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Tene, H., Ngonkeu Mangaptche, E.L., Bo-
yomo, O., Edoun Ebouel, F.L., Medoua Nama, Acidic pH, high salinities, and extreme temperatures limit agricultural pro-

G. and Begoudé Boyogueno, A.D. (2025) duction in tropical soils, particularly in Cameroon. Rhizobia can improve crop
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Factors on the Growth of Rhizobiumsp. Iso- ful conditions. In this study, nodules of 18 varieties of soybeans ( Glycine max

lated from Nodules of 18 Soybean (Glycine (L.) Merr.) were used to isolate rhizobia. The isolates were characterized and
max (L.) Merr.) Varieties Farmed in Came- screened for their resistance to pH (2 to 6.8), salinity (NaCl 2% to 12%, w/v),
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and temperature (15°C to 45°C). Then, the physicochemical activity (catalase,
proteins, total antioxidant capacity (TAC), ferrous reducing antioxidant power
(FRAP), and malondialdehyde (MDA) of the isolates was assessed using ref-
erenced methods. The results showed that out of 108 isolates obtained, 73 were
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AAE/mL) and the highest TAC by isolate 4M1 (1335.93 + 10.84 ug AAE/mL).
They also presented the ability to inhibit oxidative stress through the inhibi-
tion of MDA production. The lowest MDA value (1.14 * 0.05 umol/L) was
obtained with the isolate 11G3. Generally, the isolates with interesting adap-
tation to abiotic conditions and physicochemical activities were from soybean
varieties TGX 2007-11 F, TGX 2001-12 F, TGX 1991-22 F, SC Sentinel, Pano-
rama 3, Maksoy 2N, Panorama 237, and Panorama 2. These results highlight
the potential of Rhizobium sp. isolated from soybean nodules in improving
the crop productivity of tropical soils and suggest further characterization of
these strains using genomic approaches.

Keywords

Soybean, Nodules, Rhizobium sp., Adaptation, Abiotic Stress, Physicochemical
Activity

1. Introduction

Around one-third of tropical soils worldwide are acidic [1]. In Cameroon, over
80% of cultivated lands are acidic [2]. Acidic soils are characterized by ecosystems
marked by the presence of limiting factors for most soil microorganisms [3]. Un-
der these conditions, there is a great variability in the physico-chemical character-
istics of soils as well as their microbial diversity. Humid tropical soils, considered
favorable environments for productivity worldwide and particularly in Africa, can
become unfavorable places for the survival of beneficial soil microorganisms due
to soil acidity [4]. Besides acidity, some factors limited microorganism-plant in-
teraction in tropical soils, including salinity and extreme temperatures [5]. These
interacting abiotic factors reduce the growth and survival of beneficial soil micro-
organisms such as rhizobia [6]. Under such environmental conditions, the sur-
vival and persistence of rhizobia depend on their adaptive mechanisms to mitigate
the adverse effects of abiotic stresses such as elevated temperatures, soil acidity,
and salinity. These adaptations are essential for maintaining the population den-
sity and ensuring effective symbiotic interactions with leguminous plants [7].
Considering the rhizobium-legume symbiosis, the factors likely to hinder biolog-
ical nitrogen fixation are not the absence of efficient rhizobia, but the ecological
factors limiting their potential [8]. According to Manet et al [9], various abiotic
stresses, including survival in soils, competitiveness for nodulation, and symbiotic
efficiency, can affect the dynamics of rhizobial populations and their functional
roles in the rhizosphere. These abiotic factors cannot only interfere with nodula-
tion but also influence nitrogen-fixing activity after symbiosis establishment [10].
Abd-Alla et al [11] reported that nitrogenase, involved in nitrogen-fixing activity,
is highly sensitive to variation in soil osmotic potential. Besides nitrogen fixation,
abiotic stress also leads to the activation of defense systems and lipid peroxidation

[12]. The reactive oxygen species (ROS) produced at high rates when plants are
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exposed to stress generate oxidative damage in plants that is reflected in their
malondialdehyde (MDA) content, a by-product of lipid peroxidation that is one
of the first nonspecific links in the overall stress response [13]. In the literature, it
was highlighted that the total antioxidant capacity of plants is linked to the sym-
biotic nitrogen uptake activity in legume root nodules and depends on the effi-
ciency of the rhizobium-legume symbiosis [14]. Antioxidants, catalase, osmolytes,
stress proteins, and exopolysaccharides are produced by rhizobia to survive in
harsh environments caused by abiotic stress [15]. Ben-Laouane et al [16] men-
tioned that rhizobia can improve the plant’s tolerance to stress by inducing phys-
ical and chemical changes. Zhang et al [17] reported that rhizobia can improve
plant tolerance to low temperatures by affecting nitrogen metabolism and uptake.
Rhizobia also play an important role in the management of oxidative stress by
plants through the improvement of an antioxidant defense system, which includes
an enzymatic system [18] and a non-enzymatic system [19].

The study of stress tolerance of rhizobia aims to find viable solutions for sus-
tainable agriculture in the context of climate change and crop losses. To this end,
researchers are mainly focused on legumes, which are the natural hosts for rhizo-
bia that convert atmospheric nitrogen into plant-available nitrogen, thereby en-
hancing the nitrogen-fixing capacity of plants [20]. Indeed, an effective Rhizo-
bium-legume symbiosis can ensure high yields and good nitrogen balance in de-
pleted soils [21]. This requires an efficient Rhizobium capable of surviving in ad-
verse environmental conditions and endowed with physicochemical activity, in-
cluding inhibition of oxidative stress. For this purpose, nodules from soybean ( G/y-
cine max L. (Merr.) were chosen in this study as that oilseed crop is among the
most common legumes grown in Africa [22], for its multiple food and industrial
functions [23]. Also, owing to its efficient symbiosis, each year approximately 16.4
Tg of atmospheric nitrogen, constituting about 77% of the total nitrogen amount,
is fixed by legumes [24]. In Africa, few research projects have been conducted on
Rhizobium endowed with resistance to abiotic conditions and physicochemical
activities. In Senegal and T'unisia, the resistance of Rhizobium strains to high tem-
peratures (40°C to 45°C) and salinity (NaCl > 2%) was reported by Cacciari et al
[25]. In Cameroon, Ngo Nkot et al [26] demonstrated that Rhizobium strains
isolated from bambara groundnut can grow at low pH but might encounter diffi-
culties at a NaCl concentration of 4%. Although the stress tolerance of rhizobia is
the subject of numerous studies worldwide, knowledge remains limited concern-
ing indigenous strains associated with soybean in poor, acidic tropical soils ex-
posed to multiple abiotic stresses, particularly in Central Africa. In particular, the
ability of these local strains to adapt to combined stress conditions (acidity, salin-
ity, temperature) has not yet been systematically characterized. This study fills this
gap by isolating and evaluating, for the first time in Cameroon, Rhizobium spp.
strains according to their tolerance to abiotic stresses and their antioxidant re-
sponses, in view of identifying robust candidates for the development of bio-in-

oculants adapted to specific agroecological conditions. To our knowledge, there
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are few or no studies on the characteristics and Rhizobium profile of soybeans
cultivated in acidic Cameroonian soils, as well as their physicochemical activities.
It is in this context that the present study was designed. The objectives were to
evaluate the tolerance to abiotic factors (acidity, salinity, and temperatures) of
Rhizobium sp. cultures isolated from soybean varieties grown on acidic soils in
the forest zone of Cameroon, and identify the physicochemical activity (antioxi-
dant activity, inhibition of lipid peroxidation) of these isolates for select high-po-

tential Rhizobium sp. isolates that could be good biofertilizer candidates.

2. Materials and Methods
2.1. Nodule Collection

The sampling site selected for this study is located in an experimental station of
the Institute of Agricultural Research for Development (IRAD) at Nkolbisson
(3°51'N, 11°27'E; altitude 769 m) in the Centre region of Cameroon. Root nodules
were collected during March 2022 after complete pod filling with different soy-
bean varieties originated from 7 countries as indicated in Table 1, and grown on
an acidic soil (pH 4.10). Plant roots were carefully removed individually, wrapped
in newspaper, and transferred to the laboratory, where detached nodules were
stored at 4°C. Root nodules were evaluated based on morphological characteris-
tics, including shape, color, spatial arrangement on the roots, size, and micro-
scopic features. Nodules exhibiting traits typically associated with active nitrogen
fixation, such as a pink or reddish interior and a healthy, uniform structure, were
selected for rhizobia isolation. Nodule size was classified according to the criteria
of King and Purcell [27], where small nodules have a size <2.0 mm, medium with

a size between 2.0 and 4.0 mm, and large with a size >4.0 mm.

