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ABSTRACT

Although Gadarif State is an important agricultural area in Sudan, studies must be conducted on rhizobia's genetic or molecular diversity
associated with economically important legumes. Therefore, this study was undertaken to isolate rhizobia related to groundnut (Arachis
hypogea), Bambara groundnut (Vigna subterranean), and Cowpea (Vigna unguiculata) in different localities in Gadarif State and
study their phylogenetic relationships to make the genetic information of the indigenous rhizobia available and establish a molecular
database for monitoring future climate change impact on their diversity. Nodules were collected from 11 localities of the Gadarif state,
rhizobia were isolated, DNA was extracted, 16S rRNA, recA, glnll, nifH, and nodA genes were amplified, and data were analyzed.
The results showed that all isolates obtained from six localities were found to be fast-growing. Isolates obtained from groundnut
nodules are Rhizobium sp. Haw1 and Rhizobium sp. G6-11, which are found to be related to Rhizobium leguminosarum. These
two strains were found to be associated with Rhizobium etli when BLASTN analyzed the sequences. At the same time, Rhizobium
sp._UoG27, which was isolated from the same plant, was found to be related to Rhizobium tropici. There is evidence of new species
in Rhizobium sp. UoG30, Rhizobium sp._Sab13 (isolated from Bambara groundnut), Rhizobium sp. Umk34 (isolated from Cowpea),
and Rhizobium sp. Taw3 (isolated from groundnut). No symbiotic genes (nifH and nod) were found in all isolates except the strain
isolated from Alfalfa grown in Gezira state (Central Sudan). The study concluded that fast-growing rhizobia are dominant in Gadarif
state soils, characterized by genetic instability, and may play roles other than nitrogen-fixing.
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the same time. Many of these trials showed no significant
INTRODUCTION increase in production. The failure may be due to the lack
of genetic information about the bacteria used as inoculants,
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RNA, thus essential for plant growth and production of
food and feed, (Fahde et al., 2023).

Many times, on-farm activities, such as adjusting crop
rotations, boosting the production of legumes in main crops
and catch crops, and returning the byproducts to the fields,
can fix inadequate N and humus balances. However, as a
result, the nutrient cycles may become even more open
because of the widespread insufficiency of levels of basic
nutrients in the soil that are available to plants. Therefore,
deficiencies in the fundamental nutrients P, K, Mg, and S are
typically needed for external supplementation by fertilization
with organic fertilizers and, in some circumstances, also
with mineral fertilizers (Kolbe, 2022).

Rhizobia are Gram-negative bacteria (Proteobacteria) that
live in the root nodules of legume plants. They are renowned
for being able to fix nitrogen for their hosts' legume species
in return for carbon. Members of the family proteobacteria
and the genera Rhizobium, Bradyrhizobium, Ensifer,
Phyllobacterium, Mesorhizobium, Devosia, Allorhizobium,
Azorhizobium, and Microvirga make up the majority of the
bacteria that fix nitrogen in the root nodules of leguminous
plants. Rhizobia, or members of the Burkholderiaceae
family of proteobacteria, also nodulate legumes (Mukhtar
et al., 2020).

According to Vanlauwe et al. (2019), the common bean
(Phaseolus vulagaris L.), soybean (Glycine max), pigeon
pea (Cajanuscajan), broad bean (Viciafaba), chickpea
(C. arietinum), and cowpea (Vigna unguiculata L. Walp.)
are the most important legumes in Africa. In the majority
of African nations, subsistence farmers grow legumes
primarily for food, however any surplus can be sold to
generate revenue (Kawaka et al., 2014). Farmers in rural
Africa cannot afford nitrogenous fertilizers because of the
extreme poverty there; as a result, nitrogen requirements
for cultivation are mostly met by native rhizobia. Low
legume yields with those isolates have been consistently
recorded in East Kenya, albeit certain native isolates there
are ineffective at fixing nitrogen (West Africa (Binde et al.,
2009), South Africa, as well (Biro et al., 2010 Abubakar,
and Yusuf, 2016).

