 and 28.92% PMVTL-01), and 9:1 

(80.79% SUTN9-2 and 19.21% PMVTL-01) (Fig. 6A 

and D). The strain SMVTL-02 performed a number of 

occupied nodules higher than SUTN9-2::GFP, at 1:9 

(27.93% SUTN9-2 and 72.07% SMVTL-02), 3:7 

(28.84% SUTN9-2 and 71.16% SMVTL-02), 5:5 

(38.73% SUTN9-2 and 61.27% SMVTL-02), 7:3 

(36.82% SUTN9-2 and 63.18% SMVTL-02), and 9:1 

Fig. 4. Phylogenetic tree of recA gene (A), atpD gene (B), glnII gene (C), and rpoB gene (D). The phylogenetic tree pro-

created based on housekeeping genes were conducted in MEGA11, the bootstrap is calculated inferred from 1000 repli-

cates and shown at the respective nodes for values >50%, the scale bar represents 0.02% sequence divergence 
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Fig. 5. Sequences of combination five genes (16S rRNA, 

recA, atpD, glnII and rpoB) were combined in this phyloge-

netic tree, the phylogenetic tree was conducted in 

MEGA11, the bootstrap is calculated inferred from 1000 

replicates and shown at the respective nodes for values 

>70%, the scale bar represents 0.02% sequence diver-

gence 

(64.24% SUTN9-2 and 35.76% SMVTL-02) (Fig. 6B 

and E). In the case of BLXBL-03 showed lower nodule 

occupancy than SUTN9-2::GFP, the same as PMVTL-

01, at 1:9 (36.08% SUTN9-2 and 63.92% BLXBL-03), 

3:7 (66.18% SUTN9-2 and 33.82% BLXBL-03), 5:5 

(70.71% SUTN9-2 and 29.29% BLXBL-03), 7:3 

(66.70% SUTN9-2 and 33.3% BLXBL-03), and 9:1 

(78.18% SUTN9-2 and 21.82% BLXBL-03) (Fig. 6C 

and F). These findings indicate that the competitive 

ability of strain SMVTL-02 had a higher ability occupan-

cy than SUTN9-2::GFP.   

 

Competitiveness between SMVTL-02::DsRed and 

indigenous strains in soil under pot condition 

The determination of the competitiveness of the 

SMVTL-02::DsRed strain with indigenous strains was 

carried out on a pot scale under greenhouse condi-

tions. The SMVTL-02::DsRed strain promoted peanut 

growth such as increased plant height and root length 

(Fig. 7A and B). The DsRed-expressing tagged strain 

showed higher nodule occupancy than indigenous 

strains (81.98% SMVTL-02::DsRed and 18.02% indige-

nous (Fig. 7C). Moreover, the results of ARA, nodule 

number, nodule dry weight, and total plant dry weight of 

the pot inoculated with the SMVTL-02::DsRed strain 

presented a high potential to promote peanut growth as 

compared to indigenous strains (Fig. 7C-G).  

DISCUSSION 

The results of phylogenetic trees (Fig. 5) indicated that 

Bradyrhizobium sp. isolates PMVTL-01, SMVTL-02 and 

BLXBL-03 are in the groups of bradyrhizobia containing 

fewer characterizations and applications in the litera-

ture. Therefore, characterizations of strains using a 

polyphasic approach are necessary prior to application 

in inoculum production.   

 

Antibiotic-resistant profiles of isolated strains  

Bradyrhizobium sp. isolated from peanuts was shown 

to be antibiotic-resistant to carbenicillin, nalidixic acid, 

and spectinomycin but some isolates showed sensitivi-

 
 

Fig. 6. Competition assay among between Bradyrhizobium sp. strain PMVTL-01, SMVTL-02 and BLXBL-03 and SUTN9-

2::GFP strain. (A-C) plant phenotype; (A and D) co-inoculated between PMVTL-01 and SUTN9-2::GFP, (B and E) co-

inoculated between SMVTL-02 and SUTN9-2::GFP, and (C and F) co-inoculated between BLXBL-03 and SUTN9-

2::GFP. Values with different letters in each treatment differed significantly at P ≥ 0.05 (n = 3).                                                                  
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ty to spectinomycin (Van Rossum et al. ,  1 9 9 5 ) .  B. 

guangdongense is resistant to gentamicin but not re-

sistant to chloramphenicol, kanamycin, nalidixic acid, 

streptomycin, and tetracycline at the minimum dose 

tested, and B. guangxiense is resistant to chloram-

phenicol, gentamicin, nalidixic acid, streptomycin, and 

tetracycline but not resistant to kanamycin, trime-

thoprim, or rifampicin at the minimum dose tested (Li et 

al., 2015). In this study, isolates PMVTL-01, SMVTL-

02, and BLXBL-03 are resistant to carbenicillin and 

nalidixic acid but are not resistant to chloramphenicol, 

gentamicin, and tetracycline and are spontaneous to 

erythromycin, streptomycin, and spectinomycin, except 

that PMVTL-01 is sensitive to kanamycin. When the 

antibiotic profile of Lao’s strains was compared to B. 

guangdongense and B. guangxiense, 2 Lao PDR 

strains (PMVTL-01 and SMVTL-02) were found to be 

gentamicin sensitive, while both B. guangdongense 

and B. guangxiense were resistant. 

