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Abstract 

A total of 75 bacterial isolates were obtained from nodules of beans culti v ated acr oss 10 sites in six a gr o-ecological zones in Uganda. 
Using recA gene sequence analysis, 66 isolates were identified as members of the genus Rhizobium , while 9 were related to Agrobacterium 

species. In the recA gene tree, most Rhizobium strains were classified into five recognized species. Phylogenetic analysis based on 

six concatenated sequences (r ecA–rpoB–dnaK–glnII–gyrB–atpD ) placed 32 representative strains into five distinct Rhizobium species, 
consistent with the species groups observed in the recA gene tree: R. phaseoli , R. etli , R. hidalgonense , R. ecuadorense , and R. sophoriradicis , 
with the first three being the predominant. The rhizobial strains grouped into three nodC subclades within the symbiovar phaseoli clade, 
encompassing strains from distinct phylogenetic groups. This pattern reflects the conservation of symbiotic genes, likely acquired 

through horizontal gene transfer among diverse rhizobial species. The 32 representative strains formed symbiotic relationships with 

host beans, while the Agrobacterium strains did not form nodules and lacked symbiotic genes. Multi v ariate anal ysis r ev ealed that 
species distribution was influenced by the environmental factors of the sampling sites, emphasizing the need to consider these 
factors in future effectiveness studies to identify effective nitrogen-fixing strains for specific locations. 

Ke yw ords: biolo gical nitro gen fixation; housekeeping genes; m ulti-locus sequence anal ysis; Rhizobium ; symbiotic genes; symbiovar 
phaseoli 
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Introduction 

Common bean ( Phaseolus vulgaris L.) is an important food legume 
in eastern Africa. It serves as a primary dietary protein source for 
numerous households (Broughton et al. 2003 ) and source of in- 
come (Jjagwe et al. 2022 ). Uganda is the largest bean producer in 

Africa, and beans are ranked as the fifth most important crop in 

the country (Sibiko et al. 2013 ). Common bean cultivation is an in- 
tegral component of the cropping systems in East Africa as beans 
ar e gr o wn b y 60%–90% of smallholder farmers ( ≤2 acres of land),
and cultivated either as a sole crop or an intercrop with minimal 
inputs across all farming systems in Uganda. This practice partly 
enhances soil fertility but, more importantly, increases dietary di- 
versity among smallholders (Muoni et al. 2019 ). In Uganda, beans 
are the most important food legume, follo w ed b y groundnut, so y- 
bean, and cowpea. The national annual consumption of beans in 

Uganda is around 58 kg per capita. Moreover, beans serve as a sig- 
nificant income source for many families, contributing up to 9% 

of household income in certain regions (Mazur et al. 2009 ). 
Despite its significance, bean yields remain low, averaging 1.5 

t ha −1 compared to potential yields of 4 to 5 t ha −1 (UBOS 2010 ,
Kaizzi et al. 2012 , FAO 2016 ). This yield gap is attributed to low soil 
fertility especially nitrogen (N) deficiency, and low abundance of 
Recei v ed 9 May 2024; revised 27 August 2024; accepted 10 September 2024 
© The Author(s) 2024. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution License ( https://cr eati v ecommons.org/licenses/by/4.0/ ), whic
medium, provided the original work is properly cited.
 2 -fixing bacteria in soils (Sebuwufu et al. 2015 ). In sub-Saharan
frica, soils are increasingly degraded, and fertilizers are often un-
ffordable for smallholders to enhance soil fertility (FAO 2016 ).
ertilizer use in Uganda is low, an av er a ge of 2.4 kg ha −1 yr −1 of
PK in 2021 (World bank, https:// data.worldbank.org/ indicator/ 
 G .CON.FER T.ZS ) y et the amounts of manur e ar e insufficient to
orrect nutrient deficiencies . T herefore , finding ecologically sound
nd cost-effective methods to impr ov e soil fertility is crucial for
mallholder farmers. Food legumes, such as beans, form symbi- 
tic associations with rhizobia (N 2 -fixing bacteria) to fulfill their
emand for N, thus reducing the requirement for synthetic N
ertilizer. Utilizing biological nitrogen fixation (BNF) through na- 
iv e or locall y ada pted rhizobia inoculants has bridged the yield
ap in the production of bean and other food legumes (Kebede
021 ). 

Common beans form symbiotic relationships promiscuously 
ith a diverse range of rhizobial species, particularly in the
esoamerican and Andean centers of its div ersification. Initiall y,

hizobium etli was considered the dominant symbiont in these 
egions (Souza et al. 1997 , Aguilar et al. 1998 , Martínez-Romero
003 ). Ho w e v er, other important bean-nodulating species have
ince been described, including R. hidalgonense (Yan et al. 2017 ),
 is an Open Access article distributed under the terms of the Cr eati v e 
h permits unrestricted reuse, distribution, and reproduction in any 
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. esperanzae (Cordeiro et al. 2017 ), R. acidisoli (Román-Ponce et al.
016 ), R. ecuadorense (Ribeiro et al. 2015 ), R. azibense (Mnasri et al.
014 ), R. leucaenae (Ribeiro et al. 2012 ), and R. tropici (Anyango et
l. 1995 ). In regions where beans have been introduced, such as
urope and Africa, bean-nodulating species such as R. phaseoli , R.
allicum , R. leguminosarum , R. lusitanum (Dall’agnol et al. 2014 ), and
ar arhizobium giar dinii (Mousavi et al. 2015 ) are also pr e v alent. In
ub-Saharan African countries such as Ethiopia and K en ya, R. etli
nd R. phaseoli wer e pr edominantl y isolated from bean nodules
Aserse et al. 2012 , Mwenda et al. 2018 , Gunnabo et al. 2021 ). Pu-
ativ e ne w species hav e also been identified in the r egion, includ-
ng R. ethiopicum , a bean-nodulating rhizobia species in Ethiopia
Aserse et al. 2017 ) 

The adaptability and diversity of bean-nodulating species vary
epending on their origins, and different bean cultivars may
refer specific symbiotic partners (Aguilar et al. 2004 ). Previ-
us studies conducted in Ethiopia, Uganda, Rwanda, and K en ya
ave shown mixed results regarding the response of beans to in-
culation with exotic R. tropici CIAT 899 (Musandu and Joshua
001 , Simiyu et al. 2013 , Rurangwa et al. 2018 ). While higher
rain yields of beans in some ar eas wer e r eported for inocula-
ion with rhizobia compared to uninoculated beans, the response
as not consistently positive . T his erratic response may be at-

ributed to the failure of exotic rhizobia to adapt to local condi-
ions, influenced by environmental variables (Zhang et al. 2018 ).
ocally isolated rhizobia are often better adapted to prevailing
cological conditions . T her efor e, this study focuses on isolating
nd c har acterizing indigenous r oot nodule bacteria fr om Uganda
s part of our efforts to find bean inoculants tailored to local
onditions. 