Commercial rhizobia inoculants have had some success
in some areas (FAO, 2015), however multiple studies also
show that they were ineffective in many agricultural areas
in terms of promoting plant growth and final production.
[Lack of successful adaptation of the isolates to the local soil
conditions may be the cause of the commercial rhizobia's
failure in African farms. The majority of formulations
(Kawaka et al., 2014) use strains that have been obtained
from different continents that may not be well enough
acclimated to the local environment. Therefore, it is
essential to identify, study, and employ the rhizobial strains
in the local soils as commercial inoculants in certain areas
of Africa. However, formulations including local elite
isolates from the specific localities must be developed and
commercialized.

The diversity and biotechnological potential of symbiotic
bacteria are high in tropical soils. Nevertheless, tremendous

strains' phylogenetic relationships are still poorly
understood (Biro et al., 2010). In Sudan, many inoculation
trials were achieved, and some of these trials showed that
some local isolates have a potential effect on nitrogen
fixation. However, few studies concentrate on the genetic
characterization of the microbes associated with legumes
and responsible for nitrogen fixation.

Gadarif state is located in the eastern part of Sudan; it
consists of 12 localities. The people's main job is agriculture,
one of the most important agricultural areas in Sudan
(Food Net of Sudan). Legumes like groundnut (Arachis
hypogaea), Bambara groundnut (Vigna subterranean), and
Cowpea (Vigna unguiculata) are grown and used for direct
local consumption, and the shoot system residuals are used
for animal feeds. Groundnut is also used in oil production
and groundnut cake for animal feeding after processing.
Despite this, genetic information on bacteria associated with
leguminous plants is scarce in the Gadarif State. Although
the soil's organic matter and nitrogen content are low in
the Gadarif State (FAO, 2015), it necessitates looking for
indigenous efficient nitrogen-fixing bacteria to be used in
inoculation.

The aims of this study are to: Investigate the molecular
differences of rhizobia associated with groundnut, Bambara
groundnut, and Cowpea in different localities in Gadarif
State. Study the phylogenetic relationship of the isolates
associated with the same plants and obtained from different
sites. Contribute to the availability of genetic information
on the indigenous rhizobia to help in efficient inoculants
preparation for restoring and conserving soil fertility.
Establish a molecular database to be used as a baseline to
monitor future climate change’s impact on the molecular
biodiversity of rhizobia in Gadarif State.

Study area: The Gadarif State is located in eastern Sudan
between Latitudes 12° N and 13° N and 33° E and 37° E. It
covers a total area of approximately 78,000 km?. The annual
rainfall in the northern part is less than 500 mm. The mean
monthly temperature ranges from 26° — 32° C, while the
mean maximum temperatures rise to 41° C. Soils are heavy
dark-cracking clays; the clay content is very high, 70 % to
80 %. The soil's organic matter and nitrogen content are
low, but as there is no deficiency of other plant nutrients,
the soil is moderately fertile (FAO, 2015).The state has 12
localities: the Gadarif, Middle locality, Eastern Galabat,
Western Galabat, Alrahad, Alfashaga, Almafaza, Albotana,
Alfaw, Galaalnahal, Algoraesha, and Basonda. Agriculture
is the main activity in the state; the total agricultural arca
is 8602600 acres. It contributes 54.8% of the state's gross
domestic product (GDP).

The main crops are maize, sesame, sorghum, and sunflower,
which grow in rain-fed areas. Groundnut was grown in
irrigated regions on about 72000 acres in 2014, and the
area is increasing (Vincent, 1970); sometimes, it is grown
in rain-fed areas. Besides groundnut, leguminous crops like
Bambara groundnut and Cowpea are grown in minimal
areas for local consumption.
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Collecting nodules: Nodules were collected from different
localities of the Gadarif State in the autumn (September
2016). The plant roots were carefully removed from the
soil, as nodules will be dislodged easily if the plant is pulled
from the soil. The nodules were stored and preserved in
screw-capped plastic tubes containing silica gel, with a
cotton plug separating nodules from the desiccant in the
bottom; the tube was marked with a permanent marker to
re—cord the location of the collection sites (Howieson and
Committee, 2020).

