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Abstract. Despite their ecological and economic importance, the diversity of rhizobia associated with the introduced woody 

legumes in Algeria remains largely unexplored. The main objective of this research was to identify the rhizobial species associated 
with Vachellia karroo cultivated in ten seedling nurseries across different eco-climatic regions in Algeria, focusing on their diversity 
and distribution in relation to differing soil and climate conditions. Rhizobial strains were isolated from the root nodules of V. 

karroo seedlings grown in nurseries located in Saharan, sub-Saharan, and humid eco-climatic conditions. Molecular identification of 
29 isolated isolates was undertaken using 16S rRNA gene sequencing to identify them and determine their phylogenetic position. 
Regardless of the soil and climate, the study found that V. karroo seedlings exhibited a strong ability to develop nitrogen (N)-fixing 
nodules. Three rhizobial genera, i.e., Sinorhizobium, Mesorhizobium, and Bradyrhizobium, were identified by molecular 
characterization. Of these, Sinorhizobium was the most commonly occurring genus (48%) and displayed greater diversity. 
Furthermore, the Sinorhizobium spp. were abundantly found in seedlings collected exclusively from the nurseries in Saharan and 
sub-Saharan regions, indicating a strong climatic adaptation to arid environments. These results highlight V. karroo’s broad 
ecological adaptation to diverse Algerian eco-climatic conditions and its potential for association with a wide range of rhizobial 
species. The Sinorhizobium spp. dominance in arid regions suggests its potential importance in biological N fixation under harsh 
environmental conditions. This research provides valuable information about the rhizobial diversity associated with V. karroo, 
which may help Algeria implement climate-resilient afforestation and sustainable land management strategies.  
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INTRODUCTION 

 

The erstwhile genus Acacia Miller (s.l.), within the 
Fabaceae family, subfamily caesalpiniaceae, has been 
subjected to significant reclassification. In the light of 
molecular phylogenetic studies, it has been spliced into 
five distinct genera: Acacia, Senegalia, Acaciella, 
Mariosousa, and Vachellia [24, 29, 31]. Genus Acacia, 
which mostly includes species native to Australia, 
remains the largest of these groups, while the primarily 
African genus Vachellia, with 161 species, is the 
smallest one.  In Algerian flora, the Acacia s.l. 
(erstwhile genus) has 26 species with only six species 
(A. ehrenbergina, A. nilotica, A. seyal, A. laeta, and A. 

tortilis) which are endemic to the Algerian desert areas 
[41]. The rest of the species has been introduced from 
Australia and one species has originated from Africa; 
they are all well distributed in the northern part of the 
country [1]. 

The species Vachellia karroo (Hayne) Banfi & 
Galasso (Fabaceae), formerly known as Acacia karroo 
Hayne is a native from the desert of Karroo in South 
Africa; since 1865, it has been introduced into Algeria 
for ornamental purpose. For a long time, it has been 
locally confused with A. horrida. This Mimosoid shrub 
named V. karroo, also known as Sweet Thorn, is 
botanically recognized by its reddish underbark, long 
white prickles or stipular spines, yellow pompom-like 
globose inflorescences, and numerous free stamens 
[33, 36, 40, 48].  

This plant is well adapted to a range of 
environments from South Africa to the Mediterranean 

basin mainly in dry semi-desert scrub habitats. It 
exhibits a high resilience to salinity, drought, and frost 
[14]. In South Africa, it is valued for its 
ethnomedicinal uses, including treatments for sexually 
transmitted infections and venereal diseases. Its bark, 
gum, and leaves serve as emollients and astringents for 
various ailments; its gum is edible because it is devoid 
of hydrogen cyanides sometimes present in other 
neighboring African species [2, 12, 14, 32]. In addition 
to their pastoral values due to their dense foliage, V. 

karroo bears melliferous flowers that attract insects 
and insectivorous birds. Ecologically, V. karroo is an 
adaptable pioneer species that can regenerate and 
spreading in overgrazed areas.Also, It contributes to 
soil stabilization and fertility by its strong tap root 
system and the success to perform nitrogen (N)-fixing 
symbiosis with rhizobial bacteria [16]. 

As most other Fabaceae, Acacia s.l legumes form 
N-fixing root nodules especially with soil rhizobia. A 
wide diversity of the Alpha- and Betaproteobacteria 
genera were already involved in these mutualistic 
symbioses [12, 42]. Species of the beta-rhizobial 
Paraburkholderia genus are the the 
predominantnodulating symbionts of certain 
Neotropical Mimosa species native to Brazil [4, 7, 26]. 
In contrast, in arid ecosystems such as the Indian Thar 
Desert and African deserts, Acacia species typically 
associate with genetically diverse and stress-adapted 
Sinorhizobium lineages [20]. Previous studies have 
revealed the intriguing symbiotic relationships between 
V. karroo and its rhizobial partners across various 
native and non-native ranges. Research focusing on V. 
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karroo in its South African primary area highlighted 
the plant's ability to form nodules with a diverse array 
of symbionts which are classified into two indicative 
categories as "fast" and "slow-growers", which express 
the dynamic of their symbiotic capabilities [38]. In 
facts, the distinction between fast and slow-growing 
rhizobia, corresponding to the alpha-rhizobial genera 
Rhizobium and Bradyrhizobium, respectively, 
emphasizes the complexity of these symbiotic 
interactions [26, 37]. This diversity was reflected in 
results from Libyan and Kenyan material, where 
Rhizobium and Bradyrhizobium strains were also 
isolated from V. karroo nodules, highlighting a 
consistent pattern of rhizobial association across 
different biogeographical regions [34, 47]. 

A pivotal study involving Algerian V. karroo 

samples, based on the 16S ribosomal RNA gene, has 
identified symbionts belonging to the genera 
Rhizobium and Sinorhizobium, expanding the known 
spectrum of the rhizobial partners of  V. karroo [5]. 
More recently, Bontemps et al. [4] further broadened 
this spectrum by reporting the presence of several 
alpha-proteobacterial genera (Bradyrhizobium, 
Sinorhizobium, Mesorhizobium, and Rhizobium) and 
introduced species from the beta-proteobacteria class 
(Paraburkholderia) as new symbionts of V. karroo. 
The native and introduced Algerian floras, especially 
legumes as well as the accompanying rhizospheric 
bacteria, remain understudied despite the significant 
systematic, ecological and biogeographic diversity 
described since earlier works [1, 13, 15]. 

The identity and diversity of the rhizobia symbionts 
of cultivated V. karroo in Algeria are not yet well 
investigated, even though mutualistic interaction could 
be an important success factor in its successful 
introduction into a new environment [25]. In fact, the 
species V. karroo is a suitable candidate for 
afforestation programs, especially in an arid region that 
represents nearly 85% of Algerian land. Recent studies 
have shown that in mimosoid legumes, new rhizobial 
strains can evolve through horizontal gene transfer, 
enhancing their ability to adapt to local soil and 
climatic conditions [11]. 