The taxonomy of bacteria has advanced with the use of molec-
lar methods, such as protein coding gene sequencing data and
hole-genome sequencing, which provide better resolution be-

ween species (Mousavi et al. 2015 , Aserse et al. 2017 ). The gene
oding for the r ecombinase A pr otein ( recA ) has been shown to
e an effective genetic marker for rhizobia identification studies

Aserse et al. 2012 , Mousavi et al. 2015 , Asfaw et al. 2020 , Adjei
t al. 2022 ). Ho w e v er, phylogen y based on a single gene tree may
ot accur atel y r epr esent a species tr ee, as housek ee ping genes
ay vary in their evolutionary history. Phylogeny using multilo-

us housek ee ping gene sequence anal yses (MLSA), whic h include
e v er al housek ee ping genes , pro vides mor e accur ate r esolution in
he taxonomy of rhizobia species (Mousavi et al. 2015 , Adjei et al.
022 ). 

This study aimed to explore the genetic diversity of Rhizo-
ium species r ecov er ed fr om r oot nodules of common beans
rown at ten major bean-growing locations across six a gr o-
cological zones in Uganda. Initially, bacterial isolates were iden-
ified through recA gene phylogenetic analysis. Subsequently,
tr ains r epr esenting differ ent species gr oup wer e further stud-
ed using multilocus housek ee ping genes and symbiotic gene
equences analyses . T he MLSA included recA , glutamine syn-
hetase II ( glnII ), RNA pol ymer ase beta subunit ( rpoB ), DNA gy-
 ase subunit B ( g yrB ), 70 kDa c ha per one ( dnaK ), and ATP syn-
hase subunit beta ( atpD ) coding genes. Phylogeny of the symbiotic
enes was inferred using the analyses of nodC gene encoding N -
cetylglucosamin yl tr ansfer ase for nodulation and nifH that en-
odes dinitr ogenase r eductase . T he nodulation capability of the
 epr esentativ e str ains was assessed in a growth chamber using
eans as the host plant. We also examined how the physicochem-

cal properties of sampling sites affect the taxonomic distribu-
ion and composition of the bacterial species identified in this
tudy. 
aterials and methods 

odule sampling, bacteria isolation, and 

escription of sampling sites 

oot nodule samples were collected from common bean plants
cultivar Gambale Short) at 10 selected sites in major bean-
r owing r egions, r epr esenting six a gr o-ecological zones in Uganda
Fig. 1 ). Se v er al healthy and intact nodules wer e harv ested per
lant per site and stored in glass vials containing desiccant sil-

ca gel until isolation in the laboratory at Makerere University.
acterial isolation was performed following the methodology de-
cribed by Somasegaran and Hoben ( 2012 ). In brief, sterilized indi-
idual nodules were crushed, and their suspensions were streaked
nto yeast extract mannitol (YEM) agar plates supplemented with
5 mg l −1 Congo red (CR). The plates were incubated at 28 ◦C
or 3–5 days or until colonies a ppear ed. The r esulting colonies,
ere further screened until pure culture was obtained on YEM
gar medium at the University of Helsinki. Pure cultures of the
solates were then maintained and preserved in 20% glycerol–
EM br oth at temper atur es of −20 ◦C and −80 ◦C, as pr e viousl y de-
cribed (Aserse et al. 2012 ). 

The a gr o-ecological zone, r ainfall, and soil physicoc hemical
roperties of the sampling sites are presented in Table 1 . Agro-
cological zones in Uganda were delineated by considering vari-
us c har acteristics, suc h as landsca pe , altitude , precipitation, cli-
ate , soil properties , demogr a phics, and land use systems . T hese

ones are k e y determinants of the country’s farming systems
MAAIF 2010 ). A summary of the sampled a gr o-ecological zones
nd their c har acteristics is also pr ovided in Table S1 . The annual
ainfall of the sampling sites ranged from 1018 to 1482 mm. Soils
 ere collected follo wing pr ocedur es described pr e viousl y (Andor-

on and Ingram 1993 ). The soil samples were analyzed for physico-
 hemical c har acteristics mainl y according to v an Reeuwijk ( 2002 ).
oil pH and EC were measured in 1:2:5 soil/water (v/v) suspension
nd the EC value was multiplied by 2.5 to get an EC estimate of
atur ated paste extr act. Total C and N wer e determined by dry
ombustion, while soluble P was extracted by the Olsen method
0.5 M NaHCO 3 at pH 8.5). Exchangeable Ca, Mg, K, Na, and titrat-
ble acidity were extracted with 1 M ammonium acetate buffered
t pH 7, and results expressed as cmol( + ) kg −1 . Potential cation
xc hange ca pacity (CEC pot ) and base saturation (BS) were calcu-
ated as CEC pot = Ca + Mg + K + Na + titratable acidity and BS = 100

(Ca + Mg + K + Na)/CEC pot , r espectiv el y. Exc hangeable Al was ex-
racted with 2 M KCl. The cationic elements were determined by
nductiv el y coupled plasma emission spectrometer and P with a
pectrophotometer. Soil colors were determined with the Munsell
oil Color Charts. Texture was estimated by finger assessment. 

The soils of the sampling sites were diverse in many character-
stics . T he texture ranged from clay loam to fine sand and total
 from 0.7% to 4.6%. The CEC pot r anging fr om 2.3 to 31.8 cmol c
g −1 , most results < 18 cmol c kg −1 , suggests that many of the soils
ere dominated by kaolinitic mineralogy. The pH (H 2 O) cov er ed
 wide r ange, fr om 4.8 to 8.2. The Isingiro soil with the highest
H may contain some calcareous material but according to the
 analysis the content is not high. All soils were non-saline, and

he Na saturation was ≤1%. The two most acidic soils from Tororo
nd Mayuge sites had an a ppr eciable Al satur ation of 17 and 14%,
 espectiv el y, while in the other soils, exchangeable Al occupied
 3% of the CEC sites . T he variation of plant-available P cov er ed

he whole range from very low to excessively high concentrations,
uggesting that some of the soils had r eceiv ed lar ge amounts of
anur e or c hemical P fertilizers. Soil colour was brown or red in
ost soils, in accordance with the general abundance of Ferralsol

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae120#supplementary-data
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Figure 1. Soil and root nodule sampling sites in Uganda. 
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(FAO 2014 ), which dominates about 70% of Uganda in the region,
while the black colour of Fort portal soil falling in the order of 
Andisol, whic h cov ers m uc h of the western r egion of Uganda. 