Bacteria isolation: Bacteria were isolated in the
Biofertilization lab, department of Biofertilization,
National Center for Research, Sudan. Collected nodules
were washed with sterile water, and surface sterilization
was done using 70% ethanol and 20 times diluted sodium
hypochlorite solution and repeatedly washed with sterile
water. After surface sterilization, the nodules were crushed.
The resulting suspension was streaked onto yeast extract
mannitol agar (YEMA) with or without Congo Red or
Bromothymol blue at pH 6.8. The medium contains (g / 1):
mannitol, 10; K2HPOa, 0.5; MgS04.7H20, 0.2; NaCl, 0.4;
yeast extract, 1; agar (Sulieman et al., 2022).

DNA extraction: A colony of bacteria was grown in AG
broth medium in an incubator shaker (150 rev/minutes) at
28°C for two days. Centrifugation was done to collect about
20 ml of the bacterial culture. Bacteria were resuspended in
300 ul TE buffer after washing the bacterial biomass once
with TE buffer (10 mM tris, one mM EDTA, pH 8). After
that, 100 pl of 5% SDS (Sodium dodecyl sulfate) and 100
pl pronase E (2.5 mg/ml in TE buffer pre-incubated for
90 minutes at 37°C) were added and mixed. The resulting
solution was incubated overnight, and the DN A was sheared
thoroughly using a syringe. The DNA was purified by two
extractions with 300 pl of Tris-buffered phenol and one
extraction with methylene chloride. DNA obtained was
precipitated with 2.5 volumes of ethanol (Wekesa et al.,
2022).

Amplification of the different genes 16S RNA :To amplify
16SrRNA, PCR reaction was set with the following: 5 pul
of 10x dream Taq buffer, 1 ul dNTPs, 1 pl forward primer
(16Sa 5-cgctggeggeaggcttaaca-3), 1 pl reverse primer
(16Sb 5-ccagecgeaggttceect-3), 1 ul template DNA, 0.5 pl
dream taq polymerase, and 40.5 pl double distilled water
total volume of 50 pl. To obtain full-length 16SrRNA, it
was amplified again with the same reaction using forward
primer (16SLoa 5-taacgcattaaacattccgeetgg-3) and reverse
primer (16Slob 5-ttaatcttgcgaccgtactec-3). PCR conditions
were initial denaturation at 95°C for 5 minutes, 30 cycles
of denaturation at 95°C for 30 seconds, annealing at 58°C
for the 30s, extension at 72°C for 1.5 minutes, and final
extension at 72°C for 10 minutes.

recA: PCR reaction for recA amplification contains 5 pl
of 10x dream Taq buffer, 1 ul dNTPs, 1 pl forward primer
(recA-a 5- gacgaccttgacgegsgtetgrttg-3 for all strains and
MrecAAI2f 5-ccgaacatgacgccgatcttcatge-3 for strain Gezl),
1 ul reverse primer (recA-b 5- aaatcggtggayaaaagcaarge-3
for all strains and MrecAAllr 5-tgtatcatggctcagaattctttge-3
for strain Gezl), 1 ul template DNA, 0.5 pl dream taq

polymerase, and 40. 5 pl double distilled water total volume
of 50 ul. PCR conditions were: initial denaturation at 95°C
for 3 minutes, 30 cycles of denaturation at 95°C for 30
seconds, annealing at 53°C for the 30s, extension at 72°C for
45 seconds, and final extension at 72°C for 5 minutes. \