Therefore, the present study attempts to explore 
plant-microbial interactions through multidisciplinary 
approaches, addressing the challenge posed by the 
diversity of Algerian samples in Mediterranean 
biotopes. To achieve successful afforestation, local 
inoculants that are capable of surviving the edaphic 
conditions of the arid regions are needed. However, 
there have been very little investigations  on  this 
subject. 

To address this knowledge gap, present study, 
therefore, was aimed at: (1) isolating and 
characterizing rhizobial strains associated with V. 

karroo collectedfrom contrasting eco-climatic and 
edaphic regions across Algeria , and (2) identitying 
their phylogentic diversity using 16S rRNA gene 
sequencing to understand the ecological and 

evolutionary adaptation of these symbionts to different 
climat conditions.  
 
MATERIALS AND METHODS 

 

Symbiotic status 

The evaluation of rhizobia strain diversity within 
nodules of V. karroo plants was carried out on 12 
weeks old seedlings, sampled from 10 selected 
nurseries distributed across the northern and southern 
Algeria (Table 1). The seedlings were raised from 
seeds collected from a single tree of V. karroo located 
in the Baïnem forest (Algiers) (36° 48' 14.30" N, 2° 57' 
28.03" E) during October 2021. 

The seeds were first surface-sterilized by 
immersion in 5% calcium hypochlorite solution for 10 
min, rinsed with sterile distilled water, and then were 
grown in perforated polyethylene bags (15 × 25 cm) 
filled with a mixture of nursery soil and river sand (2:1, 
v:v). The used sand was previously sterilized by 
autoclaving at 121°C (1 h at 121°C, three times spaced 
24 h apart over a period of three days) as per Djouadi 
et al. [15] and Tak et al. [52]. The irrigation was 
performed every three days with a volume of water 
equivalent to 100% of the soil's water holding capacity. 

From each of the 10 nurseries investigated, 15 
randomly selected plants were harvested and examined 
in the laboratory. Root systems of the seedlings were 
carefully removed from the polyethylene bags, washed 
with distilled water to remove soil and then visually for 
the presence of nodules. The presence of nodules, their 
location, morphology, and efficiency [43] were noted 
for each plant. 
Plant nodulation test and isolation of symbiotic 

bacterial strains 

The collected root nodules were washed by 
immersion in 95% (v:v) ethanol for 30 sec, rinsed with 
distilled water, then immersed for 3 min in 5.25% 
CaCl2O2 and then rinsed in successive baths of sterile 
distilled water. After crushing in sterile physiological 
saline solution (NaCl 0.9%), the nodule homogenates 
were spread onto yeast extract-mannitol agar (YMA) 
plates [54] containing Congo red (0.00125%, w/v). One 
isolated colony per nodule homogenate was obtained 
from successive streaking on YMA plates, and purity 
of colonies was checked by phase-contrast microscopy. 
Colony shape and color and GRAM coloration were 
determined. Pure cultures were then cryogenically 
preserved (-80 °C) in yeast extract-mannitol (YEM) 
broth medium adjusted to 40% (v:v) glycerol. 

The nodulation ability of the bacterial isolates 
obtained was checked by inoculating seedlings of V. 

karroo. collected, sterilized seeds were grown on a 
mixture of sterilized sandy soil and peat (2:1, v:v) in 
250 mL plastic pots. One week after germination, each 
pot with five plants were inoculated with 3 mL of 
bacterial suspension 108 cells×mL-1 of each isolate 
grown on TY buffer . Uninoculated controls were also 
included. Each treatment, including the control, was 
performed in triplicate. 
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Plants were transferred to greenhouse set to 16 h 
light and 8 h dark photoperiod with an additional 
illumination of 8000 lux. Water loss due to evaporation 
and transpiration was determined every 48 h by 
weighing the pots and compensated by adding an 
equivalent weight of sterile distilled water to maintain 
a stable humidity equivalent to 80% of the soil's water 
holding capacity. At the period of 11 weeks after 
inoculation, plants were harvested to estimate the 
infectivity and effectivity of bacterial isolates based on 
the occurrence and color of nodules. The efficiency of 
the symbiotic couples was appreciated by the 
appearance of red or pink colour in nodule cross 
sections resulted from the accumulation of 
leghemoglobin, an hemoprotein found only in 
nitrogen-fixing nodules [17, 40]. 
 

 
 

 
 

Figure 1. Overview of the experimental setup under laboratory 
conditions (a) and development of root nodules on 
inoculated plants of V. karroo. 

 

Bacterial DNA extraction, PCR, and Sequencing 
Pure culture of each isolate was grown in 1.5 mL of 

Yeast extract Mannitol broth at 28 °C with shaking 
(150 rpm) for 4 days. Suspensions were centrifuged for 
5 min at 6000 g and then washed twice, pellets were re-
suspended. DNA was extracted using the same 
protocol adapted in [52]. 

The 16S rRNA gene primers fD1 5’-
AGAGTTTGATCCTGGCTCAG-3’ and rDl 5’-
AAGGAGGTGATCCAGCC-3’ [52] were used. PCR 
was performed for each sampled strain in a 50 µL of 
reaction mixture consisting of 10× Taq buffer, 5 μL of 
2 mM of each dNTP, 0.5 μL of each primer (forward 

and reverse), 2.5 μL of Green Go Taq DNA 
polymerase (Promega), and 5 μL of extracted DNA as 
the template. 

The PCR program was started by an initial cycle of 
denaturation at 94 °C for 3 min, followed by 35 cycles 
of denaturation at 94 °C for 1 min, annealing at 55 °C 
for 1 min, extension at 72 °C for 1 min, and a final 
extension at 72 °C for 3 min. The obtained PCR 
products were purified using EZ-10 Spin Column PCR 
kits (BioBasic Inc.), and then checked by 
electrophoresis 0.8% Agarose gel and 
spectrophotometer (Nano Drop 2000, USA). The 
purified DNA fragments were sequenced by the ABI 
PRISM Big Dye Terminator v3.0 Cycle Sequencing 
Kit on an ABI 3100 automated Capillary sequencer 
(Applied Biosystems, CA, United States).  

The 16S rRNA gene sequences of 30 new isolated 
V. karoo strains were deposited in the GenBank 
database under accession numbers according to Table 
2. One stain (Ser2) was removed from the final 
alignment matrix (poor sequencing quality). The 16S 
rRNA gene sequences were analyzed using 
CHROMASPRO 4 (Technelysium Pty Ltd., Tewantin, 
Australia) than aligned using MEGA6 [50]. 
Phylogenetic analyses 

The 16S rRNA gene sequences were submitted to a 
Basic Local Alignment Search Tool (BLAST) for the 
preliminary identification of the strains using the 
EzTaxon database [22]. All sequences of the type 
strains of the various genera used in this study were 
retrieved from the EzTaxon, except made for 
Mesorhizobium erdmanii and M. jarvisii, which were 
obtained from NCBI-GenBank (Table 2). 