DN A extr action, PCR amplifica tion, and 

sequencing 

Genomic DN A w as extr acted fr om bacterial cultur es gr own for 
3–5 days at 28 ◦C in YEM until late log phase using the Nucle- 
oSpin Geomic DNA extraction kit, following the manufacturer’s 
instruction (MA CHEREY-NA GEL, Inc.). The quality of the DNA 

samples was assessed using 1.5% (w/v) a gar ose gel electr ophor e- 
is and then stored at −20 ◦C. For PCR amplification of the house-
 ee ping gene recA , we used the primer pairs recA -6F (CGK CTS
T A GAG GA Y AAA TCG GTG) and recA -555R (GACGR ATC TGG
TG ATG AAG ATC ACC AT) (Gaunt et al. 2001 ). The PCR was
onducted using Phusion DNA pol ymer ase following the man-
facturer’s instructions (Finnzymes) for reaction mixture and 

emper atur e pr ogr ams, and according to the protocols estab-
ished in pr e vious studies (Aserse et al. 2012 , Asfaw et al. 2020 ).
ubsequentl y, the recA PCR pr oducts was sequenced using the
anger method at the Institute of Biotec hnology, Univ ersity of
elsinki. 
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equence data analyses 

he recA sequences were processed and edited using the Gap
 pr ogr am of the Staden-pac ka ge 1.7.0 (Staden et al. 2000 ) or
ega11 software (Tamura et al. 2021 ). Sequences of closely related

 efer ences to our test strains were identified using the Nucleotide
asic Local Alignment Search Tool (BLASTn) program ( https://
last.ncbi.nlm.nih.go v/). T he sequences alignments of the test
nd r efer ence str ains r etrie v ed fr om GenBank wer e then aligned
sing CLUSTALW as embedded in MEGA 11 software. We em-
lo y ed the RAxML v8.2.X pr ogr am to construct RAxML Phyloge-
etic tree using the GTRGAMMA model with rapid bootstrapping
nd codon position partitioning (Stamatakis 2014 ). For the RAxML
hylogenetic tree, the robustness of the tree topologies was as-
essed using 100 bootstr a p r eplicates . T he pairwise recA sequence
imilarity between the new and reference strains was calculated
sing the BLASTn pr ogr am ( https:// blast.ncbi.nlm.nih.gov/ Blast.
gi? ). 

Based on the RAxML recA phylogenetic tr ee, 36 ne w str ains
 epr esenting differ ent phylogenetic gr oups wer e selected and
aired-end sequenced (2 × 150 bp) using the Illumina NextSeq500
latform. Additionall y, we sequenced thr ee Ethiopian bean-
odulating r efer ence str ains: R. phaseoli HBR10 and HBR53, and
. etli HBR5 (Aserse et al. 2012 ). Core housek ee ping genes ( rpoB ,
naK , glnII , gyrB , and atpD ) and symbiotic ( nodC and nifH ) genes
ere then retrieved from the reads, as previously described

Adjei et al. 2022 ). The individual gene sequences of the test
trains, along with relevant references retrieved from the Gen-
ank database, were aligned using CLUSTALW. The six housek ee p-

ng genes were concatenated using Mega 11 software. Phyloge-
etic tr ees wer e constructed fr om the single gene alignments and
he six concatenated housek ee ping gene sequences, following a
imilar pr ocedur e as described abov e for the recA phylogenetic
nalysis. An RAxML phylogenetic tree based on combined gene
equences ( recA–rpoB–dnaK–glnII–gyrB–atpD ) was constructed us-
ng the GTRGAMMA model, with partitioning by DNA and codon
ositions, as described in the RAxML v8.2.X Manual (Stamatakis
014 ). 

The gene sequences for recA , rpoB , dnaK , glnII , gyrB , atpD , nodC ,
nd nifH obtained in this study have been deposited in the Gen-
ank database (https://www.ncbi.nlm.nih.go v/genbank/). T heir
 espectiv e accession numbers are as follows: recA (PP713623–
P713697), rpoB (PP713698–PP713733), dnaK (PP713770–PP713805),
lnII (PP713734–PP713769), gyrB (PP713806–PP713841), atpD
PP713842–PP713877), nodC (PP732099–PP732133), and nifH
PP732134–PP732168). For the r efer ence str ains R. phaseoli
BR10 and HBR53, and R. etli HBR5, the accession num-
ers for the dnaK , glnII , gyrB , and atpD gene sequences are
P732090–PP732092, PP732087–PP732089, PP732093–PP732095,
nd PP732096–PP732098, r espectiv el y. The accession numbers of
he r efer ence sequences ar e indicated in par entheses in eac h
ingle gene tree (Fig. 2 ; Figs S1 –S5 , Supporting Information ). 

odula tion authentica tion test 
he nodulation ability of the 36 selected test str ains, r epr esent-

ng different phylogenetic groups in the RAxML recA phyloge-
etic tree, was assessed on the bean cultivar Gambale short un-
er controlled growth chamber conditions, following the meth-
ds described by Adjei et al. ( 2022 ) and Aserse et al. ( 2012 ). The
odulation test was conducted in replicated pouches, with three
eedlings tr ansferr ed into eac h pouc h containing sterile N-fr ee
ensen’s nutrient solution (Somasegaran and Hoben 2012 ). Each
eedling was inoculated with 1 ml of bacterial cultur e gr own in

https://blast.ncbi.nlm.nih.gov/
https://blast.ncbi.nlm.nih.gov/Blast.cgi?
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae120#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae120#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae120#supplementary-data
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YEM broth to log phase. After 30 days plant growth, the nodula- 
tion capacity of each strain was assessed based on the presence 
of nodules on the host r oots. Pr eliminaril y, the N 2 -fixing ability of 
the bacterial strains was assessed based on the reddish to pink 
internal color of excised nodules and the healthy, green growth of 
the host plants. 

Effect of environmental variables on the 

distribution of the nodule bacterial species 

To investigate the influence of envir onmental v ariables on the 
phylogenetic diversity ( recA ) of the test strains, Redundancy Anal- 
ysis (RDA) was conducted. This analysis utilized the R pr ogr am,
following the methodology described by Adjei et al. ( 2022 ). Prior 
to analysis, explanatory variables (Table 1 ; Table S1 , Supporting 
Information ) were transformed (logX + 1) and normalized to ad- 
dr ess measur ement unit heter ogeneity (Clarke and Gorley 2001 ).
Multiv ariate Anal yses of Variance (MANOVA) wer e conducted to 
assess significant differences in environmental variables among 
sampling sites and recA phylogenetic groups. Pearson correlations 
between variable pairs were computed using the pearsonr() func- 
tion from the scipy.stats package in Python. Additionally, a for- 
w ar d selection method in Python w as emplo y ed to e v aluate the 
separation po w er of variables among bacterial species. Redundant 
v ariables wer e systematicall y r emov ed to mitigate m ulticollinear- 
ity effects. Finally, the resulting RDA was visualized using selected 

v ariables demonstr ating significant separ ation po w er among the 
phylogenetic groups. 

We assessed the diversity of the phylogenetic groups at each 

site using various diversity indices calculated with the vegan 

pac ka ge in R. Species richness was determined using Shannon–
Wiener diversity (H 

′ ) and True_Shannon indices. To e v aluate 
species e v enness and dominance, w e emplo y ed the Simpson (D) 
and Simpson’s Index ( λ), r espectiv el y. Additionall y, Pielou’s e v en- 
ness (J’) index was utilized to quantify the equity of species distri- 
bution across the sampling sites (Magurran 2004 ). 