gInll: PCR reaction for glnll amplification contains 5
pl of 10x dream Taq buffer, 1 ul dNTPs, 1 pl forward
primer ( glnlletF 5 atgacaaaatataagctcgagtatatttgge-3
for strains Hawl, G6-11, UoG27, and Gez; gInlIAbdF2
S-atcaaccacgaaggcatcaacg-3 for strain Taw3; glnlI3for
S-tacaaggacggycgcccgetcggettee-3 for strains Sabl3,
UoG30 and Umk34), 1 pl reverse primer (glnlletR
S-tcgatgtcgatgecgtatttttcggtcag-3 for strains Hawl, G6-11,
UoG27 and Gez; glnllIAbdR 5-gtaggagaacttgttccacgg-3
for strain Taw3; glnll4rev 5- cgeggtctegtgcttgecgg-3 for
strains Sab13, UoG30, and Umk34), 1 pl template DNA,
0.25 pl dream taq polymerase, and 40.75 pl double distilled
water total volume of 50 pl. PCR conditions were: initial
denaturation at 95°C for 5 minutes, 30 cycles of denaturation
at 95°C for 30 seconds, annealing at 58°C for the 30s,
extension at 72°C for 1.5 minutes, and final extension at
72°C for 10 minutes. To amplify the strain Umk34 gInll
gene PCR conditions were initial denaturation at 95°C for
30 seconds, 25 cycles of denaturation at 95°C for 1 minute,
annealing at 53°C for 30 seconds, extension at 72°C for 45
seconds, and final extension at 72°C for 5 minutes.

For other strains, gradients PCR was done as follows:
initial denaturation at 95°C for 3 minutes, 25 cycles of
denaturation at 95°C for minute, annealing (6 cycles at
60 - 55°C for 30 seconds for strains Hwl, G6-11, and
UoG27; 6 cycles at 58 - 50°C for 30 seconds for strains
Sab13 and UoG30), extension at 72°C for 30 seconds and
final extension at 72°C for 30 seconds.

nifH: PCR reactions for nifH contain 5 pl of 10x dream
Taq buffer, 1 pl dNTPs, 1 pl forward primer (MnifHAI1f
5- atcggcaagtccaccacctcycaaa-3), 1 pl reverse primer
(MnifHAI2r 5- ctecatggtratyggggtcgggatg-3), 1 pl template
DNA, 0.5 pl dream Taq polymerase, 1.5 pl DMSO and
39.5 pl double distilled water total volume of 50 pl. PCR
conditions were: initial denaturation at 95°C for 5 minutes,
25 cycles of denaturation at 95°C for one minute, annealing
at 55°C for 1 minute, extension at 72°C for 45 seconds, and
final extension at 72°C for 5 minutes.

nodA: PCR reaction for nodA contained 5 pl of 10x dream
Taq buffer, 1 pl ANTPs, 1 pl forward primer (nodA-Sin-F
5- tgtccttaaamgtgeagtggaag-3 for strain 37), 1 pl reverse
primer (nodA-Sin-R 5- caatgtacctggcggecattcgt-3 for strain
37), 1 ul template DNA, 0.25 ul dream taq polymerase,
and 40.75 pl double distilled water total volume of 50
ul. For amplification, gradient PCR was done as follows:
initial denaturation at 95°C for 3 minutes, 25 cycles of
denaturation at 95°C for 1 minute, annealing (6 cycles at
58 —53 °C and 25 cycles at 52 °C for), extension at 72°C for
30 seconds and final extension at 72°C for 30 seconds.

All molecular characterization experiments were done in
the Molecular Genetic lab, Institute of Genetics, Faculty of
Science, TU Dresden, Germany (Table 1 and 2).
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PCR products were purified and sequenced, and then the
sequences were analyzed by the algorithm BLASTN to
identify similarities

Nucleotide Accession Numbers

According to the 16S RNA phylogeny tree, the isolates
obtained from groundnut, Bambara groundnut, and cowpea
root nodules were clustered on two main phylogeny
branches or main well-defined clusters (Figure 2). One

branch was divided into two subclusters comprised of
rhizobia isolated from nodules of the three plants with
bootstrap support of 99%. These include Rhizobium
sp._Sabl13, which was isolated from Bambara groundnut
grown in Sabarna (Western Galabat locality), Rhizobium
sp._Umk34, which was isolated from nodules of Cowpea
grown Umkhareet (Basonda locality), and Rhizobium
sp._Taw3 isolated from nodules of groundnut grown in
Tawareet (Eastern Galabat locality). The second subcluster
included Rhizobium sp. UoG30, isolated from Bambara
groundnut grown in the Gadarif locality.