Phylogenetic analyses were inferred using the 
Maximum Likelihood (ML) method, performed 
following the procedure described in Harrison and 
Langdale (2006) [21]. For the ML analysis, the 
appropriate nucleotide substitution model of sequence 
evolution was determined using MEGA 6, based on the 
lowest value of the Bayes Information Criterion (BIC) 
[49]. Finally, the bootstrap analyses based on 1000 
replications were performed. The strain of R. tropiki 
was used as out group. 
Statistical analysis 

The data for this study were subjected to analysis of 
variance one-way ANOVA and Fisher’s Least 
Significant Difference (LSD) to evaluate significant 
differences among all treatments at the 5% significance 
level using R_Studio v.2.13 (R Development Core 
Team 2016).  
 

RESULTS 

 

Symbiotic status 
The natural nodulation of V. karroo cultivated in 

nurseries was investigated here. To assess this, we 
examined the prevalence of nodulation in 12 weeks old 
seedlings from 10 selected nurseries situated in various 
regions of Algeria. The root systems of 150 seedlings 
were inspected by a binocular loupe. The results 

a 

b 
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revealed that 131 seedlings showed nodulation, with 
nodules on 115 seedlings being efficient. Significant 
differences were observed between seedlings from 
nurseries in the northern and southern regions. 
Seedlings from nurseries in the south exhibited lower 
nodulation rates (80%) and efficiency (75%) compared 
to those from the northern nurseries (95.3% and 98.7%, 
respectively). Both the nodulation and efficiency were 
significantly lower (p<0.05) with seedlings collected 
from the south. The nodules observed on the root 
systems of all seedlings were primarily located on the 
secondary roots and displayed an elongated lobe 
morphology that characterizes indeterminate nodules. 
Strains collection and nodulation test 

The trapping experiment carried out in the 10 
selected nurseries resulted in the collection of 29 
purified strains, all exhibiting colony characteristics 
typical of rhizobia. These 29 isolates underwent testing 
to assess their capacity for nodulation under laboratory 
conditions. Six weeks after inoculation, the plants were 
harvested, and the roots systems were observed. The 
results indicate that all the 29 isolates were able to 
induce efficient nodules in their host plant. The 
efficiency of all nodules was confirmed through 
qualitative assessments, primarily focusing on the pink 
color of the nodules (Table 1). 
Phylogenetic analysis of bacterial strains 

To assess bacterial diversity under V. karroo, 
phylogenetic analysis of the 16S rRNA gene sequences 
was inferred using Maximum Likelihood (ML). The 
final aligned data matrix of 71 sequences included 
sequences of the 29 isolates from this study and those 
from GenBank representing major previously 
described bacterial taxa of soil communities. The final 
alignment was 1446 bp long with 560 variable sites. 
For the ML analysis, the nucleotide substitution model 
selected by the lowest value of BIC (Bayesian 

Information Criterion) was General Time Reversible 
with discrete Gamma (GTR+G). For the MP analysis, 
the consistency index was CI=0.1655; the retention 
index was RI=0.921 and 337 sites were parsimony 
informative. 

Phylogenetic trees based on the ML is presented 
here (Fig. 2). The two major clades and their subclades 
show moderately to well supported relationships 
indicated by percentage of bootstrap support (BS) in 
the Fig. 2. The clade I (100% BS) include the stains 
referred to the genus Bradyrhizobium 

(Nitrobacteraceae). The seven Bradyrhizobium isolates 
were separated into three species. The isolates Ben1, 
Ben2, Ben3, Med2, and Oul y2 were affiliated with B. 

betae supported by a bootstrap value of 88% for the 
main cluster and 66% for Oul y2 . Another isolate (Oul 
y3) within Subclade IA shows a genetic relationship 
with B. guangzhouense, with a bootstrap value of 81%. 
Additionally, there is one isolate (Rem1) identified as 
B. japonicum with a bootstrap value of 61%. (Fig. 2). 

The clade II, show two main subclades (IIA, IIB) 
well supported (100% BS). The subclade IIA include 
all stain referred to the genus Mesorhizobium 
(Phyllobacteriaceae), while the subclade IIB clustered 
the stain from the genus Sinorhizobium (Rhizobiaceae). 
The subclade IIA includes eight isolates in the 
Mesorhizobium group with four strains (Ser1, BenA3, 
Rem2, and Rem3) close to M. accaciae with a robust 
bootstrap value of 100% and two strains (Med1 and 
Oul1) closely related to M. erdmanii supported by a 
bootstrap value of 79%. The two last strains were 
affiliated to M. albiziae (Ser3) and M. silamurunense 

(Med3) with a robust bootstrap value of 99% and 79% 
respectively. All the strains belonging to 
Mesorhizobium and Bradyrhizobium were collected 
from geographical regions with a humid to sub-humid 
climate. 

 

 

Table 1. Symbiotic status of V. karroo plants from different nurseries in Algeria 
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Alger-Ben Aknoun S.H 19.38 600-650 Clay-loam 6.8 15 15 Ind RII 
Annaba-Serraidi S.H 19.08 600-650 Clay 7.3 15 15 Ind RII 
Blida-Oued Yaich H 20.14 600-650 Clay 7.1 13 12 Ind RII 
Médéa-Médéa H 21.42 300-400 Marly-clay 7.2 13 13 Ind RII 

North 

Tlemcen-Remchi S.H 19.20 200-450 Marly-clay 7.1 15 15 Ind RII 
 71 

(95.3%a) 
70 

(98.74%a) 
  

Béchar-Beni Abbès S 28.56 <50 Sandy 8.4 11 8 Ind RII 
Biskara- Ouled Djellal S 25.32 130-155 Sandy 8.3 11 8 Ind RII 
Djelfa- Ain Oussara S.A 26.78 320-350 Sandy-loam 8.3 14 10 Ind RII 
El Menia-Belbachir S 27.66 <50 Sandy-loam 8.2 12 10 Ind RII 
Tamanrasset  S 26.22 40-60 Sandy 8.2 12 9 Ind RII 

South 

 60 

(80%b) 
45  

(75%b) 
 

Total 131a 115a  
 

Data were subjected to one-way analyses of variance (ANOVA) and Fisher’s Least Significant Difference (LSD) tests at p ˂ 0.05 threshold for all variables. Different 
letters (a,b,…) are significantly different. S.H: Sub-humid, H: Humid, S: Saharian, S.A: Semi-arid, Ind, Indeterminate, and RII: Secondary roots. 
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The Sinorhizobium cluster stands out as the most 
important group in our study, encompassing 14 strains. 
These strains represent 48% of the total isolated from 
V. karroo nodules. The 14 strains (Tam2, Tam3, Bel1, 
BenA2, BenA1, Tam1, Bir2, Bir3, Bir1, Bel2, El-K2, 
Bel3, El-K1, and El-K3) were all isolated from diverse 
geographic regions, yet they share the saharian to sub-
saharian climate. Within the Sinorhizobium clade, two 
distinct subclades were identified, reflecting further 
genetic differentiation among the isolated strains. the 
subclade IIA supports three isolates (Bel1, Tam2, and 
Tam3) which they are associated with Sinorhizobium 

fredii, which is supported by a high bootstrap value of 
98%, confirming their close genetic relationship. The 
subclade IIB includes two groups, the first one 
comprises one isolate (BenA2) which is identified as 
Sinorhizobium garamanticum, with a very high 
bootstrap support of 100%, underscoring the precision 
of its placement within the phylogenetic tree. The 
second one is a group of 6 strains (Bir1, Bel2, El-K2, 
Bel3, El-K1, and El-K3) that show a close genetic 
relationship with Sinorhizobium numidicum, supported 
by a bootstrap value of 77%. And four isolates 
(BenA1, Tam1, Bir2, and Bir3) are closely related to 
Sinorhizobium meliloti, with a robust bootstrap value 
of 89%, highlighting their genetic similarity.  