2.2. Isolation of Rhizobia from Root Nodules

Rhizobia were isolated from root nodules following the method of Vincent [28]
with some modifications. In the laboratory protocol, six healthy nodules showing
a pink coloration due to the presence of leghemoglobin were collected from sev-
eral soybean plants. The nodules were thoroughly washed with tap water to re-
move adhered soil particles and then separated from the roots. Healthy, intact root
nodules were subjected to surface sterilization by immersion in a 3% calcium hy-
pochlorite solution for 3 min, followed by three rinses with sterile distilled water.
To confirm surface sterility, an aliquot of the final rinse water was plated on nu-
trient agar and incubated at 28 °C for 48 h. The absence of microbial growth in-
dicated successful surface sterilization. After surface sterilization, the nodules
were individually ground under aseptic conditions and streaked onto sterile Man-
nitol Yeast Extract Agar (YEMA) supplemented with Congo red, poured into Petri
dishes. The Petri dishes were incubated for 7 days at 28°C (Bioevopeak, China).
After the incubation period, well-isolated colonies were picked up and purified by
3 successive streaking on a new sterile YEMA agar. Pure isolates were stored at
—-80°C in sterile YEM broth containing 60% glycerol.
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Table 1. Morphological and cultural characteristics of RAizobium sp. isolates obtained from nodules of 18 soybean varieties grown
on acidic soil of Cameroon.

. Isolate Isolate L.
Soybean variety . . Isolate Appearance of Isolate Varieties
Origin growth rate diameter Mucus type . .
names structure isolates shape coding
(days) (um)
TGX-1988-18F DARS (MALAWTI) 4 4 Thick Viscous  Milky and sticky irregular 14
SeedC Whitish and
$1180/5/54 (N) eect-o 3 4 Thick Viscous ! ,18 an roundness 15
(ZIMBABWE) sticky
TGX 2001-10 Whitish and
IITA (ZAMBIA) 3 2 Thick Viscous ! .IS an roundness 16
DM sticky
SeedC Whitish and
SC Sentinel eecho 3 2 Thick Viscous ! ,18 an roundness 5
(ZIMBABWE) sticky
Savanna
Agricultural
Songda Research Institute 3 2 Thick Viscous  Milky and sticky roundness 8
of Ghana
(CSIR_SARI)
IITA Whitish and
TGX 2007-11 F 4 4 Thick Viscous ! ,18 an roundness 1
(CAMEROON) sticky
TGX 2001-12 F IITA 3 2 Thick Vi Milk i 1 2
- ic iscous i irregular
(CAMEROON) Y 8

Semillas P
PANORAMA 1 ZIZIS ?éolzl;(:lr::)la 3 2 Thick Viscous Milky irregular 6

TGX 1991-22 F DARS (MALAWI) 3 <2 Thick  Very viscous Milky roundness 4
SeedC
SC SIGNAL (ZINfI:AB(\?NE) 3 <2 Thick  Very viscous Milky roundness 9
U.Mak
MAKSOY IN (UG:I\?;;X; 3 <2 Thick  Very viscous Milky roundness 18
PANORAMA Semillas P
emifas anorz.ima 4 4 Thick Viscous Whitish irregular 11
237 SAS (Colombia)
TGX-1989-60 F DARS (MALAWTI) 4 2 Thick Viscous Whitish irregular 12
U.Mak
MAKSOY 2N akerere 4 4 Thick Viscous Whitish roundness 10
(UGANDA)
IITA . . . .
TGX 2010-3 F 4 4 Thick Viscous Whitish irregular 3
(CAMEROON)

Semillas Panorama
4 Thick i Milk: 1
PANORAMA 2 SAS (Colombia) 3 ic Viscous ilky roundness 3

Semillas P
PANORAMA 3 Zr:; ?éolj)r;r(:li?:)la 3 2 Thick  Very viscous Milky roundness 7

TGX 1835-10 E IITA 3 . Slightly

(CAMEROON) thick Viscous Whitish roundness 17
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2.3. Cultural Characterization of Isolates

2.3.1. Morphology of Isolates
From frozen stock, each pure isolate was streaked on sterile YEMA followed by
incubation at 28°C for 7 days. After incubation, the morphology characteristics of

the isolates (diameter, texture, color, appearance, and shape) were assessed.

2.3.2. Adaptation Tests under Stress Conditions

The tolerance of Rhizobium sp. isolates to various abiotic factors such as pH, tem-
perature, and salinity was assessed. Morpho-cultural characteristics of the differ-
ent isolates, including the growth speed and colonies’ color on YEMA supple-
mented with red Congo, and the formation of mucus, were used as criteria for
selecting isolates that were tested in the different treatments.

Regarding salinity tolerance, 4 mL of sterile YEM broth supplemented with
NacCl at concentrations ranging from 1% to 12% (w/v) was inoculated with a pure
colony of each Rhizobium isolate. Control cultures were prepared by inoculating
the broth without NaCl. All cultures were incubated at 28°C for 7 days under
shaking conditions at 120 rpm. Seven days was chosen as the optimal growth pe-
riod of the selected isolates from preliminary experiments. Bacterial growth was
assessed by measuring the optical density at 620 nm against the blank made from
uninoculated broth treated under the same conditions (UV-Mini 1240, Shimadzu,
Japan).

Concerning temperature, tubes containing 4 mL of sterile YEM broth were in-
oculated with pure colonies of the rhizobia, and the tubes were incubated at dif-
ferent temperatures ranging from 15°C to 45°C for 7 days. The rhizobial load was
measured by reading the optical density of tubes at 620 nm.

To assess the effect of pH on the growth of rhizobia, 4 mL of sterile YEM broth
was introduced into sterile tubes, and the pH of the broths was adjusted from 2 to
6.8 using 1N hydrochloric acid (HCl) and 1IN sodium hydroxide (NaOH). The
pH-adjusted media were then buffered with Citrate buffer to maintain a stable pH
during bacterial growth. The cultures were incubated at 28°C, and growth was

measured by optical density at 620 nm.

2.4. Tolerance of the Isolates to Abiotic Stress Conditions

2.4.1. pH Tolerance

The ability of each RAizobium sp. isolate to grow under acidic conditions was de-
termined by inoculating each isolate into tubes containing YEM broth with pH
adjusted to 2.0, 2.5, 3, 3.5, 4, 4.5, 5, 6.8, followed by incubation for 7 days at 28°C.
The optical density of the tubes was read at 620 nm.

2.4.2. Salt Tolerance

The ability of the isolates to grow at different NaCl concentrations was assessed
by inoculating each isolate into YEM broth containing 1%, 2%, 4%, 6%, 8%, 10%,
and 12% NaCl. Cultures were incubated at 28 °C for 7 days under shaking condi-

tions at 120 rpm to ensure adequate aeration. Bacterial growth was evaluated by
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measuring the optical density at 620 nm.

2.4.3. Temperature Tolerance

The ability of the isolates to grow at different incubation temperatures was evalu-
ated by inoculating each of the 73 rhizobia isolates into YEM broth. The inocu-
lated cultures were then incubated at 15°C, 20°C, 25°C, 30°C, 35°C, 40°C, and
45°C for 7 days under shaking conditions at 120 rpm to ensure adequate aeration.

Bacterial growth was assessed by measuring the optical density at 620 nm.

2.5. Physicochemical Activity of the Isolates

2.5.1. Extract Preparation

A well-isolated colony of each RhAizobium sp. was introduced into a conical flask
containing 100 mL of sterile YEM broth. The inoculated tubes were incubated at
28°C for 7 days. After incubation, the inoculated broths were centrifuged at 4000
rpm for 20 min (Rotofix 32A, Hettich, Germany), and the cell-free supernatants

were collected and stored for testing.

2.5.2. Protein Content

The method of Lowry et al [29] was used to assess the protein content of cell-free
supernatants. Briefly, 1 mL of the supernatant was mixed with 5 mL of copper
reactive solution (0.5 mL of CuSO4 1% (w/v), 0.5 mL of 2% sodium tartrate (w/v),
and 50 mL of sodium carbonate 2% (w/v) in NaOH 0.1 M). After thoroughly mix-
ing, the mixture was left at room temperature (25°C £ 1°C) for 10 min, and 0.5
mL of Folin-Ciocalteau was added. The mixture was incubated for 30 min at room
temperature, and the absorbance was read at 750 nm against the blank. SAB at
different concentrations was used as a standard to draw the calibration curve (12

= 0.94) that was used to calculate the protein content of the samples.