Results 

Bacterial isola tes, identifica tion, and phylogen y 

based on single housekeeping genes 

A total of 75 bacterial isolates were obtained from root nodules 
of common beans collected from 10 locations across six agro- 
ecological zones in Uganda (Table 1 ). Based on the comparison 

of the recA gene sequence (464 bp) with the GenBank r efer ence 
database, 66 isolates were identified as belonging to the genus Rhi- 
zobium , while 9 isolates were classified as Agrobacterium species.
The RAxML phylogenetic tree, constructed with a ppr opriate r efer- 
ence sequences, grouped the strains into nine phylogenetic groups 
(Fig. 2 ). The main phylogenetic groups (I, II, IV, and V) comprised 

between three and 26 test str ains eac h, alongside known com- 
mon bean-nodulating r efer ence Rhizobium species . T hese groups 
exhibited recA sequence similarity ranging from 96% to 100% with 

each other and with their respective closely related reference type 
strains (Table 2 ). In group I, 13 test strains were closely clustered 

with R. hidalgonense and bean-nodulating Rhizobium species from 

K en y a (Mw enda et al. 2018 ). Phylogenetic gr oups II (thr ee str ains),
IV (26 strains), and V (23 str ains) cluster ed with named Rhizobium 

species, specifically the type strains of R. ecuadorense , R. phase- 
oli , and R. etli , r espectiv el y. Additionall y, the latter two groups in- 
cluded bean-nodulating rhizobial species obtained from Kenya 
(Mwenda et al. 2018 ) and Ethiopia (Aserse et al. 2012 ). The strains 
included in group I, IV, and V were distributed across five to seven 
ampling sites ( Table S3 , Supporting Information ). Minor phylo-
enetic groups (III, VI, VII, VIII, IX) contained only one to three
tr ains eac h. In gr oup III, test str ain ISI_D obtained fr om Isingir o
ampling site cluster ed tightl y with r efer ence species R. sophori-
 adicis CCBAU 03470 T , R. sophor ae CCBAU 03386 T , R. sophorir adicis
C511, R. etli IE4803, and K en yan Rhizobium species. A single str ain,
LE_D isolated from Kabale sampling site, in group IX shared 96%
equence similarity with Rhizobium strain CIAT894 obtained from 

olombia (Acosta et al. 2011 ). Strains belonging to Agrobacterium 

pecies (gr oups VI–VIII) wer e exclusiv el y obtained fr om Tor or o,
singiro and Ibanda sampling sites. Strains in groups VI and VIII
ho w ed > 97% sequence similarity with A. pusense and A. tume-
 aciens , r espectiv el y. Gr oup VII included only strain IBA_D with-
ut close r efer ences, sharing onl y 94% sequence similarity with
. pusense CFBP5875 or A. tumefaciens SJ003. 
The phylogeny of 36 str ains, r epr esenting differ ent recA gr oups,

as further examined through sequence analysis of rpoB (945 bp),
naK (1013 bp), glnII (863 bp), gyrB (671 bp), and atpD (460 bp) genes.
AxML phylogeny of the indi vidual housek ee ping genes are de-
icted in Figs S1 –S5 ( Supporting Information ). Despite slight topo-

ogical variations, the groups identified in the recA phylogenetic 
ree (Fig. 2 ) were consistently recovered in all individual gene trees.
tr ains in gr oups I, II, III, IV , V , VI, and VIII exhibited > 95% se-
uence similarity in all genes with their r espectiv e closest r ef-
r ence str ains, as identified in the recA phylogenetic tree (Data
ot sho wn). Ho w e v er, str ains NAM_C, LUW_J, LUW_A, and LIR_A,
losel y r elated to R. etli in the recA tr ee, formed a separ ate clus-
er in gyrB trees alongside unnamed bean Rhizobium species from
exico ( > 97% sequence similarity). In the a tpD phylogenetic tree,

hese strains clustered with R. aethiopicum HBR26 T , sharing > 98%
equence similarity. 

hylogeny based on concatenated multilocus 

equence analysis 

 concatenated phylogeny was constructed based on aligned se- 
uences from the recA (464 bp), rpoB (945 bp), dnaK (1013), glnII

863 bp), gyrB (671 bp), and atpD (460 bp) genes to refine further the
axonomic position of the strains . T he combined sequence span-
ing 4416 bp, comprised 281 conserv ed sites, 183 v ariable sites,
70 parsimon y-informativ e sites, and 13 singleton sites ( Table S2 ,
upporting Information ). Se v er al r efer ence str ains used in single
ene trees were excluded from the combined analysis due to lack
f glnII , gyrB , or atpD gene sequences . T he topology of the RAxML
oncatenated phylogenetic tree (Fig. 3 ) closely resembled the in-
ividual gene trees but with higher bootstrap support values (BT).

In the phylogeny based on MLSA, the test strains were classified
nto five Rhizobium and three Agrobacterium monophyletic lineages 
BT > 91%), consistent with the single gene phylogenies assigned
s groups I–VIII (Fig. 2 ; Figs S1 –S5 , Supporting Information ). 

The taxonomic affiliation of the test strains is tabulated in
able 2 . In group I, eight test strains and R. hidalgonense JKLM
9E and CB782 shared 97.6%–99.9% av er a ge nucleotide identity
ANI) of the combined sequences with the type strain R. hidalgo-
ense FH14 T . Within group II, strains exhibited 98.3%–99.5% ANI
ith the closest type strain R. ecuadorense CNPSO671 T . Group III

ncluded a single test str ain, ISI_D, whic h tightl y cluster ed (BT
 100%) with R. sophoriradicis CC511, and R. etli IE4803 (99.1%–
00% ANI). ISI_D also shared 100% nucleotide similarity with R.
ophoriradicis CCBAU 03470 T across all single gene sequences, ex- 
ept for glnII , for which gene sequence was lacking for the type
tr ain. Gr oup IV contained eight test strains, sharing 97.0%–99.4%
NI with the closest type strain R. phaseoli ATCC 14482 T . This

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae120#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae120#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae120#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae120#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae120#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae120#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae120#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae120#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae120#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae120#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae120#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae120#supplementary-data
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Figure 2. Maximum likelihood (RAxML) phylogeny based on recA gene (460 bp) sequences, depicting the taxonomic relationship between bacterial 
str ains r ecov er ed fr om nodules of common beans in Ugandan (in bold) and closel y r elated species of the genus Rhizobium–Agrobacterium . The 
phylogenetic tree was constructed using the GTRGAMMA model, with 100 bootstrap replications. Bootstrap values ≥50% are presented at the branch 
nodes . T he scale bar, 0.01, indicates estimated nucleotide substitution rates. Gene sequence accession numbers of the r efer ences ar e in par enthesis, 
and type strains are indicated with superscript ‘T’. The sequence of B. japonicum USDA 6 T and USDA 76 T was included as an outgroup. B, 
Bradyrhizobium ; R, Rhizobium ; A, Agrobacterium . 
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Table 2. Taxonomic classification and species affiliation of strains based on concatenated housek ee ping (MLSA) and single gene se- 
quences analyses, and nodulation status identified in this study. 