To complement the general phylogeny presented in 
Fig. 2, separate 16S rRNA phylogenetic trees were also 
constructed for each genus: Sinorhizobium (Fig. 3), 
Mesorhizobium (Fig. 4), and Bradyrhizobium (Fig. 5) 
using extended reference datasets that include type 

strains of all described species within these genera. 
These genus-level analyses confirmed the placement of 
our isolates within their respective clades and provided 
higher-resolution support for species-level affiliations. 
 
DISCUSSION  

 
In this study, nodulation was observed in most 

plants of V. karroo that were collected from the 
nurseries. However, a significant decrease in the 
prevalence and efficiency of this symbiosis was noted 
in plants from nurseries located in the southern regions 
of Algeria. A nodule was considered as effecient when 
leghemoglobin was detected in their central zones, 
which was indicated by a characteristic reddish 
coloration. The sites vary in climatic features, such as 
average annual precipitation, temperatures and also in 
soil texture, and these factors most likely explain why 
in the sampling sites in the arid regions, where soil was 
sandy and poor in texture, that the % occurrence of 
nodulated plants and nodulation per plant was 
significantly reduced as compared to those from the 
other sampling sites, which are all humid and sub-
humid with fertile soils. Many studies have been 
reported for Vachellia species growing in arid and 
semi-arid ecosystems, where nodulation efficiency is 
strongly influenced by soil moisture and 
physicochemical constraints [9, 10, 19, 47]. 
Consequently, mimosoid legume shrubs in seasonally 
dry environments will cease nodulation and/or shed 
nodules during dry periods [4].  

 

Table 2. Identity of rhizobia strains isolated from nodules of V. karroo plants produced in nurseries 
 

Nursery Code isolate Nodulation Efficiency 
Assignment based on 

16S rDNA sequences 

NCBI accession 

number 

Ben 1 + + B. betae OQ119549 

Ben 2 + + B. betae OQ119550 Alger-Ben Aknoun 

Ben 3 + + B. betae OQ119551 

Ser1 + + M. acaciae OQ119570 
Annaba-Serraidi 

Ser3 + + M. albiziae OQ119572 

Oul y1 + + M. erdmanii OQ119564 

Oul y2 + + B. betae OQ119565 Blida-Oued Yaich 

Oul y3 + + B. guangzhouense OQ119566 

Med1 + + M. erdmanii OQ119561 

Med2 + + B. betae OQ119562 Médéa-Médéa 

Med3 + + M. silamurunense OQ119563 

Rem1 + + B. japonicum OQ119567 

Rem2 + + M. acaciae OQ119568 Tlemcen-Remchi 

Rem3 + + M. acaciae OQ119569 

BenA1 + + S. meliloti OQ119552 

BenA2 + + S. garamanticum OQ119553 Béchar-Beni Abbès 

BenA3 + + M. acaciae OQ119554 

El-K1 + + S. numidicum OQ119558 

El-K2 + + S. numidicum OQ119559 
Biskara- Ouled 

Djellal 
El-K3 + + S. numidicum OQ119560 

Bir1 + + S. numidicum OQ119555 

Bir2 + + S. meliloti OQ119556 
Djelfa- Ain 

Oussara 
Bir3 + + S. meliloti OQ119557 

Bel1 + + S. fredii OQ119546 

Bel2 + + S. numidicum OQ119547 
El Menia-

Belbachir 
Bel3 + + S. numidicum OQ119548 

Tam1 + + S. meliloti OQ119573 

Tam2 + + S. fredii OQ119574 
Tamanrasset-

Tamanrasset 
Tam3 + + S. fredii OQ119575 
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Figure 2. Phylogenetic tree based on the 16S rRNA 
gene sequences inferred by the Maximum 
Likelihood method for the bacterial 
Rhizobia. The bootstrap consensus tree 
was inferred from 1000 replicates. Isolates 
from this study are listed with colored 
labels according to color code of 
bioclimatic zones, while type strains of 
species appear with black labels. Branches 
with less than 50% bootstrap replicates are 
collapsed. 
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Our results revealed that all the 29 isolates 
collected from the nodules of V. karroo demonstrated 
the capability to renodulate their original host plants in 
the laboratory under controlled bacteriological 
conditions. Consequently, these strains can be 
identified as rhizobia. Furthermore, the nodules formed 
on the roots of V. karroo in the laboratory displayed 
the presence of leghemoglobin in their central zones, 
indicating that the rhizobial strains obtained are 
efficient. 

The analysis of the 16S rRNA gene sequences from 
the 29 strains belonged to three genera in the 
Alphaproteobacteria: Sinorhizobium, Mesorhizobium 
and Bradyrhizobium. Most of the isolates obtained 
from V. karroo nodules were members of the genera 
Sinorhizobium (14 isolates). The genus Sinorhizobium 
include a number of species that have been described 
from Acacia sensu lato species [3, 5, 8]. Our results 
indicate a considerable diversity within this genus 
compared to the other two genera represented in our 
collection. Four species within the genus 

Sinorhizobium where identified: S. numidicum, S. 

meliloti, S. fredii, and S. garamanticum with S. 

numidicum being the most prevalent, represented by 
six strains (El-K1, El-K2, El-K3, Bir1, Bel2, and Bel3). 
This species was first isolated from Lotus arabicus L. 
nodules in Senegal, a finding highlighted by Merabet et 

al. [35].  Following S. numidicum in dominance were 
S. meliloti and S. fredii, with each being represented by 
four and three strains, respectively. These strains are 
recognized as microsymbionts for a wide array of 
legumes, both has been reported in Algeria, Morocco, 
and Tunisia by several authors [1, 6, 18, 25, 39]. The 
14 strains of Sinorhizobium species obtained from V. 

karroo in the current study are not common in all the 
biomes examined. They were found in nodules 
sampled only from arid regions. This exclusivity arises 
from the synergistic effects of rapid growth rates and 
the exceptional adaptability of Sinorhizobium bacteria 
to the harsh conditions prevalent in arid and semi-arid 
regions [53]. 