2.5.3. Antioxidant Activities

The antioxidant capacity of the cell free supernatants from the culture of Rhizo-
bium sp. isolates in YEM broth at 28°C for 7 days was assessed using 3 methods:
the phosphomolybdenum method to evaluate total antioxidant capacity (TAC),
the ferric reducing antioxidant power (FRAP) method to evaluate iron reduction
power, and catalase.

Ferric Reducing Antioxidant Power (FRAP)

The method of Oyaizu [30] was used to assess the ferric-reducing power of Rhi-
zobium sp. isolates. A volume of 1 mL of cell-free, was mixed with 2.5 mL of 0.2
M sodium phosphate buffer (pH 6.6) and 2.5 mL of potassium ferrocyanide (1%)
and incubated in a water bath at 50°C for 20 min. Then, 2.5 mL of 10% trichloro-
acetic acid was added to the mixture, which was centrifuged at 650 rpm for 10
min. The supernatant (2.5 mL) was mixed with 2.5 mL of distilled water and 0.5
mL of 0.1% ferric chloride solution. The intensity of the blue-green color was
measured at 700 nm. Ascorbic acid was used as a positive control.

Determination of total antioxidant capacity

The total antioxidant activity of the extract was assessed by the formation of a
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phosphomolybdenum complex [31]. To this end, 0.2 mL of cell-free supernatant
was added to 2 mL reagent solution (0.6 M H,SO,, 28 mM sodium phosphate, and
4 mM ammonium molybdate). Absorbance was measured at 765 nm after 60 min
of boiling. Ascorbic acid was used as the standard, and total antioxidant capacity
was expressed in milligrams of ascorbic acid equivalent (AAE) per gram of dry
matter extract (mg AAE/gDM).

Catalase activity

The method of Sinha [32] used in this study was based on the fact that catalase
present in the cell-free supernatant reduces hydrogen peroxide (H,O,) to water
(H,O) and oxygen (O,). The remaining H,O, molecules are bound by potassium
dichromate to form a blue-green precipitate of unstable perchloric acid. That pre-
cipitate is then decomposed by heat treatment to form a green complex absorbing
at 620 nm. Catalase activity was proportional to optical density and was deter-
mined by the calibration curve (r* = 0.94). The activity was expressed in mmoles

of H,0, decomposed per mg of protein.

2.5.4. Inhibition of Lipid Peroxidation

To assess the ability of rhizobia to inhibit lipid peroxidation due to ROS generated
by stress conditions, the method described by Wilbur ez al [33] with slight mod-
ifications was used. In the protocol, 100 pL of cell-free supernatant was mixed
with 250 pL of trichloroacetic acid 20% (w/v) and 400 pL of thiobarbituric acid
0.67% (w/v). The mixture was transferred into glass tubes and the tubes were
sealed, heated at 100°C for 15 min, and cooled in a water bath for 30 min. Then,
the tubes were opened to allow gas evaporation, centrifuged (1500 rpm, 5 min),
and the optical densities were read at 532 nm against a solution of NaCl 0.9% used

as a blank. MDA concentration was expressed in mmol/mL of supernatant.

2.6. Statistical Analysis

All experiments were repeated at least three times, and the data obtained are pre-
sented as means + standard deviations. The experimental design followed a com-
pletely randomized design, with three biological replicates per treatment. Data
were submitted to analysis of variance (ANOVA) using Statgraphics Centurion
XV version 16.1.18 (StatPoint Technologies, Inc., Virginia, USA), and compari-
sons between means were performed using Duncan’s multiple-range test. The sig-
nificance level was set at 5%. Pearson correlation was used to assess the relation-
ship between the 73 Rhizobium sp. isolates, abiotic factors, and biochemical tests.
Principal component analysis (PCA) was performed to visualize the association
between the different parameters analyzed with the 73 isolates using XLSTAT
software version 2014.5.03 (Addinsoft, Inc., New York, USA).

3. Results

3.1. Nodule Characteristics

The nodules of the 18 soybean varieties were rounded or oval, as shown in Figure
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1. These shapes varied from one soybean variety to another. They were large lob-
ular shapes with a light-brown color (TGX 2007 11 F and Panorama 2 varieties)
and globular clustered shapes with a brown color along the roots and small-sized
absorbent hairs (Figure 1). These nodules were distributed in small numbers with
lateral roots and small absorbent hairs. For Rhizobium sp. isolation, healthy, un-
interrupted, and pink nodules were chosen, as these characteristics indicate their

maturity and also that symbiosis had taken place.

Panorama 3

TGX 1988-18 F

PANORAMA 237 TGX 199122 F

PANORAMA 2

TGX 2001 12 F

TGX 2007 I1 F

TGX 2010 3F

Pictures were taken with an Olympus SZH10 SCOP PRO microscope, series 152219; magnification: 7X, width: 8.25 um; pixel height:
8.25 pm; XY ratio: 1.00000; zoom 33%; image info: 5000 um (Manet, 2022).

Figure 1. Rhizobium sp. root nodules of the 18 soybean varieties.

3.2. Characteristics of Rhizobium sp. Isolates

Nodulation tests were carried out on 108 RAizobium sp. isolates from 18 soybean
varieties, enabling 73 isolates to be selected for their ability to nodulate effectively.
The remaining 35 isolates, although showing no nodulation ability, were kept in
the lab for further studies. Gram staining revealed that all 73 isolates of Rhizobium
sp. were Gram-negative. In all, the 73 RhAizobium sp. isolates obtained were stud-
ied for further experiments. They were fast-growing isolates, forming visible col-

onies on yeast extract mannitol agar (YEMA) within 72 to 96 h of culture (Table
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1). The isolates ranged in diameter from 2 to 4 um. They displayed a thick struc-
ture, with viscous mucus of a whitish, milky appearance. The colony morphology

varied from round to irregular forms.

3.3. Effect of pH Variation on the growth of the 73 Rhizobium sp.
Isolates

As shown in Table 2, many isolates showed their strongest growth at pH 5, with
optical density values at 620 nm ranging from 0.90 * 0.01 (isolate 6G2) to 1.57 +
0.01 (isolate 3M"), indicating a nearly 75% increase in growth between the lowest
and highest performances at this pH. However, several isolates showed optimal
growth at other pH levels, including pH 3 (16M, 16M3 and 17G1), pH 3.5 (7M,
15G, 15M3 and 16M3), pH 4 (7M, 12G2), pH 4.5 (isolate 1) and pH 6.8 (1G", 1M,
6G2', 6G3, 7M', 14P3, 17G4 and 17M), where OD ranged from 0.78 to 1.52. This
wide distribution of optimal pH conditions and the magnitude of growth differ-
ences, up to twofold between isolates depending on pH levels, suggests substantial
physiological or ecological variation between strains, which may suggest specific

adaptations to local soil conditions or host legume genotypes.

Table 2. Growth of Rhizobium sp. isolates at different pH levels in terms of optical density 620 nm.

Isolates pH=2 pH=2.5 pH=3 pH =3.5 pH=4 pH =4.5 pH=5 pH =6.8
0.11+ by 016 w  052% 0.58 + 0.58 +
1 B 0.06 £ 0.00*¢ ) 0.32 + 0.03% N 1.28 £ 0.02" )
0_00fghuklmnop 0.00abcdefgh 0_031}k1mnop 0.00]klmn 0.0(Qmnopqrst
G 007+ oo 00640000 | O64E 0.61 + 0.19 + 067+ o003
O-Ooabcdefg ‘ - ‘ - O-Ooabcdefghijk 0_00abcdef O_OIabcdefg 0.0Qmnopars : -
o 0.06 + 007 o ooge | 035F 0.51+ 0.26 % 0825 e
O-Ooabcde O-Ooabcde ‘ - 0_00defgh O_OIhijklmnop 0_02abcdefghijk O-Ooabcde : -
- 008% g O17% 0.41+ 0.57 % 0.19+ 082% o
0.00abcdefghij : - O_OIbcdefgh 0_04efghijk 0.04mnopgr 0_03abcdefg 0_02abcde : -
0.07 + o , 035+ a 0442 .
1M 0.06 + 0.00** 0.06 + 0.00? ) 0.31 + 0.01° - 0.17 £ 0.00* 1.00 = 0.00*
0.00abcdef 0.00defgh1 0.0zgklmno
0.15 + 0.59 = 0.71 £ 0.17
1P ~0.06 + 0.00%<d 0.76 + 0.027<d 0.95 + 0.01%><¢ 0.83 + (.03
0.Ooabcdefgh1 0_00abcdef 0.0oabcde 0.04abcde
) 0.10 % 0.40 £ 0.1¢ 051% o ae 065% 0.46 + 0.83 % 0.74 %
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Values with different superscript letters on the same column are significantly different at p < 0.05.
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3.4. Effect of Salinity Variation on the Growth of the 73 Rhizobium
sp. Isolates