Table 1. Different Gene Sequences Accession Numbers

Genes

Strain 16SrRNA
Rhizobium sp Haw1 MN211542
Rhizobium sp Taw3 MN211543
Rhizobium sp G6-11 MN211544
Rhizobium sp Sab13 MN211545
Rhizobium sp UoG27 MN211546
Rhizobium sp UoG30 MN211547
Rhizobium sp Umk34 MN211548
Rhizobium sp Gezl MN211549

recA ginll nodA
MN218348 MN218340 -
MN218349 | MN218341 -
MN218350 | MN218342 -
MN218351 MN218343 -
MN218352 MN218344 -
MN218353 MN218345 -
MN218354 | MN218346 -
MN218355 MN218347 | MN218356

Table 2. GC% Of The Different Rhizobia Isolated From Different

Legumes
Isolates Plants 16SrRNA | gInll | recA
Rhizobium sp._Hawl Groundnut 56 62 61
Rhizobium sp._Taw3 Groundnut 59 59
Rhizobium sp. G6-11 Groundnut 56 62 61
Rhizobium sp._Sabl13 Bambara groundnut 55 59 61
Rhizobium sp. UoG27 Groundnut 55 61 61
Rhizobium sp. UoG30 | Bambara groundnut 55 58 61
Rhizobium sp._Umk34 Cowpea 55 58 61
Sinorhizobiummeliloti Alfalfa 55 63 61

Figure 1: Phylogeny tree analysis of 16srRNA of Rhizobia
isolated from different legumes.

Rhizobium_sp._strain_Sab13
0% | Rhizobium_sp._strain_Umk34
! Rhizobium_sp._strain_Taw3
]Rhizubium_s ._strain_UoG30
Sinorhizobium_meliloti_strain_Gezl
1 059 Rhizobium_sp._strain_UoG27
096 Rhizobium_tropici_CIAT 899
i Rhizobium_leguminosarum_bv._viciae
0gs_; Rhizobium_sp._strain_Haw1
Rhizobium_sp._strain_G6-11

0.02

The second branch was also divided into two subclusters
with bootstrap support of 96%; one subcluster comprised

Figure 2: Phylogeny tree analysis of recA of Rhizobia isolated
from different legumes
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Rhizobium_sp._Sab13
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0.98
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only Sinorhizobium meliloti isolated from nodules of
Alfalfa grown in Gazira state (Central Sudan). The second
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subcluster branched to two more subclusters; the first
contains Rhizobium sp. UoG27 isolated from groundnut
grown in Gadarif locality, which was clustered with
Rhizobium tropici CIAT 899 (sequences obtained from
the gene bank database). The second subcluster contains
Rhizobium sp. Hawl isolated from root nodules of
groundnut grown in Al-Hawata (Al-Rahad locality) and
Rhizobium sp. G6-11 isolated from groundnut grown in
Garia6 (Al-fashaga locality). These last two isolates were
found clustered with Rhizobium leguminosarum_bv._viciae,
whose sequences were also obtained from the gene bank
database (Figure 1).

Like16S RNA phylogeny tree, the phylogeny tree of the
recA gene also clustered the different isolates into two
main groups with bootstrap-support of 99%, and group
one branched to two subclusters, one contains Rhizobium
sp. Hawl and Rhizobium sp. G6-11 which were
clustered with Rhizobium leguminosarum_bv. viciae in
16srRNA phylogeny tree. The second subcluster contains
Sinorhizobiummeliloti only. Group two also branched into
two subclusters with bootstrap support of 96%, the first
subcluster represented by Rhizobium sp. UoG27. The
second subcluster branched to two additional subclusters
with bootstrap support of 98% containing Rhizobium
sp._UoG30 as one cluster, while another subcluster contains
Rhizobium sp. Sabl3 and Rhizobium sp. Umk34. The
second subcluster of group two contains only Rhizobium
sp._Taw3, as shown in (Figure 2).