 

 
Figure 3. Phylogenetic tree of the locus 16S rRNA gene inferred by the maximum likelihood method for the Sinorhizobium genera. The bootstrap 

consensus tree was inferred from 1000 replicates. Isolates from this study are highlighted in bold. Seq.: Sequences. 
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Figure 4. Phylogenetic tree of the locus 16S rRNA gene inferred by the maximum likelihood method for the Mesorhizobium genera. The bootstrap 
consensus tree was inferred from 1000 replicates. Isolates from this study are highlighted in bold. Seq.: Sequences. 
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Eight strains among the 29 strains collected from V. 

karroo (Fig. 2) are related to the genus Mesorhizobium. 
Although V. karroo in Algeria and Kenya have been 
reported to associate with Rhizobium and 
Sinorhizobium [6, 34], our study showed that in 

addition to Sinorhizobium, Mesorhizobium, and 
Bradyrhizobium also capable of nodulating V. karroo. 
This finding concord with Beukes et al. [3] who 
showed for the first time that V. karroo is nodulated by 
Bradyrhizobium, Mesorhizobium, Paraburkholderia,

 

 
Figure 5. Phylogenetic tree of the locus 16S rRNA gene inferred by the maximum likelihood method for the Bradyrhizobium genera. The bootstrap 

consensus tree was inferred from 1000 replicates. Isolates from this study are highlighted in bold.
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Sinorhizobium, and Rhizobium. Despite having fewer 
strains compared to Sinorhizobium, Mesorhizobium 
exhibits similar diversity with four species identified 
(M. acaciae, M. erdmanii, M. silamuruense, and M. 

albiziae). However, M. acaciae is the dominant species 
within the Mesorhizobium branch, represented by four 
strains (Ser1, BenA3, Rem2, and Rem3). This species 
was isolated from nodules of Acacia melanoxylon in 
Guangdong Province, China [58]. The strains Med1 
and Oul-y1 are related to M. erdmanii, a species 
identified following genotypic analysis of various 
specimens of the type strain of the genus 
Mesorhizobium (M. loti), in which genotypic 
divergences were found [33]. 

The genus Bradyrhizobium is represented by seven 
strains (Rem1, Oul-Y3, Oul-Y2, Ben3, Ben2, Ben1, 
and Med2) isolated only from the northern regions of 
Algeria. The strains Ben3, Ben2, Ben1, and Med2 are 
related to B. betae, a species first isolated from tumor-
like deformations on the roots of sugar beet (Beta 

vulgaris L.). One strain Rem1 is related to B. 

japonicum, which is considered the type species of the 
Bradyrhizobium genus. It is known to be the 
microsymbiont of herbaceous legumes, such as 
representatives of the genus Lotus [30, 49]. It has also 
been found as the microsymbiont of many woody 
legumes, including acacias [1, 44]. 

The V. karroo plants originating from the ten 
nurseries across three different eco-climatic regions are 
nodulated by various rhizobia genera. Notably, plants 
nodules from nurseries located in the northern regions, 
characterized by a humid to sub-humid climate, show 
the presence of slow growing and intermediate 
growing rhizobia, associated respectively with the 
genera Bradyrhizobium and Mesorhizobium. This can 
be attributed to environmental factors such as mild 
temperatures and high rainfall in the northern region, 
contrasting with limited adaptation to the edaphic and 
climatic conditions of the southern regions [57]. 
Numerous studies have highlighted the influence of 
environmental conditions, including temperature, 
rainfall, pH, and altitude of sampling sites, on rhizobia 
diversity [23, 28, 45]. 

In contrast, plants from nurseries in semiarid and 
Saharan bioclimatic regions in the south of the country 
exhibit nodulation by fast growing rhizobia associated 
with species of the genus Sinorhizobium, likely due to 
their adaptation to arid conditions, including high 
temperatures and drought [6, 8, 18, 27]. Moreover, 
several authors [51, 56] have suggested that the 
genotype of the host plant plays a crucial role in 
regulating genetic variation in rhizobia. Vuong et al. 

[55] demonstrated that the host species significantly 
influence rhizobia community structure in acacia 
nodules. Additionally, the identity of rhizobia species 
capable of forming a symbiotic relationship with the 
host plant is influenced by both the composition and 
structure of the indigenous microbial community [46] 
and the nature, structure, physical and chemical 
characteristics of the soil. In Algeria, research 

conducted by Djouadi et al. [15] revealed a 
predominance of the Sinorhizobium genus in nodules 
of Hippocrepis L. species from southern Algeria, while 
species belonging to the Bradyrhizomium genus 
colonize nodules of Hippocrepis species distributed in 
northern Algeria. Additionally, Amrani et al. [1] 
demonstrated that plants of Acacia saligna cultivated 
in Algerian nurseries are rarely nodulated by species of 
the Bradyrhizobium. 

This study concluded that although the distribution 
of V. karroo is concentrated in the northern part of the 
country, under humid and sub-humid eco-climates, this 
plant exhibits an ability to thrive in a range of arid 
habitats with harsher climatic and edaphic conditions. 
Such adaptability reflects not only climatic tolerance 
but also the influence of soil factors, including pH and 
calcium content, which shape the diversity and 
efficiency of the rhizobial populations associated with 
V. karroo. In this context, the presence of both 
Sinorhizobium and Bradyrhizobium species, known to 
differ in their performance across soil types, may 
contribute to the observed ecological plasticity of this 
legume.This allows us to consider it a potential 
resource for soil rehabilitation and restoration. 
Furthermore, the genomic identification of associated 
rhizobia revealed their ability to interact with various 
symbionts, which certainly have a major role in their 
adaptive capacity. These insights have implications for 
enhancing the sustainability and productivity of 
agroecosystems through targeted inoculation strategies 
and the conservation of indigenous rhizobia 
populations. Moving forward, continued research 
efforts are warranted to elucidate the mechanisms 
underlying rhizobial symbiosis in woody legumes and 
to harness their potential for sustainable agricultural 
practices in Algeria. 
 

Conflict of interest. There is no actual or potential conflict of 
interest in relation to this article. 

 
REFERENCES 

 
[1] Amrani, S., Noureddine, N.E., Bhatnagar, T., Argandoña, 

M., Nieto, J., Vargas, C., (2010): Phenotypic and 
genotypic characterization of rhizobia associated with 
Acacia saligna (Labill.) Wendl. in nurseries from 
Algeria. Systematic and Applied Microbiology, 33: 44-
51. https://doi.org/10.1016/j.syapm.2009.09.003. 
PMID:19836181 

[2] Batiha, G.E., Akhtar N., Alsayegh, A.A., Abusudah, 
W.F., Almohmadi, N.H., Shaheen, H.M., Singh, T.G., De 
Waard, M., (2022): Bioactive compounds, 
pharmacological actions, and pharmacokinetics of genus 
Acacia. Molecules, 27: 7340. 
https://doi.org/10.3390/molecules27217340 