Generally, the optimal growth, measured by optical density at 620 nm, ranged
from 0.44 + 0.01 for isolate 17G4 to 1.05 + 0.00 for isolate 5M at 1% NaCl, indi-
cating more than two-fold difference in growth capacity under mild saline stress
(Table 3). However, some isolates exhibited their highest growth at significantly
higher salinity levels. For instance, isolate 6G reached 1.1 + 0.01 at 2% NaCl, 10G2
exhibited a notable halotolerance with optimal growth values of 1.20 + 0.04 at 6%,
1.39 + 0.01 at 8%, and 1.19 + 0.01 at 10% NaCl, maintaining over 90% of its max-
imum growth even at high salinity. In contrast, highly sensitive isolates such as 8P
recorded only 0.08 + 0.00 at 12% NaCl, underscoring a more than 14-fold differ-

ence in salt stress response compared to the most tolerant isolates.

Table 3. Growth of Rhizobium sp. isolates at different salinity levels in terms of optical density at 620 nm.

Isolates NaCl 1% NacCl 2% NaCl 4% NaCl 6% NacCl 8% NaCl 10% NaCl 12%
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6G3 0.67 0.59 + 0.01'mnop 048 £ 041 £ 031+ 0.85 + 0.00? 0.66 + 0.05%
0.03mnopars ‘ - 0.0labcdefghi 0.00hijklmno O'Ozjklmnop : - ° -
. 0.21 +
6G4 0.77 £ 0.03%¢  0.57 £ 0.058™m™ .42 + 0.01°%5 (.31 + 0.00>¢ . 0.27 + 0.00™°P9"  0.34 + 0.01°P4
0.07bcdefghl]klm
0.72 +
7™ oopeas 061 EO.00%E 0.61£0.00%  0.87£0.00°  0.75%0.00°  0.96%0.00° 058 +0.04"
0.46 £ 0.13 + 0.22 + 0.18 =
' abced abed bede
7™M 0.77 £ 002« 0,65 % 0.01%¢  0.39 +0.01 0.0noras Oolbe  Qoghimer Qi
5G 0.65 + 042+ 0005 0504 00pbcer  040% 023+ 0.17 + 0.11+
0_00klmnop ‘ - : - 0_02fghijklmn O_OZCdefghijklmn 0_00abcdefghijk1m O-Ooabcdefg
. 0.48 + 0.14 + 0.17 +
' eff ij abcde abcdef
8M 0.57 £ 0.00%%" 0.54%0.008% L 0582001 L g 0-10 £ 0,00
sM" 0.59 £ 0.02¢"  0.44 +0.04<¢  0.61 + 0.00%< 0.68 £0.04*  0.49 +0.02®*¢ 0.79 £ 0.01 abc 0.59 + 0.02 abc
8P 0.87 + 0.00® 0.92 + 0.00? 044 £ 0.32 + 0.03bcde 0.21 0.17 0.08 + 0.00%
: - : - 0.0Qhikimno . - 0.0 1 bedefghijkl (.01 2bedefghijkl : -
9G' 0.73 £ 0.00%<df .68 + 0.00%¢ 049 053 0.12 + 0.00%<4¢  0.08 + 0.00*  0.10 + 0.012bde
: - : - 0.0oabcdefg 0.07abcdefgh . - : - : -
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9P 0.51 £0.03° 0.58 £ 0.00"™F (.59 + 0.03%*c .58 + 0.01%><df 0,55 + 0.01%® 0.79 £ 0.08®  0.33 + 0.03"°P4
0.73 = . 0.44 + 0.45 = 0.16 £
hijkl abcdef abcde
10G oogides 0SS EO0IH oo 0-12£0.00 0.0t 010 % 0.00
0.70 + 0.43 + 0.32 +
10G1 0.71 £0.01%¢  0.55 + (.03 . 0.65 + 0.04%  0.42 + 0.05%
0.03abcdefg 0.0z)klmnopq 0.0 lklmnop
10G2 0.63 £ 0.019™ 0,22 + 0.02¢ 0.67 £ 0.01%® 1.20 = 0.04* 1.30 = 0.04* 1.19 £ 0.01* 1.17 £ 0.07*
11G1 0.42 + 0.00° 0.42 + 0.00¢ 048 £ 052+ 0.13 = 0.19 = 0.09 + 0.00%b<de
i - 3 - 0.(12bcdefg 0.052bcdefg 0.022bcdefg 0.0(Q4defghijklmn : -
. " 0.46 + 0.57 + ., . .
11G2 0.54 £ 0.01°°¢  0.51 £ 0.01°¢® 0.09 £ 0.01*¢  0.09 £ 0.00* 0.08 £ 0.01*¢
0.0 1 kImnopgr Qooabcdefg
0.65 + o . 0.26 £ 0.17 %
11G3 0.57 £ 0.04¥™ 0,40 + 0.00°%f  0.60 + 0.05%° . . 0.47 + 0.04*
0.00klmnop 0.0lfghl]klmn 0.03abcdefgh1]klm
1G4 066+ | 0000 053 4 0,00 0.45 + 0.18 + 0.16 + 021+
0.00Q!mnopar : - : - 0.03noparstu 0.022bedefghijk 0.0Q2bedefghijk 0.0Qbedefghijkimn
0.68 +
11G5 oogieie 068 F000M  070£000°  0.69%0.00°  077+003  096+003*  0.83+0.03
. 0.47 0.24 + 0.14 +
12G 0.75 £ 0.00%<de .57 + 0.00M™" .52 + 0.002><d } 0.12 % 0.012bcdef ) ;
0.020parstuv 0_00defgh1]k1mn 0.01abcdefgh1]k
0.63 + 0.18 +
12G2 . 0.59 £ 0.01%><def 0,36 £ 0.01%*  0.30 £ 0.01°  0.50 + 0.05%¢ B 0.09 + 0.0132bcde