Strain Close species 

recA 

nucleotide 
identity (%) 

Average 
nucleotide 

identity (ANI) 
(Six genes) 

Pylogenetic 
group based 

on MLSA recA rpoB glnII dnaK gyrB atpD 

nodC 
Clade nod fix 

MUK_I Rhizobium 

hidalgonense FH14T 

100 99 .8 I I I I I I γ - α + + 

KLE_G R. hidalgonense 100 na na I na na na na na na na na 
KLE_F R. hidalgonense 100 99 .7 I I I I I I I γ - α + + 

FOP_I R. hidalgonense 100 99 .9 I I I I I I I γ - α + + 

IBA_C R. hidalgonense 100 99 .8 I I I I I I I γ - α + + 

FOP_E R. hidalgonense 100 na na I na na na na na na na na 
FOP_C R. hidalgonense 100 na na I na na na na na na na na 
KLE_I R. hidalgonense 96 .3 na na I na na na na na na na na 
KLE_E R. hidalgonense 96 .3 98 .4 I I I I I I I γ - α + + 

ISI_H R. hidalgonense 96 .3 98 .5 I I I I I I I γ - α + + 

KLE_A R. hidalgonense 96 .0 97 .5 I I I I I I I γ - α + + 

FOP_D R. hidalgonense 96 .0 97 .6 I I I I I I I γ - α + + 

KLE_B Rhizobium 

ecuadorense CNPSO 

671T 

97 .2 99 .5 II II II II II II II α + + 

ISI_B R. ecuadorense 97 .2 98 .3 II II II II II II II α + + 

KLE_H R. ecuadorense 97 .2 99 .5 II II II II II II II α + + 

ISI_D R. sophoriradicis 
CCBAU 03470T 

100 III III III III III III III γ —β + + 

MAY_I R. phaseoli ATCC 

14482T 

100 99 .4 IV IV IV IV IV IV IV α + + 

LUW_F R. phaseoli 100 na na IV na na na na na na na na 
LUW_E R. phaseoli 100 99 .1 IV IV IV IV IV IV IV α + + 

MAY_E R. phaseoli 99 .8 na na IV na na na na na na na na 
LUW_H R. phaseoli 99 .8 na na IV na na na na na na na na 
LUW_G R. phaseoli 99 .8 99 .0 IV IV IV IV IV IV IV α + + 

MAY_G R. phaseoli 99 .8 99 .0 IV IV IV IV IV IV IV α + + 

MAY_H R. phaseoli 99 .8 na na IV na na na na na na na na 
MUK_E R.phaseoli 99 .8 na na IV na na na na na na na na 
MUK_C R. phaseoli 99 .8 na na IV na na na na na na na na 
MUK_A R. phaseoli 99 .8 99 .0 IV IV IV IV IV IV IV α + + 

MUK_J R. phaseoli 99 .8 na na IV na na na na na na na na 
TOR_B R. phaseoli 99 .8 97 .0 IV IV IV IV IV IV IV α + + 

NAM_J R. phaseoli 99 .4 99 .1 IV IV IV IV IV IV IV α + + 

MUK_G R. phaseoli 99 .4 99 .1 IV IV IV IV IV IV IV α + + 

LUW_F2 R. phaseoli 99 .4 na na IV na na na na na na na na 
MUK_H R. phaseoli 99 .4 na na IV na na na na na na na na 
MUK_F R. phaseoli 99 .4 na na IV na na na na na na na na 
MAY_F R. phaseoli 99 .4 na na IV na na na na na na na na 
MAY_D R. phaseoli 99 .4 na na IV na na na na na na na na 
MAY_C R. phaseoli 99 .4 na na IV na na na na na na na na 
MAY_B R. phaseoli 99 .4 na na IV na na na na na na na na 
LIR_D R. phaseoli 99 .4 99 .0 IV IV IV IV IV IV IV γ - α + + 

LIR_B R. phaseoli 99 .4 99 .0 IV IV IV IV IV IV IV α + + 

LUW_I R. phaseoli 99 .6 na na IV na na na na na na na na 
LUW_B R. phaseoli 99 .6 na na IV na na na na na na na na 
KLE_D Rhizo_sp.CIAT894 96 .0 na na IX na na na na na na na na 
NAM_D R.etli CFN42T 97 .6 na na V na na na na na na na na 
NAM_C R. etli 97 .2 96 .2 V V V V V γ - α + + 

LUW_J R. etli 97 .2 96 .2 V V V V V γ _ α + + 

LUW_D R. etli 97 .2 na na V na na na na na na na na 
LUW_C R. etli 97 .2 na na V na na na na na na na na 
LUW_A R. etli 97 .2 96 .2 V V V V V γ - α + + 

LIR_A R. etli 97 .2 96 .2 V V V V V γ - α + + 

NAM_I R. etli 97 .1 96 .7 V V V V V γ - α + + 

NAM_H R. etli 97 .1 na na V na na na na na na na na 
NAM_E R. etli 97 .1 na na V na na na na na na na na 
NAM_B R. etli 97 .1 na na V na na na na na na na na 
NAM_F R. etli 97 .1 na na V na na na na na na na na 
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Table 2. Continued 

Strain Close species 

recA 

nucleotide 
identity (%) 

Average 
nucleotide 

identity (ANI) 
(Six genes) 

Pylogenetic 
group based 

on MLSA recA rpoB glnII dnaK gyrB atpD 

nodC 
Clade nod fix 

MAY_J R. etli 97 .1 95 .5 V V V V V γ - α + + 

MAY_A R. etli 97 .1 96 .7 V V V V V γ - α + + 

LIR_J R. etli 97 .1 na na V na na na na na na na na 
LIR_I R. etli 97 .1 na na V na na na na na na na na 
LIR_G R. etli 97 .1 na na V na na na na na na na na 
LIR_F R. etli 97 .1 na na V na na na na na na na na 
LIR_E R. etli 97 .1 na na V na na na na na na na na 
LIR_C R. etli 97 .1 96 .4 V V V V V γ - α + + 

ISI_A R. etli 97 .1 na na V na na na na na na na na 
IBA_I R. etli 97 .1 96 .4 V V V V V γ - α + + 

IBA_E R. etli 97 .1 96 .6 V V V V V γ - α + + 

TOR_G Agrobacterium 

pusense CFBP5875 
99 .6 99 .2 VI VI VI VI VI VI VI − − −

TOR_H A. pusense 99 .6 na na VI na na na na na na na na 
IBA_D A. pusense CFBP5875 95 .1 94 .4 VII VII VII VII VII VII VII − − −
ISI_C A. tumefaciens SJ003 99 .1 na na VIII na na na na na na na na 
ISI_G A. tumefaciens 99 .1 na na VIII na na na na na na na na 
IBA_F A. tumefaciens 