The phylogeny tree built with gInlI split the isolates into two
large groups with bootstrap support of 63%. The first

group comprised three subgroups, subgroup (I) included
Rhizobium sp._ UoG27 only, subgroup (II) included
Rhizobium sp._Taw3 only, both isolated from groundnut,
and subgroup (III) included isolates branched to two
subclusters with bootstrap support of 82%; one subcluster
contains two isolates, Rhizobium sp. UoG30, and
Rhizobium sp. Umk34. The second subcluster in group (IIT)
contains Rhizobium sp._Sab13 only. The second group of
the phylogeny tree built with gInll comprised two subgroups
with bootstrap support of 77%, the first subgroup included
Sinorhizobium meliloti only, and the second subgroup
included Rhizobium sp. Haw1 and Rhizobium sp. G6-11
as illustrated in (Fig. 3).

The phylogeny tree of 16STRNA, recA, and gInlII confirmed
that Rhizobium sp. Hawl and Rhizobium sp. G6-11 are
the same. However, they were isolated from nodules of
groundnut from different localities (Al-Rahad and Al-
Fashaga), located in the Western and Eastern parts of the
Gadarif State, respectively. Rhizobium sp. Sab13 and
Rhizobium sp._Umk34 were also found the same according
to 16SrRNA and recA phylogeny trees despite their different
hosts (Bambara groundnut and Cowpea, respectively).
However, the gInll phylogeny tree confirmed that they
belong to different species. Other isolates related to these
last two isolates were Rhizobium sp._Taw3 according to
16STRNA and Rhizobium sp. UoG30 according to to16S
RNA, recA, and gInlI phylogeny trees which were isolated

from groundnut and Bambara groundnut, respectively.
Accordingly, these results indicate that Rhizobium sp._
Hawl and Rhizobium sp. G6-11 are related to Rhizobium
leguminosarum, although BLASTN analysis showed
that they are between Rhizobium etli and Rhizobium sp.
N324 depending on the gene sequence analyzed. While
Rhizobium sp. UoG27 is Rhizobium tropici typically used
as BLASTN analysis.

Figure 3: Phylogeny tree analysis of glnll of Rhizobia
isolated from different legumes

— Rhizobium_sp. UOG27
Rhizobium_sp._Taw3
042 Rhizobium_sp._UoG30
0% Rhizobium_sp._Umk34
| Rhizobium_sp._Sabl3

Sinorhizobium_meliloti
077 jRhizobium_sp._Hawl
Rhizobium_sp._G11

0.63

0.07

On the other hand, Rhizobium sp. UoG30, Rhizobium sp._
Sab13 (isolated from Bambara groundnut), and Rhizobium
sp._Umk34 (isolated from Cowpea) may be new species as
supported by BLASTN analysis which revealed that they
are related to Rhizobium sp. IRBG74 and found in one
subcluster with some differences in the phylogenies built
with the three genes analyzed in this study. In addition,
Rhizobium sp._Taw3 (isolated groundnut) may be a new
species because it was clustered with Rhizobium sp._Sab13
and Rhizobium sp. Umk34 in 16S RNA phylogeny; it
appears in a separate group in recA and gene phylogenies.
In addition, it is classified between Rhizobium etli and
Rhizobium sp. S41in BLASTN analysis. We did not find
16S RNA, recA, and glnll sequences in the gene bank for
fast-growing rhizobia isolated from Bambara groundnut
and Cowpea to use in a phylogeny tree to estimate
the relationship between already sequenced genes and
Rhizobium sp. UoG30, Rhizobium sp._Sabl3, Rhizobium
sp._Umk34, and Rhizobium sp. Taw3.

The isolates obtained from the Gadarif State were isolated
from different localities with different environmental
conditions. Therefore, they can be used to solve poor
nitrogen fixation problems, look for strains well-adapted
for stresses, use in legume domestication programs, for
biodiversity studies, or genetic studies of nitrogen fixation
(Howieson and Committee, 2020; Lindstrom and Mousavi,
2020; Dai et al., 2012). The study of these isolates also can
enrich the understanding of the phylogenetic relationships
of the different strains, as they are still poorly understood
(Biro et al., 2010).