0.001]klmno 0.00Cdefghl)klmn
0.44 + 0.46 + 0.26 +
12G3 0.45 + 0.00° 0.32 +0.00° N . 0.47 £ 0.02* 0.61 +0.06
0.0zfghuklm 0.00Qnoparstu 0.02ghljklmn
13M 054+ 0,01 0.53 4 0,009 0.49 + 052+ 0.19 + 025 0.14 £
: - . - 0.0labcdefg 0.04abcdefg O.OSabcdefghijk 0.0 1/kimnopqr 0.0oabcdefghij
N 0.28 + 0.17 £
13M2 0.61 + 0.04"% 0,60 + 0.00°>f 0,65 + 0.01®>*  0.61 + 0.05% i 0.09 + 0.01% .
0.0lhl]klmn() 0.0labcdefghukl
0.72 +
13M5 oopicis  079#000° 068001 0.60%0.07%  139+001*  046+02°  0.48+0.00
0.67 £
14P2 0.00ma0pars 0.63 + 0.00%<% .63 + 0.02%>  0.63 + 0.05% 0.75 + 0.03* 0.57 +£0.03*  0.70 + 0.03%*
e g bed 0.46 + ., 021+
14P3 0.61 £ 0.02"¢ 0.55 + 0.01™™ 0.64 + 0.00** 0.37 £ 0.05"P%  0.70 = 0.01*** B
0.0 1noparstu 0.01 cdefghijklmn
. e \ 0.50 + 031+ 0.15+
14P4 0.59 + 0.038"  0.65 + 0.02*>“  0.56 £ 0.00**¢ ] 0.43 + 0.04%
0. 04abcdefgh 0.04;klmnop 0. Ooabcdefgh
0.68 + 0.54 +
15G 0.63 + 0.02%><d (.64 + 0.022>«d ] . 0.41 £ 0.04°% (.73 + 0.03%>¢ (.28 + 0.03!mnep
0.00noparst O.OSabcdefghl
15M1 0.60 + 0.018  0.53 & 0,00 0.45 £ 0.49 + 0.16 £ 022 0.11+
° - : - 0.0Ihijklmnop 0.0 3arstuvwx 0.0labcdefgh 0.0oghijklmnop 0.00abcdefg
. o b 054% w020 0.17 &
15M2 0.59 +0.00%  0.58 + 0.00™ 0.52 % 0.00 oogetei 011 £0.00 oopukme g Qgbedeghik
15M3 071+ 0.63 + 0.01%><d¢ 0,56 + 0.05%< 048 £ 0.11 + 0.00%>«¢ 019 = 012 %
0.0oabcdefg : - : - 0.05Parstuvw . - 0.0ldefghijk]mn 0.0ladeefgh
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0.47 0.25*
15M4 0.86 + 0.06* 0.75 + 0.02% 0.32 £ 0.03%4  0.11 +0.01%>¢ 0.29 + 0.00°P% N
0.0Qmnopgrstu 0_041}k1mno
0.64 + 0.45 + 0.14 + 0.18 +
abcde abed abed
16G gopkmey  0-64% 0025 0515002 0.0 oot 0-10%0.01 0,00
L6M 0524003 Os5l+oopw  048E 0.44 + 0.24 + 024 + 0.24 +
° - . - 0.0 Q2bedefghi 0.0QKImnopgrs 0.0 defghijklmn 0.011kimnopq (.01 hijkimno
0.65 + 0.41 + 0.15 + 0.22 +
abc abc abcd
16M1 oQgimmora 071 E0.00% 0,63 £ 0.01 0.00H ke 0,004 00k 0-09 % 0.00
0.43 + 0.14 + 0.26
16M2 0.57 + 0.01%f"  0.63 + 0.01%<% (.50 + 0.002>% . 0.10 + 0.0020cdef
0.0 ljklmnopql’ 0.0 1abcdefg 0.0olmnopqr
0.73 = . 0.20 =
16M3 0.61 % 0.04%><df .37 + 0.00%°4 (.36 + 0.02¢defehi .12 + (.0230cdef y 0.42 £ 0.55%
0_00abcdefg 0.00efghl)klmno
17G 0.87 £ 0.00°  0.67 + 0.023<d 046 = 0.63 + 0.00% 0-20 £ 022 % 022 %
: - ) - 0.00jklmnopqr : - 0.0obcdefghijk 0.0oghijklmnop 0.00fghijklmno
17G1 0.68 + 0.59 = 0.59 + 0.01% 0.51 + 0.18 + 0.27 = 0.22 +
0.0oabcdefgh 0.03lmnopq : - 0.03abcdefg 0.0oabcdefghijk 0.01mnopar 0.00efghijklmno
0.40 + 0.31 + 0.26 = 0.16 +
hijkl abc efghijkl
17G2 0.61+0.04 072002 0.42%0.00%% oL 0.0akiace? 00pmoE 0 elegh
0.47 + . 0.18 +
17G4 0.44 +0.01° 0.42 +0.07¢ 0.34 £ 0.06°<4f 0.11 + 0.01%*¢  0.45 + 0.01% .
0.03mnopgrstu 0.00BdeEfghljkl
17M 0.57 £ 0.01%8"  0.64 + 0.01%*  0.72 + 0.00® 055+ 023 = 0.26 £ 0.12 %
. - : - : - 0.0(2bcdefgh 0.0(Qcdefghijklm 0.01Kklmnopqr 0.0(?2bcdefgh
17M2 0.6+0.018%  0.50 + 0.00%8  0.50 £ 0.022>¢ 0.37 + 0.014f¢"5 (.34 + 0.04!mop 019 £ 018 =
e . - : - . - : - 0.0(defghijkimn 0.0 1 2bedefghijkl
i 048% 0.56 +
18G 0.51 £0.01°  0.54 £ 0.008" ) 0.37 £ 0.027P%  0.83 £ 0.03° 0.41 £ 0.03%
0'03abcdefghl 0.04abcdefg
L8M1 059 £ 0,01 053+ 000w 047 E 052+ 024+ 0.15 + 0.13 +
. - . - (.1 2bedefghi ().Q72bedefgh 0.0 3defghijkimn (.0 32bcdefghi 0.0(2bedefghij
. ; e v 027 % 023+ .
18M2 0.52 £ 0.00¢ 0.45 £ 0.00°“  0.50 £ 0.00*>“ 0.58 £ 0.01%><“¢ N N 0.25 £ 0.05%mne
0.04gh1]klmn O'Olhl)klmnop
Control
) 0.59 + 0.46 + 019+ et
without 0.7 +0.00° : : 0.07%0.00°  0.06 % 0.00° 010 2 0002
colate 0.00'mnepa 0.02!mnopars 0.24¢efghijdmn
1sola