CFBP7129 
98 .5 na na VIII na na na na na na na na 

IBA_B A. tumefaciens 100 na na VIII na na na na na na na na 
IBA_A A. tumefaciens 100 98 .2 VIII VIII VIII VIII VIII VIII VIII − − −
ISI_F A. tumefaciens 100 98 .6 VIII VIII VIII VIII VIII VIII VIII − − −

The recA p ylogeny w as based on all 75 strains and while single gene rpoB , glnII , dnaK , gyrB , and atpD and combined p ylogentic anlyses, including the nodC p ylogenies 
were based on re presentati ve strains. 
nod, nodulation; fix, nitrogen fixation; na, not cnsidered; −, no nodC , nodulation or nitrogen fixation. 
Pr eliminary nitr ogen fixation ca pability of the rhizobia was assessed based on the reddish to pink internal color of excised nodules and the healthy, green leaves of 
the inoculated plants. 
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roup also included reference strains, such as R. phaseoli CIAT
52, and R. phaseoli Brasil5, along with other bean-nodulating R.
haseoli strains obtained from Mexico and Ethiopia (Aserse et al.
012 ). Group V, comprised 10 test strains classified as R. etli , dis-
layed ANI v alues r anging fr om 95.5% to 96.6% with the clos-
st type strain R. etli CFN 42 T . Intriguingly, the four strains that
ormed aberrant clusters in gyrB and atpD single gene phyloge-
ies were also assigned to group V and conflicting signals were
 esolv ed in the combined tree with robust branch support value
BT = 100%). Strains belonging to the genus Agrobacterium were
onsistently classified in groups VI, VII and VIII, as observed in
he single gene trees . T he sole Agrobacterium strain, IBA_D, in
roup VII was unique, lacking close references and sharing only
4.2%–94.4% ANI with A. tumefaciens SJ003 and A. tumefaciens
FBP7129. 

ymbiotic gene phylogeny 

ymbiotic phylogeny was investigated through sequences analy-
es of the nodC (1020 bp) and nifH (651 bp) genes obtained for 32
 epr esentativ e str ains. Str ains belonging to Agrobacterium species
id not possess nodC and nifH genes . T he nifH gene exhibited high
onservation, with the 32 test strains and bean-nodulating ref-
rences clustering into a single clade symbiovar phaseoli, shar-
ng nearly 100% sequence similarity in the nifH gene . T her efor e,
isplaying the RAxML nifH phylogenetic tree was deemed un-
ecessary and excluded. In the RAxML nodC phylogenetic tree

Fig. 4 ), all r epr esentativ e Rhizobium str ains wer e gr ouped into the
lade symbiovar phaseoli, categorized into three subclades with
00% bootstr a p support v alues, pr e viousl y r ecognized as α, γ –
, and γ –β (Rouhrazi et al. 2016 , Mwenda et al. 2018 ). The two
ajor subclades in this study, α and γ –α, consist of strains be-
onging to different species. Strain ISI_D, in clade γ –β, shared
00% sequence similarity to the nodC of R. aethiopicum sv. phase-
li HBR26 T and R. etli sv. phaseoli IE4803. Clade α comprised 12
est strains belonged to R. phaseoli and R. ecuadorense (groups
I, IV), sharing identical or nearly identical nodC sequence with
he type strains R. phaseoli and R. etli, as well as other bean-
odulating R. phaseoli sv. p haseoli str ains fr om neighbor Ethiopia

Aserse et al. 2012 ) and K en ya (Wekesa et al. 2023 ). Clade γ –
included 19 test strains belonging to R. etli (group V) and R.

idalgonense (group I), exhibiting 100% nodC sequence similar-
ty with R. etli sv. phaseoli HBR5, R. phaseoli CIAT652 and Brasil5,
nd R. sophoriradicis sv. phaseoli CC511. Notably, the nodC phy-
ogen y r e v ealed that the str ain R. hidalgonense JKLM 19E, con-
rary to its taxonomic position, closely clustered with symbio-
ar viciae species, such us R. pisi sv . viceae DSM 19331 T and R.
abae sv. viceae DSM 19331 T . Overall, nodC and nifH phylogenies
 ppear ed incongruent and different from the MLSA phylogeny.
egarding symbiotic gene phylogeny, the bean-nodulating Ugan-
an strains sho w ed limited diversity compared to their taxonomic
iversity. 

odulation ability of the test strains 

f the 36 bacterial strains selected for nodulation test, all 32
trains belonging to R. hidalgonense , R. ecuadorense , R. phaseoli , R.
tli , and R. sophoriradicis successfully induced pink nodules on the
oots of the host bean plants, which appeared green and healthy.
n contrast, four strains classified as Agrobacterium species failed
o form symbiosis with the beans. Information regarding the
odulation status of the isolates is presented in Table 2 . 
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Figure 3. Maximum likelihood (RAxML) phylogeny based on based on recA–rpoB–dnaK–glnII–gyrB–atpD combined gene sequences (4416 bp), illustrating 
the taxonomic relationship among bacterial strains recovered from nodules of common beans in Ugandan (in bold) and closely related species of the 
genus Rhizobium–Agrobacterium . The phylogenetic tree was constructed using the GTRGAMMA model with partitioning of each DNA and codon 
positions, and with 100 bootstr a p r eplications. Bootstr a p v alues ≥50% ar e pr esented at the br anc h nodes . T he scale bar, 0.05, indicates estimated 
nucleotide substitution rates. Gene sequence of the r efer ence type str ains ar e indicated with superscript ‘T’. The sequence of B. japonicum USDA 6 T and 
USDA 

T was included as an outgr oup. Brad yrhizobium ; R, Rhizobium ; A, Agrobacterium. 
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Figure 4. Maximum likelihood (RAxML) phylogeny based on nodC (1020 bp) gene sequences, showing symbiotic gene relationship between Ugandan 
common bean-nodulating rhizobial strains (in bold) and closely related species. Bootstrap values ≥50% are presented at the branch nodes . T he scale 
bar, 0.05, indicates estimated nucleotide substitution rates. Gene sequence accession numbers of the r efer ences ar e in par enthesis, and type str ains 
are indicated with superscript ‘T’. B, Bradyrhizobium ; R, Rhizobium. 
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ffect of environmental variables on the 

istribution of identified phylogenetic groups 

he distribution of identified phylogenetic groups was signifi-
antly influenced by environmental variables at the sampling
ites, particularl y with r ainfall, soil pH and total N, and exchange-
ble Al and Mg. These variables exhibited higher separation po w er
etween the species groups categorized using recA phylogeny, in-
icating their importance in shaping the distribution of the test
tr ains. MANOVA test r esults r e v ealed significant differ ences ( P
 0.005, data not shown) in these variables among recA phyloge-
etic groups (Fig. 2 ; Table 2 ). In the RDA triplot (Fig. 5 ), the first
wo axes collectiv el y explained about 42% of the total variance
nd r epr esented the envir onmental v ariables well. Incr easing soil
g and/or total N positiv el y affected the distribution of strains re-

ated to R. hidalgonense (group I) but had a negative impact on the
istribution of R. phaseoli (group IV) and R. etli (group V). Strains
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Figure 5. RDA Triplots illustrating the relationship among environmental variables (blue) and common bean root nodule bacterial species (red), 
classified by recA phylogeny. The first two RDA axes together explained 42.4% of the total variance. Rfall, rainfall; long, longitude; Al, exchangeable 
acidity; Mg, magnesium; N, nitrogen. short names correspond to the sampling sites listed in Table 1 . 
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belonging to R. hidalgonense wer e notabl y abundant in Fort portal 
and Kabale sites, where soil pH ranged between 5.5 and 7, and the 
concentrations of Mg and total N were higher compared to other 
sites (Table 1 ). Additionally, these sites exhibited higher C content,
suggesting that the abundance of these species is influenced by 
higher soil organic matter content correlating closely with total N 