[3] Beukes, C.W., Boshoff, F.S., Phalane, F.L., Hassen, A.I., 
le Roux, M.M., Stȩpkowski, T., Venter, S.N., Steenkamp, 
E.T., (2019): Both alpha and beta-rhizobia occupy the 
root nodules of Vachellia karroo in South Africa. 
Frontiers in Microbiology, 10: 1195. 
https://doi.org/10.3389/fmicb.2019.01195 

[4] Bontemps, C., Rogel, M.A., Wiechmann, A., 
Mussabekova, A., Moody, S., Simon, M.F., Moulin, L., 



Analele Universităţii din Oradea, Fascicula Biologie                      Original Paper                         2025, Tom. XXXII, Issue: 2, pp. 235-247 

245 

Elliott,  G.N., Lacercat-Didier, L., Dasilva, C., Grether, 
R., Camargo-Ricalde, S.L., (2010): Burkholderia species 
are ancient symbionts of legumes. Molecular Ecology, 
19: 44-52. 
https://doi.org/10.1111/j.1365-294X.2009.04458.x 

[5] Boukhatem, Z.F., Domergue, O., Bekki, A., Merabet, C., 
Sekkour, S., Bouazza, F., Duponnois, R., De Lajudie, P., 
Galiana, A., (2012): Symbiotic characterization and 
diversity of rhizobia associated with native and 
introduced acacias in arid and semi-arid regions in 
Algeria. FEMS Microbiology Ecology, 80: 534-547. 
https://10.1111/j.1574-6941.2012.01315.x 

[6] Brummitt, R.K., (2004): Report of the Committee for 
Spermatophyta: 54. Taxon, 53: 813-825. 

[7] Chen, W., Sprent, J.I., Martínez-Romero, E., Young, 
J.P.W., James, E.K., (2016): Endemic Mimosa species 
from Mexico prefer alphaproteobacterial rhizobial 
symbionts. New Phytologist, 209: 319-333. 
https://doi.org/10.1111/nph.13573 

[8] Choudhary, S., Tak, N., Gehlot, H.S., (2018): Phylogeny 
and genetic diversity assessment of Ensifer strains 
nodulating Senegalia (Acacia) senegal (L.) Britton. in 
arid regions of Western Rajasthan, India. Microbiology, 
87: 127-142. https:// 10.1134/S0026261718010058 

[9] Choudhary, S. U. N. I. L., Meghwal, R. R., Sankhla, I. S., 
Tak, N. I. S. H. A., Gehlot, H. S., (2017): Molecular 
characterization and phylogeny of novel diverse nitrogen 
fixing microsymbionts associated with Vachellia 

(Acacia) leucophloea in arid and semi-arid regions of 
Rajasthan. Indian for, 143(3): 266-278. 

[10] Choudhary, S., Tak, N., Bissa, G., Chouhan B., 
Choudhary, P., Sprent, J.I.,james, E.K., Gehlot, H.S., 
(2020): The widely distributed legume tree Vachellia 
(Acacia) nilotica subsp. indica is nodulated by 
genetically diverse Ensifer strains in India. Symbiosis 
80: 15–31. https://doi.org/10.1007/s13199-019-00658-8 

[11] Chouhan, B., Tak, N., Bissa, G., Adhikari, D., Barik, 
S.K.,  Sprent, J.I., James, E.K., Jha, S., Gehlot, H.S., 
(2022) : Evolution of novel strains of Ensifer nodulating 
the invasive legume Leucaena leucocephala (Lam.) de 
Wit in different climatic regions of India through lateral 
gene transfer, FEMS Microbiology Ecology, 98(9): 
fiac086, https://doi.org/10.1093/femsec/fiac086 

[12] Cock,  I.E., Van Vuuren, S.F., (2015): South African 
food and medicinal plant extracts as potential 
antimicrobial food agents. International Journal of Food 
Science & Technology, 52: 6879-6899. 
https://doi.org/10.1007/s13197-015-1806-3. 

[13] De Lajudie, P.M., Andrews, M., Ardley, J., Eardly, B., 
Jumas-Bilak, E., Kuzmanović, N., Lassalle, F., 
Lindström, K., Mhamdi, R., Martínez-Romero, E., 
Moulin, L., (2019): Minimal standards for the 
description of new genera and species of rhizobia and 
agrobacteria. The International Journal of Systematic 
and Evolutionary Microbiology, 69(7): 1852-1863. 
https://doi.org/10.1099/ijsem.0.003426  

[14] Dharani, N., (2006): Field guide to acacias of East 
Africa. 200 p. (eds): Struik Publishers. Cape Town, 
South Africa. 

[15] Djouadi, S., Amrani, S., Bouherama, A., Noureddine, 
N.E., Aid, F., (2017): Nature des rhizobia associés à 15 
espèces du genre Lotus en Algérie. Botany, 95: 879-888. 
https://doi.org/10.1139/cjb-2017-0020  

[16] Djouadi, S., Bouherama, A., Aid, F., Amrani, S., (2021): 
Diversité des rhizobia associés au genre Hippocrepis en 
Algérie. Botany, 99: 639-650. https://10.1139/cjb-2021-
0027 

[17] Downie, J.A., (2005): Legume haemoglobins: Symbiotic 
nitrogen fixation needs bloody nodules. Current 
Biology, 15(6): 196-198. 

[18] Fterich, A., Mahdhi, A., Lafuente, A., Pajuelo, E., 
Caviedes, M.A., Rodriguez-Llorente, I.D, Mars, M., 
(2012): Taxonomic and symbiotic diversity of bacteria 
isolated from nodules of Acacia tortilis subsp. raddiana 
in arid soils of Tunisia. Canadian Journal of 
Microbiology, 58(6): 738-751. https:// 10.1139/w2012-
048.  

[19] Gehlot, H.S., Panwar, D., Tak, N., Tak, A., Sankhla, 
I.S., Poonar, N., Parihar, R., Shekhawat, N.S., Kumar, 
M., Tiwari, R., Ardley, J., James, E.K., and Sprent, J.I., 
(2012): Nodulation of legumes from the Thar desert of 
India and molecular characterization of their rhizobia, 
Plant Soil,  357(1-2): 227–243. 
https://doi.org/10.1007/s11104-012-1143-5. 

[20] Gehlot, H.S., Tak, N., Kaushik, M., Mitra, S., Chen,W., 
Poweleit, N., Panwar, D., Poonar, N., Parihar, R., Tak, 
A.,  Indu Singh Sankhla, I.S., Ojha, A., Rama Rao, S., 
Simon, M.F., Reis Junior, F.B., Perigolo, N., Tripathi, 
A.K., Sprent, J.I., Young, J.P.W., Euan K. James, E.K., 
Gyaneshwar,P., (2013): An invasive Mimosa in India 
does not adopt the symbionts of its native relatives, 
Annals of Botany, Volume 112(9): 1551-1565. 

 https://doi.org/10.1093/aob/mct112 
[21] Harrison, C.J., Langdale, J.A., (2006): A step by step 

guide to phylogeny reconstruction. Plant Journal, 45(4): 
561-572. https:// 10.1111/j.1365-313X.2005.02611.x 

[22] Kim, O.S., Cho, Y.J., Lee, K., Yoon, S.H., Kim, M., Na, 
H., Park, S.C., Jeon, Y.S., Lee, J.H., Yi, H., Won, S. et 
Chun, J. 2012. Introducing EzTaxon: a prokaryotic 16S 
rRNA gene sequence database with phylotypes that 
represent uncultured species. Int. J. Syst. Evol. 
Microbiol. 62(3): 716–721. doi:10.1099/ijs.0. 038075-0. 
PMID:22140171. 