Values with different superscript letters on the same column are significantly different at p < 0.05.

3.5. Effect of Temperature Variation on the Growth of the 73
Rhizobium sp. Isolates

As shown in Table 4, most isolates showed better growth at 30°C, with OD values

ranging from 0.50 £ 0.06 for isolate 5P to 0.84 + 0.17 for isolate 2M, representing

a 68% increase between the lowest and highest performance at this temperature.

However, several isolates showed significantly (p < 0.05) high growth at other
temperatures. Isolates 2M (1.06 + 0.00) and 4M1 (1.12 * 0.02) reached optimal
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Table 4. Growth of Rhizobium sp. isolates at different temperatures in terms of optical density 620 nm

Isolates 15°C 20°C 25°C 30°C 35°C 40°C 45°C
0.75 %
1 0.33+£0.00> 0.53 +£0.01%¢ (.57 + 0.01°df 0,01 dbedefehi 0.76 + 0.00%<d¢ (.81 + 0.00%°4 (.28 + 0.00°4f
0.62 £ 0.77 £
1G 0.80 + 0.01%< 0,85 + 0.02% _ . 0.82£0.00% 0.78 £ 0.00%  0.72 + 0.00%
O.OOJklm"OP 0_03abcdefgh1
0.69 + ) 0.74 +
1G' 0.55 £ 0024 0.60 + 0.01&" 0282003 0.61£0.03" 0.28 £ 0.00%
0.0Qnoparstu 0.00abcdefgh1
" oo e 0.63 % 0.66 + 0.77 % 0.64 %
1G 0.76 + 0.04% 0,36 + 0.01°<fs ) 0.20 £ 0.00 *
0.0 llmnopqr 0.001)klmnopqr 0'03abcdefg 0'023bcdefg
0.69 % 0.78 % )
1M 0.85 £ 0.04  0.68 + 0.00% 0.70 £ 0.04%  0.44 +0.04#%  0.21 £ 0.00°
0_00abcdefg 0.01 abcdefg
0.68 + ) 0.62 % 0.67 % 0.64 +
1P 0.40 % 0.00¢fehii : ) 0.76 £ 0.02¢  0.26 % 0.00%
O_oolmnopqr 0.0sjklmHOP 0'0011klmnopqrs 0.01 abcdefgh
5 0.75 + 038+ o 072% 050+ oo o 072 4 0.00%
(.01 2bcdefgh 0.0(Q<defghij : - 0.0(Qnoparstuvwx 0.07hijkimno : - : -
0.68 £ . 0.66 + 0.64 +
2G 0.60 + 0.02%°¢  0.60 + 0.00%"K N 0.69 * 0.02%><de 0,74 + 0.0230cdel
0_001mnopqr O_OOUklmnopqr O.OZadeEfg
0.77 £ .
2M 0.15 +0.00* 1.06 + 0.00°  0.56 + 0.00b<d<f 0.00®sdefzh 1.20 £ 0.02*  0.36 + 0.00°%fh (0,67 + 0.01%¢
2M' 0.60 £ 0.15"  0.45£0.01"™ 0.60 £0.058 0.84£0.17%  0.38 +0.25% 0.74 £0.03"%¢  0.47 £ 0.09™
. 0.70 + 0.67 +
2P'C L 0.35%0.02% (.76 + 0.00° _ 0.71 £ 0.01%%  0.87 £0.01*  0.56  0.029""
O_ooabcdefghuk 0'06Jklmn0pqr5
0.67 % 0.66 +
3G 0.82 + 0.01%f 0,49 + 0.02" ; ) 0.74 % 0.00%<41 0.75 + 0.02°°<"  0.26 + 0.01°¢
0.0oabcdefghu 0.091)klmnopqr
3M' 0.61 + 0.00"%  0.33 £0.03¢ 0.58 £ 0.01°%®"  (0.41 +£0.18°  0.41 +£0.05%" 0.81 £ 0.03%<¢ (.26 + 0.00>¢
0.61 % 0.61 % 0.66 + .
3M 0.33£0.02°  0.45 +0.025™" . ) 1.20 £0.03*  0.66 + 0.024
0'04gh1)klmn 0.02defgh1]k 0'03abcdefg
0.70 + 0.63 + 0.65 + - et .
4M1 1.12 £ 0.02* i 0.42 £ 0.07'8"™ 0.36 £ 0.07<¢¢'s"  0.34 + 0.00™
0.0Qnoparstuvw 0.0zklmnopqr 0.00hlelmnopq
0.61 + 0.77 + 0.65 +
4M3 0.45+0.02°  0.70 + 0.00°° ) 077 £0.01% (.85 + 0.04%
0.00hljklmn 0.03abcdefgh1 0.0zabcdefg
0.68 + )
5G 043+003  0.62£000° L 083+0.01"% 0.68+001" 0.78 +0.02"  0.36 +0.00"
0.75 £ ) 0.68 £ 0.52+
5M 0.41 + 0.01°E¥4 (.58 + 0.01%" _ A 0.87 £0.00™  0.31 + 0.00°%
0.01 abcdefg O_OOJklmnopqrstu 0.031]klmnop
. 0.73 + 0.66 + 0.71 + ) .
5M . 0.70 + 0.01*° 0.42 +0.04%  0.83 £ 0.01°*4 (.38 + 0.00*
0'00abcdefgh1] 0.030parstuv 0.0Qmnoparstuvwx
, 0.74 + 0.66 + 0.64 +
5M2 0.65 + 0.00%¢ . N 1.17 £ 0.05*  0.85 £ 0.01%<¢  0.68 + 0.01%®
0.0zabcdefgh 0.0oabcdefghu O'Ozghl)klmnop
fgh bed 0.67 + b bedef
5P 0.55+000% 033£001% Ll 0.50£006%  022£001° 078+ 0.1 0.75%0.02
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, 0.74 + b bed 0.69 + 0.52 | )
5P . 030£0.00° 0.5+ 0.01% . 0.72 £ 0.04™"°  0.73 +0.01°
0_04abcdefgh1 O_Ooklmnopqrstuv O.OZh‘JklmnOP
0.74 + 0.69 + 0.66 +
6G . 0.33£0.01% ) 0.61 + 0.01%<f 0,30 £ 0,02 0,28 + 0.00°f
0.Ooabcdefgh1 0.00abcdefgh 0.0ouklmnopqrs
, bed b 0.68 + 0.73 £ bedef b bodef
6G 0.76 £ 0.05%<%  0.63 % 0.00%* _ . 0.65£0.00%%" 0.26 £ 0.01%  0.63 + 0.00
0.023bcdefgh1 0.053bcdefgh1
0.64 + 0.72 +
6G2 0.84 £ 0.01%¢% (.35 % 0.00 L 0.72£0.02%¢%0 0.26 £0.00%  0.25 £ 0.01%
0.0 llmnopqrs O_ooabcdefghuk
, ) 0.69 % :
6G2 0.62 +0.015  0.69 +0.00 2 0.71 * 0.00%>cdef 0.03Kmnoparstu 0.64 + 0.012><df 0,22 + 0.00%° 0.34 + 0.00™
0.70 +
6G3 0.84 + 0.00%°<¢  0.35 + 0.00°dfs 0.00%<dele 0.90 + 0.00*°  0.29 + 0.02%<d¢  0.27 + 0.04%>¢  0.30 + 0.00%f
6G4 0.52 % 0.02¢ 036 £ 067 % O073% — gagroopimm 0P 0.67 % 0.01%<
: - 0.00bcdefghi 0.02abcdefghi 0.00abcdefghi : - 0.0labcdefg : -
0.68 + 0.65 % )
7™ 0.53 £ 0.038  0.56 % 0.00% 1 0.26 £0.00%¢  0.41 +0.03%"  0.57 £ 0.02°"
0.01 abcdefgh 0.00hljklmnopq
7™' 0.67% 036 0.73 £ 0.00%¢ 0.64 % 0.76 £ 0.00%<¢ 035 % 0.46 + 0.01"™
0.0olmnopq 0.0obcdefgh : - 0.0Ighijklmno : - 0.0obcdefgh : -
0.69 + .
8G 0,01 7Pt 0.35 + 0.00%4f8  0.54 + 0.04%>¢  0.59 + 0.12%%" .25 +0.05®¢  0.25+0.01>  0.29 + 0.01%f
, ) ) ) 0.65 + .
8M 0.62+0.00" 0.41+0.03™ 059 £0.01% L 0254003 0.27 000 0.34 +0.00
. . 0.36 + 0.63 + . )
SM 0.57 + 0.00%" ) 0.59 + 0.01%f 0,34 + 0.06°¢  0.41 + 0.04%" 0.58 + 0.00°™
0.0zbcdefghl 0.0zk]mnopqr
0.39 + 0.72 =
8P 0.77 + 0.0224 . 0.72 + 0.00%°cde N 0.62 + 0.02%<def 1,08 + 0.01* 0.48 + 0.00™"
0.02defgh1]k Qooabcdefghuk
9G’ 0.54 + 0.02¢ 039 £ 0.70 £ 066 = 0.75 + 0.01%<d¢ 0,66 + 0.02'™%°  0.44 + 0.01!
: - 0.02defghijk Qooabcdefg 0.0 1ikimnopgr : - : - : -
0.61 £ 0.68 £ .
9P 0.76 + 0.02%>d¢ (0,34 + (.00><¢ . . 0.38 £ 0.01%%  0.49+ 0.1  0.67 £ 0.01%¢
0.00gh1]klm 0.0o)klmnopqrst
10G 0.66 + 0.00™mm° 0,60 + 0.04%°4 0,74 £ 0.00®  0.84 + 0.02*>¢  0.41 + 0.00%" 0.82 + 0.01®4  0.40 + 0.00%
0.69 + n 0.70 +
10G1 0.40 + 0.08¢8"K 0,58 + 0.00cdefeh 1.23 +0.04*  0.30 + 0.00%*%f 0,68 + 0.01%°
0.0onopqrstuv 0.00klmnopqrstuv
0.61 + 0.57 +
10G2 0.79 + 0.01%°<% 0,67 + 0.00* - 0.48 + 0.00® 0.31 + 0.00%<df 0,56 + 0.01P%t
0.Oogh1)klmn 0.0slmnopqr
. | 061 0.61 % 0.76 + "
11G1 0.32 +0.01 0.26 £ 0.00*  0.70 % 0.02%°< . 0.30 + 0.00¢¢
0.0odefghl]kl 0.09abcdefg 0.0oabcdefg
0.64 + 0.66 + 0.34 + )
11G2 0.86£0.00*  0.32 + 0.04%¢ ; 0.36 + 0.03¢df 0.34 + 0.018"
0.0olmnopqrs Qoouklmnopqr 0.0obcdefgh
jkl beds 0.64 + b bedef 1
11G3 0.66 £ 0.03"™° (.59 = 0.00*°¢  0.52 = 0.01* 0.26 £0.01*¢ 0.31 £0.03*>«¢*  0.48 £0.01™