Intrinsic antibiotic resistance profiles have been used 

as parameters for rhizobium classification and for the 

identification of marked strains (Josey et al., 1979). 

Both fast-growing and slow-growing strains of rhizobia 

showed wide variability in terms of their resistance to 

antibiotics; fast-growing strains were generally more 

sensitive than slow-growing strains (Elkan, 1992; 

Young and Chao, 1989).  

 

Siderophore production by Bradyrhizobium sp. 

Bacteria need iron to survive, grow, and develop a vari-

ety of mechanisms for the solubility of Fe3 +  (Guerinot, 

1994). Many species of rhizobia, including Azorhizobi-

um, Sinorhizobium, Mesorhizobium, Rhizobium, and 

Bradyrhizobium, were reported to produce one or more 

types of siderophores (Dilworth et al., 1998; Johnston, 

2004). Tested strains of root nodule bacteria were posi-

tive for siderophore production, and the average gener-

ation time was unchanged when the iron concentration 

was increased 200-fold (Carson et al., 1992). Our re-

sults indicate that SMVTL-02 is the highest siderophore 

producer, while the lowest is BLXBL-03 (Fig. S5B). 

Some rhizobacteria insolubly absorb iron from the soil 

environment and enable plants to use the acid of sider-

ophores; there is evidence that some plants can use 

bacterial iron (III) from siderophore complexes for plant 

growth (35–38). On the other hand, the eradication of 

iron from the soil by rhizobia that produce siderophores 

reduces iron absorption in the root region and, conse-

quently, inhibits the growth of pathogenic fungi (Bal et 

al., 2013; Traxler et al., 2012). 

 

Biochemical characteristics  

The results of the APIZYM test and the utilization of 

various carbon and nitrogen sources analyses showed 

Fig. 7. The competition assay among between Bradyrhizobium sp. strain SMVTL-02::DsRed and indigenous strain. (A-B) 

plant phenotype, (C) percent of nodules occupancy by SMVTL-02::DsRed and indigenous strains, (D) nitrogenase activi-

ty, (F)  Nodule dry weight and (G)  Total  plant  dry  weight.  The results were measured in peanut under lightroom condi-

tions at 30 DAI, non-inoculated (NI). Values with different letters in each treatment differed significantly at P ≥ 0.05 (n = 

3) 
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a variety of utilization patterns among different strains 

of Bradyrhizobium sp. carbon resource and nitrogen 

utilization patterns are not strongly related to the symbi-

ovar or genospecies (Kumar et al., 2015; Li et al., 

2019). Some carbon or nitrogen sources varied in the 

assimilating ability of the species, which indicates the 

phenotypic diversity within the species (Martins da Cos-

ta et al., 2019). Most of the Bradyrhizobium sp. strains 

in this study did not utilize disaccharides including su-

crose and maltose, which primarily did not have a di-

saccharide absorption system (Elkan, 1992; Glenn and 

Dilworth, 1981). However, most of the strains, such as 

B. elkanii USDA 76, B. liaoningense USDA 3622, B. 

yuanmingense CCBAU 10071, B. diazoefficiens USDA 

11 0 T, and B. japonicum USDA 6 were grown on glu-

cose (Wójcik et al., 2019). 

 

Efficiency of nodulation test with other legumes 

The Bradyrhizobium sp. could efficiently nodulate many 

plant hosts (Azarias Guimarães et al., 2015; Stacey et 

al., 1992) and there can infecting specific legumes and 

establishing nitrogen-fixing symbiosis with them 

(Ferguson, 2017). Many reports revealed that the Brad-

yrhizobium sp. nodulated Aeschynomene mericana 

(Noisangiam et al., 2012; Nzoué et al. ,  2 0 0 9 ) ,  A. 

afraspera (Bonaldi et al. ,  2 0 1 1 ) ,  Arachis hypogaea 

(Thainan 9) (Songwattana et al., 2017), Cajanus. cajan 

(Linn.) Millsp. (Alaswad et al., 2019), C. juncea (You et 

al. ,  2002) ,  Indigofera tinctoria (Leelahawonge et al. , 

2 0 1 0 ) ,  Macroptilium atropurpureum (Yuhashi et al. , 

2 0 0 0 ) ,  Vigna radiata (SUT1) (Songwattana et al. , 

2021), V. mungo (U thong 2) (Piromyou et al., 2021), V. 

subterranean (Puozaa et al., 2017), and V. unguiculata 

ssp. sesquipedalis (Kathalia et al. ,  2 02 0 ) . However, 

SMVTL-02 could not nodulate on C. cajan and BLXBL-

03 could not nodulate on C. juncea and V. radiata 

(SUT1). 