In this study, Rhizobium sp._Haw1 and Rhizobium sp._G6-
11 were the same despite their different site directions
(Western and Eastern parts of Gadarif State), respectively.
Moreover, Rhizobium sp. Sabl13 and Rhizobium sp._
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Umk34 were found the same despite their different hosts
(Bambara groundnut and Cowpea, respectively), although
they appeared as different species in the ginll phylogeny
tree. These results are supported.

partially by other findings, which show that the symbiotic
association between rhizobia and legumes may be subject
to environmental factors, interactions among rhizobia,
legumes, and biogeography. It was found that rhizobia can
form nodules in legumes in distinctive geographic regions,
and the same rhizobia may form nodules in different legume
species (Gronemeyer et al., 2014). Therefore, we expect
that each of the isolates mentioned above, which clustered
in the same groups, may associate symbiotically with
different hosts in different sites due to the minor influence
of the plant origin on the relatedness of the isolates (Flores
et al., 2005).

The Phylogeny trees built with 16S RNA and recA were
found to be nearly the same, with some exceptions. The
16S rRNA sequence analysis agreement with recA was
reported before (Gronemeyer et al., 2014). However, gInll
phylogeny shows inconsistency with 16STRNA and recA
phylogenies, which agrees with the previous finding that
"discordant phylogenies within different loci of rhizobia
can result in different phylogenetic tree topolo—gies for
rhizobia species.

The results in this study also revealed that groundnut
is associated with different Rhizobium species because
the isolates were found clustered with Rhizobium
leguminosarum and Rhizobium tropici simultaneously
sequence analyses of BLASTN indicate that Rhizobium
etli.Rhizobium leguminosarum and Rhizobium etli are
"the symbionts of the common bean plant Phaseolus
vulgaris" (Angelini et al., 2011). This supports that
"groundnut nodules are a reservoir for different rhizobial
lineages (Roughley, 1970). This may be an advantage in
inoculants manufacturing in which the inoculants produced
from groundnut Rhizobia can be helpful. However, the
performance of rhizobia under conditions dissimilar to
the original habitat is poor (Law et al., 2007; Botha et al.,
2004), and their effectiveness depends on the interaction
of environmental factors (Pule-Meulenberg et al., 2010)
and host plant variety or genotypes (Keyser et al., 2002
Martinez-Hidalgo and Hirsch, 2017).

Therefore, inoculants of effective indigenous rhizobia
adapted to local conditions may perform better (Flores et
al., 2005). However, all isolates obtained from groundnut,
Bambara groundnut, and Cowpea in this study were found
to induce nodules in all three legumes, even in cross-
inoculation performed under laboratory conditions directly
after the isolates were obtained. In addition, the shoot dry
weight of the inoculated plants showed a significant increase
(data not shown). After about one year, all isolates failed to
form nodules even in their original hosts.

To interpret these findings, we exclude the assumption
that these isolates are non-symbionts, and we assume that
they lost their symbiotic genes may be due to the storage
conditions and repeated sub-culturing, which means

that these isolates are genetically unstable. However,
maintaining genetic stability is essential in determining the
isolate's validity as an inoculant (Zhang et al., 2008).

Even though symbiotic genes were not found in our isolates,
the role of thizobia is not restricted to nitrogen fixation; they
also provide plants with plant growth-promoting factors
like hormones, which we expect our isolates to play also.
Besides that, we isolated rhizobia from six localities of
the eleven localities of the Gadarif State surveyed. These
findings necessitate conducting more studies to obtain
isolates from other localities, searching for the reasons
leading to the loss of nitrogen-fixing (nifH) and nodulation
(nod) genes, and studying these isolates' roles may play in
promoting legumes and growth.