0 Oofghijklmno
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0.63 % 0.73 %
11G4 0.85+0.02  0.60 % 0.01%< . 0.68+0.01% 0.28 £ 0.00 0.63 + 0.00%e
0.0olmnopqrs 0.01 abcdefghij
0.75 + .
11G5 0.Qpeieign 063 £0.002% 059 + 011 0.80 + 0,02 0.72 £ 0,02 0.65% 0.01"™ 062 + 000"
0.69 + 0.66 +
12G 0.44 + 0.02¢ 0.91 + 0.00* 0.82 + 0.012bcdef 0.95 +0.00°  0.30 + 0.02%f
0.0oabcdefgh 0.03abcdefg
0.66 +
12G2 033+000°  0.69+000™ oy 087+003" 0.63%0.00%% 0.87+0.02 0.56 +0.00
d 0.63 + bedef b 1 beds
12G3 0.49 £ 0.04 «“¢  0.53 £ 0.01°P4 0,07 Kmnopa 0.56 £ 0.07°>¢'8  0.23 £0.01* 0.72 £ 0.01™P (.28 + 0.00"
0.66 * 0.70 % ) 035+ .
13M 0.75 + 0.022f .58 & 0,010 ) 0.42 £ 0.16% 0.38 + 0.00%
0_00abcdefgh1] 0.001mnopqrstuvw 0.06bcdefgh
0.72 + 0.76 + . P
13M2 . 0.58£0.04%% .54 +0.03% O 0.74£0.04%% 049 +£0.34%  0.30 £ 0.02°%
0.01 abcdefghij O_OSabcdefghl
et o 0.66 + 0.73 + . . .
13M5 0.79 £ 0.00%>¢* 0.34 + 0.01°¢¢ : 0.84 + 0.00* 0.23 + 0.00* 0.24+0.01°
0.020parstuvw 0_00abcdefgh1
jkl bedef bedef 0.77 + fghi bedef bed
14P2 0.65 £ 0.03™ (.35 + 0.00°¢'¢ 0.71 £ 0.01%><¢ 0.00%bedeleh 0.41 £ 0.00%" 0.31 + 0.00***" 0.66 % 0.00*>“¢
037 £ 0.70 + 0.61 + ,
14P3 0.46 % 0.00< ) L 0.69£0.10%¢%  0.62£0.06™ 0.63 £ 000
0_03cdefgh1] 0.01 abcdefgh 0_00defgh1}k
0.67 £ 0.66 £ 0.76 +
14P4 0.82£0.02°  0.73 £ 0.03%¢ ) 0.73 % 0.05%<¢f 0.62 + 0.012bcdef
0.0sklmnop 0.01 ijklmnopqr 0.04abcdefg
" 0.61 + 0.63 + 0.50 + et
15G 0.52 £0.02%  0.50 £ 0.06" ; i ’ 0.78 £ 0.01<%" (.59 + 0.021"™
O_oohljklmn 0.05efgh1)klm 0.13h11klmn
0.66 + 0.68 £ , _
15M1 0.51 £0.08%  0.33 +0.00"¢ ) . 0.83 £ 0.07%  0.36 £ 0.00° (.56 % 0.029"
0.01 abcdefghijk 0.0o)klmncpqrst
062+ )
I5M2  075%0.05%4 0.37 £ 0.018 L 055+0.13% 0.88%0.01° 0460154 0.60 +0.00%
. 0.66 + 0.62 + . 1
15M3 0.78 £ 0.00%¢% 0.35 £ 0.010<fs o 0.68 £0.02%¢f 0,71 £0.01™  0.68 + 0.00%
0.0(Q0°parstuvw 0.0odefghgklm
jkl beds b 0.78 + bed b
15M4 0.66 £ 0.00™ 0.55 £ 0.07*%  0.53 % 0.01° oozt 083 FO00IT0.23£0.00° 0.5 % 0,007
i 0.63 + 0.63 £ .
16G 0.60 £ 0.00"  0.31 + 0.00%¢ . 0.73 £ 0.01%><df 0,26 + 0.01%>  0.56 + 0.02P%
0.0lk].mnopqr 0.0zfghl]klmn
0.64 + 0.55 +
16M 0.51 + 0.06%f  0.35 + 0.00°dfs 0.57 + 0.01cdefeh 0.21 +£0.01*  0.61 = 0.00%bcdef
0.0zlmnopqrst 0.02klmnopq
0.72 + b 0.66 + . b .
16M1 - 0.41 + 0.05%™ 0.52 + 0.02* , 0.76 + 0.00%<¢  0.39 + 0.02%%"i 0,63 + 0.0120cde
0.0zabcdefghl)k 0.031)klmnopqr
16M2 0.76 + 0.01%><4 0,35 + 0.00°f  0.72 + 0.01%°4¢ 0.60 + 0.11%f%"i (.77 +0.03%>¢  0.48 + 0.02% 0.35 + 0.019
0.64 + 0.71 £
16M3 0.75 + 0.01%><% 0,35 + 0.00°<dfs 0.61 + 0.09%><def (0,31 + 0.012><def (.53 + 0.02°P

0 Oomnopqrstu

O Oomnopqrstuvwx
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) 0.65 + 0.71 £ )
17G 076 £ 001 0440004 L 0-88%0.09° 0.6 0,03 0.58 0,00
0.68 + ) 0.61 + 0.61 +
17G1 oogmerars | OA3EOOUMR i OS7EO000%E T 0.30% 0,004 0.56+0.01%
N 0.61 + 0.74 + ) )
17G2 031£001° 0.42%0.01™ oo 0250017 0.81:£0.00%% 0,57 £ 0,01
0.73 £ ) 0.71 £ 0.55 +
17G4 N 0.48 + 0.07™° (.58 + 0.00¢fehi 0.29 + 0.00%b<def (.56 + 0.03parst
0.03abcdefgh1] 0.04nopqrstuvwx 0.1 7lmn0pq
0.67 0.70 £ N N
17M 086 £0.01°  0.63+0.01% "Ll ogmepmm 044 £ 0.0455 047 £0.030 051 £0.00™
) 0.64 + 0.53 +
17M2 059 £0.00% 0742000 L 054005 T 028£001% 0.52%0.00%
0.64 + "
18G 029£0.03 0590034 1L 0.89£000° 048+ 0.148% 0.86+0.02% 0,32+ 0.01%
) 0.61 +
18M1 0.65 + 0.03Kmn (.35 + (.0Qb<defs 0.0]8hKim 0.54 +0.03%de  (0.82 + 0.04%*¢ (.67 £ 0.02!™ (.59 + (.0Q>cdef
; 0.61 + 0.66 + N
18M2 0.76 £ 0.04" 0.41%0.008% "0 0ogikmnr 021+0.00° 0,40 £ 0,08 0.53 +0.00°4
Control 0.63 + 0.64 + 4 )
. . 0.16 = 0.00? 0.71 £ 0.02*® . Cnikd 0.74 £ 0.03%<de  0.66 + 0.01'™* (.25 + 0.00°
without isolate 0.01!mnopar 0.00fghijkimno

Values with different superscript letters on the same column are significantly different at p < 0.05.

growth at 20°C, values which are 112% and 124% higher, respectively, than the
lowest OD observed at this temperature (0.30 = 0.00 for 5P). Similarly, isolates
10G1 and 3M reached maximum growth at 35°C (1.23 £ 0.04) and 40°C (1.20
0.03), demonstrating the high thermotolerance of these strains. At 15°C, growth
varied significantly (p < 0.05), with the 1M isolate showing the highest OD (0.85
+ 0.04), more than five times that of the 2M isolate (0.15 + 0.00). Even at the
stressful temperature of 45°C, the 5P isolate maintained relatively high growth
(0.75 £ 0.02), which was more than three times higher than the lowest value rec-
orded at this temperature (0.21 + 0.00 for 1M). These substantial differences in
growth responses illustrate the high thermal adaptability between isolates and
suggest significant physiological variation probably shaped by environmental

pressures.

3.6. Distribution of the Rhizobium sp. Isolates According to
Abiotic Factors (pH, Salinity, and Temperature)

A synthesis was carried out to identify isolates that simultaneously tolerate ex-
treme pH, salinity, and temperature conditions, and the results are depicted. The
isolates were classified into two groups according to these criteria. The first group
includes growth at pH 2, NaCl 12%, and a temperature of 45°C. The isolates be-
longing to this group were from TGX 2007 11 F, TGX 2001 12 F, SC Sentinel, Pan
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1, Songda, Maksoy 2 N Pan 237, Pan 2, TGX 1988 18 F, S1180/15/54, TGX 1835-
10 E, and Maksoy 1N. This means these varieties can be cultivated in highly acidic
soils with high salinity and under high environmental temperatures. The second
group includes growth at pH 2.5, NaCl 10%, and a temperature of 40°C. It con-
tains isolates from TGX 2007 11 F, TGX 2001 12 F, TGX 2010 3F, TGX 1991 22F,
SC Sentinel, Pan 1, Pan 3, Songda, SC Signal, Maksoy 2 N, Pan 237, TGX 1989 60
F, TGX 1988 18 F, S1180/15/54, TGX 1835-10 E, and Maksoy 1N. These varieties
can also be cultivated in hard environmental conditions. However, the isolates
able to grow at high salinities (NaCl 12%) and low temperatures (between 15 and
20°C) were from soybean varieties TGX 2007 11 F, Pan 1, Songda, SC Signal,
Maksoy 2 N, Pan 237, Pan 2, TGX 1988 18 F, and TGX 1835-10 E.