 

Genotypic characteristics of isolates 

The 16S rRNA gene was used worldwide for the classi-

fication and identification of bacteria and rhizobia. Re-

cently, the housekeeping genes have proven useful for 

classification and identifying another group of rhizobia 

(Gaunt et al., 2001; Islam et al., 2008; Klepa et al., 

2022; Ngwenya et al., 2022; Rivas et al., 2009). The 

strains PMVTL-01, SMVTL-02, and BLXBL-03 dis-

played a diversity closely related to many species of 

Bradyrhizobium when housekeeping genes were ana-

lyzed. However, their position is quite the same as 

compared to the tree of 16S rRNA and five combina-

tions of genes. The strains PMVTL-01 and SMVTL-02 

were closely related to the Bradyrhizobium genosp. SA-

3 Rp7b and B. zhanjiangense, while strain BLXBL-03 

was closely related to Bradyrhizobium sp. 

CCBAU51745, B. manausense BR3351, B. guang-

dongense CCBAU51658, CGMCC1 . 1 5 0 3 4 ,  and B. 

guangzhouense CCBAU53424. All of the closely relat-

ed strains in this phylogenetic tree were isolated from 

A. hypogaea (Li et al., 2015, 2019), except B. ma-

nausense BR3351, which was isolated from V. unguic-

ulata (Silva et al., 2014). 

 

Competitiveness of isolate strains with  

SUTN9-2::GFP 

The percent of nodule occupancy of SMVTL-02 was 

higher than that of SUTN9-2::GFP, which might imply 

that SUTN9-2 was not originally isolated from A. hypo-

gaea but instead was isolated from root nodules of A. 

americana (Noisangiam et al., 2012). Factors affecting 

nodulation competitiveness vary according to the part-

nership between legumes and rhizobia. This pattern 

might be due to differences in the bacteria's metabolic 

capacity, infectious processes, and the life history of 

bacteria within the nodules (Archana, 2010; Prell and 

Poole, 2006). From the result, SUTN9-2 produces less 

siderophore than SMVTL02 (Fig. S5B), which might 

render less competition. The level of siderophore pro-

duced affected nodulation efficiency (Rajendran et al., 

2008; Sturz et al., 1997). Moreover, the exchange of C 

and N between bacteria and plant cells suggests that 

the metabolic traits of rhizobia may also be important 

during the endophytic part of the bacterial life cycle 

(Prell and Poole, 2006; White et al., 2007). 

 

Competitiveness of SMVTL-02::DsRed with  

indigenous strains 

The peanut is a highly promiscuous species because it 

is nodulated by the rhizobia that also nodulate a variety 

of other legumes (Alwi et al., 1989; Bogino et al., 2006). 

The response of peanuts to inoculation with bradyrhizo-

bia is affected by many factors including the effects of 

indigenous rhizobia populations (Bogino et al., 2008). 

However, some rhizobia are unable to nodulate pea-

nuts to be effective at nitrogen-fixing in symbiosis with 

plants. Thus, good inoculum strains must be able to 

survive and adapt to new environments, to outnumber 

and prevail the rhizobia an indigenous strain (Miljakovic 

et al., 2022; Yates et al., 2011). In this experiment, few 

nodules (18.02%) were formed by the indigenous 

strains; 81.98% were formed by the SMVTL-02::DsRed 

strain, indicating that soil has an indigenous rhizobia 

population that can convince the nodulating on peanut 

plants, although the nitrogen fixation efficiency is low. 

Moreover, in treatment inoculated with SMVTL-

02::DsRed strain had the greatest enhancing effect on 

nodulation and plant growth. 

Conclusion 

The results of this study showed the high genetic diver-

sity in the group of Bradyrhizobial symbionts of peanuts 

in Lao soil. The top three high-efficiency strains, i.e., 
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PMVTL-01, SMVTL-02, and BLXBL-03, were selected 

from 14 different strains of the nodulating peanut root. 

All the selected strains belonged to the genus Bradyrhi-

zobium based on 16S rRNA, recA, atpD, glnII, and 

rpoB gene sequences. Regarding the determination of 

competitiveness, SMVTL-02 had the greatest efficiency 

of nodulation and nitrogen fixation as compared to the 

SUTN9-2::GFP strain and indigenous strains. There-

fore, SMVTL-02 has promising potential for develop-

ment as a biofertilizer inoculum for peanut production in 

the Lao PDR. 
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