[23] Koskey, G., Mburu, S.W., Kimiti, J.M., Ombori, O., 
Maingi, J.M., Njeru, E.M., (2018): Genetic 
characterization and diversity of Rhizobium isolated 
from root nodules of mid-altitude climbing bean 
(Phaseolus vulgaris L.) varieties. Frontiers in 
Microbiology, 9: 968. https://10.3389/fmicb.2018.00968 

[24] Kyalangalilwa, B., Boatwright, J.S., Daru Barnabas, H., 
Maurin, O., Van der Bank, M., (2013): Phylogenetic 
position and revised classification of Acacia s.l. 
(Fabaceae: Mimosoideae) in Africa, including new 
combinations in Vachellia and Senegalia. Botanical 
Journal of the Linnean Society, 172(4): 500-523. 

 https://doi.org/10.1111/boj.120471 
[25] La Pierre, K.J., Simms, E.L., Tariq, M., Zafar, M., 

Porter, S.S., (2017): Invasive legumes can associate with 
many mutualists of native legumes, but usually do not. 
Ecology and Evolution, 7: 8599-8611. 

 https://10.1002/ece3.3310 
[26] Leary, J.K., Singleton, P.W., Scowcroft, P.G., 

Borthakur, D., (2006): Symbiotic diversity in the 
cosmopolitan genus Acacia. Symbiosis, 41: 107-117. 

[27] Lebrazi, S., Chraibi, M., Fadil, M., Barkai, H., Fikri-
Benbrahim, K., (2018): Phenotypic, genotypic and 
symbiotic characterization of rhizobial isolates 
nodulating Acacia sp. in Morocco. Journal of Pure and 
Applied Microbiology, 12(2): 249-263. 
https://10.22207/JPAM.12.1.30 

[28] Lemaire, B., Dlodlo, O., Chimphango, S., Stirton, C., 
Schrire, B., Boatwright, J.S., Honnay, O., Smets, E., 
Sprent, J., James, E.K, Muasya, A.M., (2015): Symbiotic 
diversity, specificity and distribution of rhizobia in 



Bouherama, A., Djouadi, A., Khedim, T., Amrani, S., Eid, A.M., Shaaban. A. - Phylogenetic diversity of rhizobial symbionts nodulating Vachellia karroo (Hayne) Banfi & 
Galasso in Algerian ecosystems: Implications for afforestation and land restoration 

246 

native legumes of the core Cape subregion (South 
Africa). FEMS Microbiology Ecology, 91(2): 1-17. 
https://10.1093/femsec/fiu024. 

[29] Lewis, G.P., (2005): Tribe Acacieae. 577 pp. in Lewis, 
G., Schrire, B., Mackinder, B., Lock, M. (eds.): 
Legumes of the World. Royal Botanic Gardens, Kew, 
UK.  

[30] Lorite, M., Videira de Castro, I., Muńoz, S., Sanjuán, J., 
(2012): Phylogenetic relationship of Lotus uliginosus 
symbionts with bradyrhizobia nodulating genistoid 
legumes. FEMS Microbiology Ecology, 79: 454-474. 
https://10.1111/j.1574-6941.2011.01230.x 

[31] Luckow, M., Miller, J.T., Murphy, D.J., Livshultz, T., 
(2003): A phylogenetic analysis of the Mimosoideae 
(Leguminosae) based on chloroplast DNA sequence 
data. pp. 197-220. In: Klitgaard, B.B., Bruneau, A., 
(eds.): Advances in legume systematics, Part 10, higher 
level systematics. Kew: Royal Botanic Gardens. 

[32] Maroyi, A., (2017): Acacia karroo Hayne: ethnomedical 
uses, phytochemistry and pharmacology of an important 
medicinal plant in southern Africa. Asian Pacific Journal 
of Tropical Medicine, 10: 351-360. 
https://10.1016/j.apjtm.2017.03.021 

[33] Martínez-Hidalgo, P., García, J.M., Pozo, M.J., (2015): 
Induced systemic resistance against Botrytis cinerea by 
Micromonospora strains isolated from root nodules. 
Frontiers in Microbiology, 6: 922. 
https://10.3389/fmicb.2015.00922 

[34] McInroy, S.G., Campbell,  C.D., Haukka, K.E., Odee,  
D.W., Sprent, J.I., Wang, W.J., Peter, J., Young W.C., 
Sutherland, J.M., (1999): Characterisation of rhizobia 
from African acacias and other tropical woody legumes 
using Biolog™ and partial 16S rRNA sequencing. 
FEMS Microbiology Letters, 170: 111-117. 
https://10.1111/j.1574-6968.1999.tb1 3362.x 

[35] Merabet, C., Martens, M., Mahdhi, M., Zakhia, F., Sy, 
A., Le Roux, C., Domerrgue, O., Bekki, A., Mars, 
M.,Willems, A., de lajudie, P., (2010): Multilocus 
sequence analysis of root nodule isolates from Lotus 

arabicus (Senegal), Lotus creticus, Argyrolobium 

uniflorum and Medicago sativa (Tunisia) and description 
of Ensifer numidicus sp. nov. and Ensifer garamanticus 
sp. nov. The International Journal of Systematic and 
Evolutionary Microbiology, 60(3): 664-674. 
https://10.1099/ijs.0.012088-0 

[36] Miller, J.T., Bayer, R.J., (2003): Molecular 
phylogenetics of Acacia subgenera Acacia and 
Aculeiferum (Fabaceae: Mimosoideae), based on the 
chloroplast matK coding sequence and flanking trnK 
intron spacer regions. Australian Systematic Botany, 16: 
27-33. https://10.1071/SB01035 

[37] Mohamed, S.H., Smouni, A., Neyra, M., Kharchaf, D., 
Filali-Maltouf, A., (2000): Phenotypic characteristics of 
root-nodulating bacteria isolated from Acacia spp. 
grown in Libya. Plant and Soil, 224: 171-183. 
https://10.1023/A:1004838218642 

[38] Ngwenya, N., Zharare, G.E., Basson, A.K., Mthembu, 
M.S., (2016): Phenotypic characterisation of rhizobia 
nodulating different morphotypes of Vachellia karroo. 
Legume Research, 39: 722-728. 