( r = 0.93). Variables such as longitude, increasing rainfall, and ex- 
changeable Al exhibited a positive influence on the distribution of 
strains classified under R. phaseoli . The distribution of strains re- 
lated to R. etli a ppear ed to corr elate with an incr ease in exc hange- 
ble Al concentration to some extent. The distribution of strains
elonging to Agrobacterium species seemed to be associated with 

igher soil pH. On the contr ary, incr easing soil pH had a negative
ffect on the distribution of R. etli species, suggesting that R etli
eems to do well in acidic soils where the exchangeable Al con-
entr ation incr eases. 

The species distribution across the sampling sites and diver- 
ity indices are summarized in Table S1 and Table S3 , Supporting
nformation ). Isingiro exhibited the highest species richness (Mar- 
alef), Shannon–Wiener Index (H’), Simpson’s Index ( λ), and True-

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae120#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae120#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae120#supplementary-data
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hannon index values (2.06, 1.50, 0.73, 4.37), follo w ed b y Ibanda
nd Kabale, each site represented by five to three species, re-
pectiv el y. Fort Portal had the lo w est richness, Shannon–Wiener
H’), Simpson’s Index ( λ), and True Shannon (0.00), with only one
pecies identified. Ov er all, our r esults emphasize the need for a
ar ger, mor e e v enl y distributed sample size per site to impr ov e the
ccuracy of diversity assessments. 

iscussion 

n this study, 75 bacterial isolates were recovered from root nod-
les of bean plants collected from ten selected bean-growing loca-
ions in Uganda. Initial analysis of recA gene sequences classified
6 strains into six Rhizobium phylogenetic groups and nine into
hr ee Agrobacterium gr oups. MLSA using six housek ee ping genes
onducted for 36 selected strains representing the recA phyloge-
etic gr oups r e v ealed the classification of most Rhizobium strains

nto R. phaseoli , R. etli , R. hidalgonense , and R. ecuadorense , with a few
inor groups like R. sophoriradicis ISI_D and Rhizobium sp. KlE_D.

imilarl y, Agrobacterium str ains wer e classified as A. pusense , A.
umefaciens , and Agrobacterium sp. The Rhizobium strains (32) fell
ithin the symbiovar phaseoli clade and were further categorized

nto three subclades in the nodC phylogenetic tree. Ho w ever, the
trains sho w ed high conserv ation in the nifH gene, with nearl y
dentical sequences among themselves and references. 

In pr e vious studies (Mir anda-Sánc hez et al. 2016 , Asfaw et al.
020 , Adjei et al. 2022 ), the recA gene has been used for classifying
oot nodule bacteria, with its phylogenetic gr oups gener all y align-
ng with MLSA-derived species tr ees. Still, MLSA, whic h utilizes
 ultiple pr otein-coding housek ee ping genes, r emains the pr e-

erred method for accurately classifying closely related rhizobial
pecies (Aserse et al. 2012 , Mousavi et al. 2015 , Adjei et al. 2022 ).
n this study, strains belonging to a single species formed dis-
inct recA phylogenetic groups, consistent with the species groups
dentified in the MLSA tree derived from six concatenated align-

ents . T he recA gene sequence similarity between strains and
he closest type species was > 97%, and the combined six-gene
ucleotide identity was > 96%, with the latter aligning with the
6% threshold for species delineation proposed by Konstantini-
is et al. ( 2006 ). The species gr oups wer e also consistent acr oss
poB, dnaK, glnII, gyrB, and atpD single-gene phylogenetic trees,
lthough there were some aberrant classifications in the gyrB and
tpD gene trees . T hese anomalies are likely due to gene-specific
volutionary histories or horizontal gene transfer (Aserse et al.
012 , Mousavi et al. 2015 ) but were resolved by the robust con-
atenated phylogenetic tr ee, whic h is supported by high bootstr a p
alues (Fig. 3 ). 

Beans are known to establish symbiosis with various rhizobial
pecies, particularly in the Mesoamerican and Andean centers of
ean div ersification (Ribeir o et al. 2012 , Tong et al. 2018 ). Ne v er-
heless, rhizobia taxonomic species diversity can vary by region,
ocal conditions, or bean host cultivar (Aguilar et al. 2004 , Zhang
t al. 2018 ). In this study, the identification of R. phaseoli , R. etli ,
. hidalgonense , and R. ecuadorense from nodules of the bean cul-
ivar Gambale Short highlights the taxonomic diversity of bean-
odulating rhizobia in Uganda. Among these species, R. phaseoli
nd R. etli ar e particularl y widespr ead, commonl y found in r egions
her e beans hav e been intr oduced. Notabl y, R. etli has been found

n bean seeds, potentially contributing to its global distribution
Per ez-Ramir ez et al. 1998 , Rodino et al. 2010 ). This species also
as a broad host range, forming nodules with other legumes, such
s Mimosa and Acacia species. Inter estingl y, a study by Miranda-
ánchez et al. ( 2016 ) found that in Mexican soils, R. etli was more
ommonly associated with Acacia species than with beans when
sed as tr a pping hosts . T he pr e v alence of R. etli and R. phaseoli
pecies in Ugandan soils consistent with pr e vious findings in the
ub-Sahar an Africa countries, suc h as Ethiopia and K en ya (Aserse
t al. 2012 , Mwenda et al. 2018 , Gunnabo et al. 2021 ). Ho w e v er,
o the best of our knowledge, this is the first study to identify R.
idalgonense and R. ecuadorense as bean-nodulating species in the
astern African region, in Uganda. R. ecuadorense is an indigenous
ffective N 2 -fixing bean symbiont in Ecuador, isolated from vari-
us sites in country . Additionally , a r epr esentativ e str ain was also
btained from Mexico (Ribeiro et al. 2015 ). Conversely, R. hidalgo-
ense , including the type strain FH14 T , was obtained from acidic
oils in Hidalgo state in Mexico (Yan et al. 2017 ). In our study,
trains belonging to this species wer e r ecov er ed fr om bean nod-
les grown in soils with a pH range of 5 to 8 fr om differ ent loca-
ions. Based on recA and atpD gene phylogenesis, R. hidalgonense
roup also included some reference strains isolated from bean
odules in K en y a (Mw enda et al. 2018 ) and Ethiopia (Aserse et al.
012 ) that were classified as undefined Rhizobium species, such as
AK334 and HBR4, r espectiv el y. These Rhizobium str ains ar e likel y

o belong to R. hidalgonense , although their identities r equir e fur-
her validation through additional gene sequence analyses. 