For Cowpea, we obtained only one isolate (Rhizobium
sp._Umk34), which was found to be related to Rhizobium
sp._ UoG30, Rhizobium sp._Sab13 isolated from Bambara
groundnut. These isolates may be due to Cowpea and
Bambara groundnut affiliation to the same plant genus
(Vigna). We assumed these isolates were new species
because they clustered in one group in the phylogeny
tree built with all three genes. We did not find sequences
for 16STRNA, recA, and gInll deposited in the gene
bank related to Cowpea rhizobia. Despite its importance
as a legume crop, cowpea rhizobia have yet to be well
characterized (Ibny et al., 2019).

More than that, recently, it was reported that different
isolates obtained from nodules of Bambara groundnut from
South Africa, Ghana, and Mali were found to be closely
related to different species of Bradyrhizobium (Herridge
etal., 2002; Keyser et al., 2002), of their isolates belong to
fast-growing Rhizobium. In addition, BLASTN analyses
of these genes classified them between different species.
More than that, rhizobia isolated from cowpea showed
unstable relationships. The relationship between Cowpea
and Bambara groundnut is a normal phenomenon because
they belong to the same plant genus (Vigna) as mentioned
above. Many studies reported that Cowpea is considered
promiscuous, which is modulated by a wide range of
rhizobia (Toolarood et al., 2012 Ibny et al., 2019).

Besides groundnut, Cowpea, and Bambara groundnut
isolates, we isolated Sinorhizobium meliloti from nodules
of Alfalfa grown in the Gezira state, which was identified by
BLASTN analyses of 16S RNA, recA, gInll, nifH, and Noda
genes. It was found in a separate branch in the phylogeny
tree built with 16S RNA, recA, gInll. No relationship
exists between this isolated and the others isolated from
the Gadarif State. Previously, "Sinorhizobium meliloti is
the dominant genus in alfalfa nodules with a relatively
high genetic diversity" (Aloo et al., 2022). In contrast to
the other isolates in this study, symbiotic genes were found
in the isolate obtained from Alfalfa nodules. However,
it was maintained in the same storage conditions as the
isolates obtained from the other three plants. This indicates
that the isolate obtained from Alfalfa is genetically stable
and supports our assumption that the other isolates are
characterized by genetic instability.
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In all isolates obtained in these fast-growing rhizobia, no
slow-growing Bradyrhizobium was isolated, although many
studies reported fast-growing Rhizobium and slow-growing
Bradyrhizobium from nodules of Cowpea (Flores et al.,
2005; Ibny et al., 2019). The advantages of fast-growing
rhizobia are that they require a shorter time in inoculants
production, contamination occurs at a lower rate during
the industrial process, more accessible establishment
in the soil, and gene manipulation is easier. However,
fast-growing rhizobia lacks competitiveness against
Bradyrhizobium, which limits their recommendation to use
as a commercial inoculant (Kolbe, 2022). Therefore, more
studies are required to look for slow-growing rhizobia and
its advantages over the fast-growing in the Gadarif State
soil.

Finally, studying the diversity and characteristics of
soil rhizobia has practical importance for ecology and
agriculture. These studies help to enrich agricultural
microbial genetic resources (AMiGRs) (Howieson and
Committee, 2020), select effective combinations of
Rhizobium-legume genotypes to increase nitrogen fixation
(Gronemeyer et al., 2014), and study the indigenous
rhizobia populations adapted to the local environmental
conditions contribute to the general understanding of
regional species abundance. In addition, they provide a
basis for the formulation of a rhizobial inoculant matching
local settings (Flores et al., 2005). Moreover, the "variety
of rhizobia is a valuable bioresource for the exploitation of
bacterial selection in attempts to find bacterial strains with
desirable traits that maximize legume crop productivity"
(Biro et al., 2010).

CONCLUSION

Fast-growing Rhizobium dominates the Gadarif State soils,
lose symbiotic genes (unstable genetically), and is related
to each according to the host and regardless of the site
from which they were isolated. Different species of these
fast-growing Rhizobium are associated with groundnut;
evidence of new species is found in those associated with
Bambara groundnut and Cowpea. Thus, more studies are
required to isolate both fast-growing and slow-growing
rhizobia, characterize those that seem to be new species
and search for symbiotic genes and factors affecting the
isolates.
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