[39] Noureddine, N.E., Amrani, S., Aïd, F., (2010): Statut 
symbiotique et souches de rhizobia associées à Acacia 

tortilis subsp. raddiana [Acacia raddianas.s.], 
mimosoïdée des régions désertiques de l’Algérie. 
Botany, 88(1): 39-53. https://10.1139/B09-102 

[40] Ott, T., Van Dongen, J.T., Gunther, C., Krusell, L., 
Desbrosses, G., Vigeolas, H., Bock, V., Czechowski, T., 

Geigenberger, P., Udvardi, M.K., (2005): Symbiotic 
leghemoglobins are crucial for nitrogen fixation in 
legume root nodules but not for general plant growth and 
development. Current Biology, 15(6): 531-535. 

[41] Ozenda, P., (2004): Flore et végétation du Sahara. 662 p. 
Centre National de la Recherche Scientifique, Paris. 
ISBN : 2,271-06230-6.15. 

[42] Poole, P., Ramachandran, V., Terpolilli, J., (2018): 
Rhizobia: from saprophytes to endosymbionts. Nature 
Reviews Microbiology, 16: 291-303. 
https://10.1038/nrmicro.2017.171 

[43] Prévost, D., Antoun, H., (2006): Root nodule bacteria 
and symbiotic nitrogen fixation. In soil sampling and 
methods of analysis. pp. 237-284. Sous la direction de 
Gregorich, E.G., Carter, M.R. (eds.): Taylor and Francis 
Group, LLC, Boca Raton, Fl. 

[44] Pulido-Suárez, L., Notario del Pino, J., Díaz-Peña, F.J., 
Perdomo-González, A., González-Rodríguez, Á.M., 
León-Barrios, M., (2023): High diversity of 
bradyrhizobial species fix nitrogen with woody legume 
Spartocytisus supranubius in a high mountain 
ecosystem. Microorganisms, 11(5): 1244. 

[45] Rathi, S., Tak, N., Bissa, G., Chouhan, B., Ojha, A., 
Adhikari, D., Barik, S.K., Satyawada, R.R., Sprent, J.I.,     
James, E.K., Gehlot, H.S., (2018) : Selection of 
Bradyrhizobium or Ensifer symbionts by the native 
Indian caesalpinioid legume Chamaecrista pumila 
depends on soil pH and other edaphic and climatic 
factors, FEMS Microbiology Ecology, 94(11): fiy180, 
https://doi.org/10.1093/femsec/fiy180 

[46] Reinhold-Hurek, B., Bünger, W., Burbano, C.F., Sabale, 
M., Hurek, T., (2015) : Roots shaping their microbiome: 
Global Hotspots for Microbial Activity. Annual review 
of phytopathology, 53: 403-424. 
https://doi.org/10.1146/annurev-phyto-082712-102342. 

[47] Sankhla I. S., Tak N., Meghwal R. R., Choudhary S., 
Tak A., Rathi S., Sprent J. I., James E. K., Gehlot H. S., 
(2017): Molecular characterization of nitrogen fixing 
microsymbionts from root nodules of Vachellia (Acacia) 
jacquemontii, a native legume from the Thar Desert of 
India. Plant Soil, 410(1-2):21-40. 

[48] Seigler, D.S., Ebinger, J.E., Miller, J.T., (2006): 
Mariosousa, a new segregate genus from Acacia s.l. 
(Fabaceae, Mimosoideae) from Central and North 
America. Novon, 16: 413-420. https://10.3417/1055-
3177(2006)16%5B413  

[49] Stepkowski, T., Zak, M., Moulin, L., Króliczak, J., 
Golińska, B., Narożna, D., Safronova, V.I., Mądrzak, 
C.J., (2011): Bradyrhizobium canariense and 
Bradyrhizobium japonicum are the two dominant 
rhizobium species in root nodules of lupin and serradella 
plants growing in Europe. Systematic and Applied 
Microbiology, 34: 368-375. 

[50] Tamura, K., Stecher, G., Peterson, D., Filipski, A., 
Kumar, S., (2013): MEGA6: Molecular Evolutionary 
Genetics Analysis version 6.0. Molecular Biology and 
Evolution, 30(12): 2725-2729.  
https://10.1093/molbev/mst197 

[51] Teixeira, H., Rodríguez-Echeverría, S., (2016): 
Identification of symbiotic nitrogen-fixing bacteria from 
three African leguminous trees in Gorongosa National 
Park. Systematic and Applied Microbiology, 39(5): 350-
358. https://10.1016/j.syapm.2016.05.004 

[52] Tak, N., Bissa, G., Gehlot, H.S., (2020): Methods for 
Isolation and Characterization of Nitrogen-Fixing 
Legume-Nodulating Bacteria. In: Gupta, K. (eds) 
Nitrogen Metabolism in Plants. Methods in Molecular 



Analele Universităţii din Oradea, Fascicula Biologie                      Original Paper                         2025, Tom. XXXII, Issue: 2, pp. 235-247 

247 

Biology, vol 2057. Humana, New York, NY. 
https://doi.org/10.1007/978-1-4939-9790-9_12 

[53] Tak, N., Gehlot, H.S., (2019): Diversity of Nitrogen-
Fixing Symbiotic Rhizobia with Special Reference to 
Indian Thar Desert. pp. 31-55. In: Satyanarayana, T., 
Das, S., Johri, B. (eds) Microbial Diversity in Ecosystem 
Sustainability and Biotechnological Applications. 
Springer, Singapore. https://doi.org/10.1007/978-981-
13-8487-5_2 

[54] Vincent, J.M., (1970): A manual for the practical study 
of the root-nodule bacteria. International Biological 
Programme. Handbook No. 15. Blackwell Scientific, 
Oxford, 164 p. 

[55] Vuong, H.B., Thrall, P.H., Barrett, L.G., (2016): Host 
species and environmental variation can influence 

rhizobial community composition. Journal of Ecology, 
105: 540-548.doi: https:// 10.1111/1365-2745.12687 

[56] Wang, Q., Liu, J., Zhu, H., (2018): Genetic and 
molecular mechanisms underlying symbiotic specificity 
in Legume-Rhizobium interactions. Frontiers in Plant 
Science, 9:9:313. https://10.3389/fpls.2018.00313  

[57] Zahran, H.H., (1999): Rhizobium-legume symbiosis and 
nitrogen fixation under severe conditions and in an arid 
climate. Microbiology and Molecular Biology Reviews, 
63: 968-989. https://10.1128/MMBR.63.4.968-989.1999 

[58] Zhu, Y.J., Lu, J.K., Chen, Y.L., Wang, S.K., Sui, X.H., 
Kang, L.H., (2015): Mesorhizobium acaciae sp. nov., 
isolated from root nodules of Acacia melanoxylon R. Br. 
International Journal of Systematic and Evolutionary 
Microbiology, 65(10): 3558-3563. 
http://10.1099/ijsem.0.000455 

 
 
 

Received: July 31, 2025 
Accepted: November 21, 2025 
Published Online: November 25, 2025 
Analele Universităţii din Oradea, Fascicula Biologie 
https://www.bioresearch.ro/revistaen.html  
Print-ISSN: 1224-5119 
e-ISSN: 1844-7589 
CD-ISSN: 1842-6433 
University of Oradea Publishing House 