Various non-symbiotic endophytic bacteria, including Agrobac-
erium species, are commonly found in legume nodules (Mhamdi
t al. 2005 , Aserse et al. 2012 ). These bacteria were found to colo-
ize bean nodules only when co-inoculated with symbiotic rhizo-
ia (Aserse et al. 2013 ). In our study, Agrobacterium strains lacked
he symbiotic genes nodC and nifH and were unable to form nod-
les on host plants . T hese non-symbiotic str ains likel y coexisted
ith symbiotic bacteria in the same nodules, with their entry
r obabl y facilitated by the symbiotic bacteria (Aserse et al. 2013 ).

The symbiotic gene phylogeny provides insights into the sym-
iovar and host ranges of rhizobia species. While nodA , B , and C
enes encode crucial components of the lipo-oligosaccharide core
tructure, Nod factor backbone, essential for rhizobial host infec-
ion (Roche et al. 1996 ), the nifH gene encodes the nitrogenase Fe
rotein, vital for N 2 fixation (Hu et al. 2006 ). Despite their tax-
nomic div er gence, Ugandan bean-nodulating species cluster ed
nto three subclades within symbiovar phaseoli (Fig. 4 ), all shar-
ng nearly 100% nifH sequence identity. These subclades were also
dentified in bean-nodulating rhizobial species fr om K en ya and
r an (Rouhr azi et al. 2016 , Mwenda et al. 2018 ). The main nodC al-
eles/subclades, α and γ - α, correspond to symbiovar Clade I and
lade II identified in Ethiopian bean-nodulating strains (Aserse
t al. 2012 ). Phylogenies of symbiotic and housek ee ping genes
re often incongruent due to their independent evolutionary his-
ories, as housek ee ping genes are chromosomal and symbiotic
enes are plasmid-borneor or located on other accessory ele-
ents. Horizontal gene transfer (HGT) is considered the main fac-

or driving the evolution of symbiotic genes, enabling taxonomi-
ally distinct rhizobial species to share similar symbiotic genes
La guerr e et al. 1996 , Rogel et al. 2011 ). This study found that the
odC subclades included strains with diverse chromosomal back-
r ounds fr om v arious countries (Rouhr azi et al. 2016 , Mwenda et
l. 2018 ), suggesting that symbiotic genes e volv ed independentl y
nd wer e likel y acquir ed thr ough HGT among bean-nodulating
hizobial species. We also observed a clustering pattern in which
est strains classified as R. phaseoli and R. ecuadorense shared sub-
lade α, while those belonging to R. etli and R. hidalgonense clus-
ered in subclade γ –α sv. phaseoli, indicating the exchange of
he same symbiotic genes through HGT among specific species
roups . T he clustering of R. hidalgonense FH14 T with subclade α of
ymbiovar phaseoli and R. hidalgonense JKLM 19E with symbiovar vi-
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ciae species ( R. pisi sv. v iciae ), r espectiv el y, r e v eals that str ains of
the same species can exhibit different symbiovars and host ranges 
(Tong et al. 2018 ). Appar entl y, the latter str ain was isolated fr om 

effective nodules of pea ( Pisum sativum L.) from the Indian trans- 
Himalayas (Rahi et al. 2020 ). 

The microbial community structure, distribution, composition, 
functions are intricately influenced by soil and environmental 
properties (Zhang et al. 2011 ). Soil factors are known to play a cru- 
cial role in bacterial nodule occupancy (de Castro Pires et al. 2018 ).
The effects of soil pr operties, suc h as pH, particle size distribution,
total N, exchangeable Ca and Al on rhizobia genospecies distribu- 
tion have been well documented (Asfaw et al. 2020 , Adjei et al.
2022 ). Consistent with these findings, our r esearc h identified soil 
pH, Al, Mg, N, and rainfall at sampling locations as k e y factors in- 
fluencing the distribution of Rhizobium species obtained from nod- 
ules of the bean cultivar Gambale Short in Uganda (Fig. 5 ). Specif- 
ically, R. phaseoli and R. etli wer e pr edominantl y found in the Lake 
Victoria and Northern moist farmland a gr o-ecological zones (sites 
like Namutumba, Ma yuge , Luwero , Mukono , and/or Lira), exhibit- 
ing a positive correlation with increasing exchangeable Al, and 

rainfall. The soil in these sites was either acidic or circum neu- 
tral pH, and the Mg concentrations were generally low, likely due 
to leaching caused by high rainfall, a common characteristic of 
humid areas . Con versely, strains belonging to R. hidalgonense , R.
ecuadorense phylogenetic groups, and/or Agrobacterium spp. were 
mor e commonl y obtained in the Western medium-highland farm- 
lands (Fort Portal), Southwestern farmland (Ibanda, Isingiro), or 
Southwestern highlands (Kabale) a gr o-ecological zones, wher e 
their distribution patterns a ppear ed to be influenced by increas- 
ing soil N, Mg, and/or pH le v els . T he close correlation of soil N with 

soil C proposes that the distribution of these species is determined 

by soil organic matter content as well. The sampling site Isingiro,
c har acterized by alkaline soil (pH 8.17) and lo w er rainfall, exhib- 
ited the highest species richness diversity index (T able 1 ; T able S3 ,
Supporting Information ). Ho w e v er, it’s essential to note the small 
and une v enl y distributed sample size per site (4–12), whic h may 
impact the accuracy of diversity indices. Overall, the variation in 

composition and distribution patterns of Rhizobium species (Fig. 5 ; 
Table S3 , Supporting Information ) among the sampling sites re- 
flects their adaptation to different environmental properties (Ta- 
ble 1 ). This underscores the need to isolate locally adapted Rhi- 
zobium species as inoculants, as their competitiveness for nodula- 
tion and N 2 fixation relies on their adaptability to local conditions.

Conclusion 

Based on nodule samples collected from ten k e y bean-growing 
r egions acr oss six a gr o-ecological zones in Uganda, we identified 

bean-nodulating rhizobia as R. phaseoli , R. etli , R. hidalgonense , and 

R. ecuadorense , all within the symbiovar phaseoli. The Rhizobium 

species distribution was influenced by the soil and environmental 
factors at the sampling sites. Nodulation tests with r epr esentativ e 
strains indicated that the Rhizobium species could form symbiosis 
with bean hosts. Ho w e v er, further e v aluation of N 2 fixation under 
greenhouse and field conditions is essential for selecting effective 
N 2 -fixing strains for bean inoculation, considering specific envi- 
ronmental factors to optimize N 2 fixation, enhance soil produc- 
tivity, and impr ov e bean yields. 
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