3.7. Physicochemical Activities of the 73 Rhizobium sp. Isolates

Some physicochemical activities of the isolates, including antioxidant activity and
inhibition of lipid peroxidation, were assessed in this study. Before that, the pro-
tein content of the isolates was determined. The presence of intracellular proteins
in Rhizobium sp. induces the expression of nodulin genes that trigger the differ-
entiation of cortical cells responsible for nodule formation, which are connected
to the plant’s conducting vessels, thus ensuring the system’s energy supply. The
protein content of the rhizobia cell-free supernatants is presented in Table 5. The
isolates cell free supernatants showing the highest total protein concentrations
were 10G2 (135.33 £ 5.65 ug/mL), 3M™ (122.22 + 13.19 ug/mL), 5G (102.33 +
19.01 pg/mL), 13M2 (110.88 + 10.68 ug/mL), 15M1 (112.44 + 18.54 ug/mL),
15M3 (109.88 + 11.78 pg/mL), and 16G (106.33 * 20.89 ug/mL). Lower protein
concentrations were observed in isolates 1G (73.00 + 2.67 ug/mL), 2M' (80.77 +
0.47 ug/mL), 4M3 (82.44 + 4.39 ug/mL), 5M2 (77.44 + 6.12 ug/mL), 6G4 (82.55
+ 3.29 ug/mL), 12G3 (89.33 + 0.62 ug/mL), and 13M (82.11 + 6.44 ug/mL).

As different mechanisms may be involved in the antioxidant activity of the iso-
lates, 3 methods were used: FRAP, TAC, and catalase. In the case of FRAP, the
reducing power of ferrous ions varied according to the isolate. Regarding FRAP,
isolate 7M from Pan 3 showed the highest ferrous ions reducing power (298.46 +
0.00 pg AAE/mL). It was followed by isolates 15M2 (260.0 + 0.00 pg AAE/mL)
from S1180/15/54, 8P (225.76 + 5.98 ug AAE/mL) from Songda, 6G (219.23 +
17.94 0 pg AAE/mL) from Pan 1, and 4M3 (205.57 + 17.13 0 ug AAE/mL) from
TGX 1991 22F. Weak ferrous ions reducing power were observed with some iso-
lates, including 11G3 (75.0 + 2.17 uyg AAE/mL) from Pan 237, followed by 6G3
(70.19 + 2.44 pg AAE/mL) from Pan 1, 16M2 (69.23 + 6.52 ug AAE/mL) from
TGX 2001-10 DM, 8M" (64, 61 + 5.43 ug AAE/mL ) from Songda, 1P (50.76 +
1.63 ug AAE/mL) from TGX 2007 11 F, isolate 2G (46.92 + 13.05 ug AAE/mL)
from TGX 2001 12 F, 5M2 (43.65 £ 2.99 pg AAE/mL) from SC Sentinel, 15M4
(33.84 + 4.35 ug AAE/mL) from S1180/15/54, and 14P2 from TGX 1988 18 F
(14.61 £ 8.70 ug AAE/mL).

Concerning the total antioxidant capacity, the highest activities were obtained
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with isolates 4M1 (1335.93 + 10.84 pg AAE/mL), 6G2' (1307.6 + 9.42 ug AAE/mL),
10G2 (1194.6 £ 2.35 pg AAE/mL), 10G (1051.0 + 9.33 uyg AAE/mL), 7M (1033.93
+ 33.46 pg AAE/mL), and 5M (1033.93 + 33.46 pg AAE/mL). These highly active
isolates were from soybean varieties TGX 1991 22F (4M1), SC Sentinel (5M), Pan
1 (6G2"), Pan 3 (7M), and Maksoy 2N (10G2). Another antioxidant mechanism
assessed in this study is through the production of catalase, an enzyme that inhib-
its the oxidation process by degrading the ROS called hydrogen peroxide. The re-
sults obtained showed that the catalase activity varies from one isolate to another.
The highest catalase activity (0.07 = 0.00) was recorded with isolates 1, 2G, 5P',
and 13M, while the lowest ones (0.02 + 0.00) were observed with isolate 10G2.

MDA is a stress marker in plants, and high MDA levels cause oxidative damage
in plants, inhibiting their growth. In this study, the ability of isolates to inhibit
MDA production was assessed. Generally, MDA values varied significantly (p <
0.05) from one isolate to another, depending on the soybean variety (Table 5).
The isolates endowed with high inhibition of lipid peroxidation (low MDA values)
were 4M1 (1.66 + 0.11 pmoL/L) from TGX 1991 22F; 5P' (1.13 + 0.13 pymoL/mL)
from SC Sentinel; 8G (1.34 £ 0.12 pmoL/L) from Songda; 9P (1.70 + 0.12 pumoL/L)
from SC Signal; 10G1 (1.46 % 0.01 umoL/L) from Maksoy 2N; 11G3 (1.14 £ 0.05
pumoL/L) from Pan 237; 12G3 (1.42 * 0.01 umoL/L) from TGX 1989 60 F; 13M
(51.48 £ 0.02 pmoL/L), and 14P4 (1.40 £ 0.04 pmoL/L) from TGX 1988 18 F. The
low inhibition of lipid peroxidation (high MDA values) was recorded with isolates
16G (3.25 + 2.07 umoL/L) from TGX 2001-10 DM; 15M1 (2.74 £ 1.08 pmoL/L),
15M2 (2.85 + 1.07 umoL/L), and 15M3 (2.71 + 0.69 umoL/L) from S1180/15/54.

Generally, the isolates with the highest values of MDA, TAC, FRAP, protein,
and catalase were from soybean varieties TGX 2007 11 F, TGX 2001 12 F, TGX
2010 3F, TGX 1991 22F, SC Sentinel, Pan 1, Pan 3, Songda, Maksoy 2 N, Pan 2,
S1180/15/54, TGX 2001-10 DM, and TGX 1835-10 E.

Table 5. Protein content, antioxidant activity, and malondialdehyde content of 73 RhAizobium sp. isolates

Isolates

1G
1G'
1G"
1M

1P

2G
2M

2M'

MDA (umoL/L)

1.82 + (.20bcdefghijk
1.37 + 0.06%¢
1.49 + (0.1 3abedef
1.53 + (.05cdefgh
1.84 + (.(Q12bcdefghijk
1.58 + ().(52bcdefghi
1.37 £ 0.00%¢
1.32 + 1.10%¢
1.74 + 0.072bcdefghijk

1.35 + 0.122¢

Catalase
TAC AAE/mL) FRAP AAE/mL) Protei L
(ug /mL) (ug /mL) Proteins (pg/mL) (umol/mL/g prot)
640.26 + 19.79%¢ 85.19 + 2.44¢fehi 85.0 + 2.6720cdefghi 0.07 + 0.00®

396.6 * 8.95P4 117.5 + 1.35Mmnoparst 73.0 £2.67* 0.05 £ 0.00™neparst

247.26 + 15.558MK 131.15 + 7.072>def8 99,11 + 2,51 Kmnoparstu (9 05 + (,0Qebedefeh

248.6 £ 7.078K  105.0 £ 10.33mra 95,44 & 5.49%fEhikimmo 0,04 + 0,00%elehi

324.6 * 6.12°P9% 142.30 + 5.982bcde 88.33 + 7.07bcdefghiik 0.06 + 0.00%bcdefe

251.26 + 10.848MK 50.76 + 1.63b<4 87.66 + 9.273bcdefghilk 0.06 * 0.00%>cdefs

58.26 £ 0* 162.5 + 2.44%bcdefg 96.22 + 3.77¢fehijklmnop 0.03 * 0.00%>¢

323.6 + 18.85Kmnop 46.92 + 13.05 89.22 + 3.61bedefhiik 0.07 £ 0.00*

585.13 + 0.65%°¢ 190.19 + 6.79 76.33 £ 9.89%® 0.05 + 0.0QKmnopar

592.6 + 4.24%¢ 97.69 + 7.61hikimn 80.77 + 0.47%< 0.06 * 0.002bedefehi
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Continued

2p'C'
3G
3M'

3M™

4M1

4M3

5G

5M
5M"
5M2
5P
5P
6G
6G'

6G2

6G2'
6G3
6G4
™
7™'
8G
8M'
aM"
8P
9G'
9p
10G
10G1
10G2
11G1
11G2
11G3
11G4

1.64 + 0.1 3bcdefehi
1.77 + 0.01bcdefehilk
1.52 + ().34abcdefg
2.01 + 0.020¢fghiikim
1.66 + 0.112bedefghij

1.86 + (.0Qbedefghijk

1.66 + ().272bcdefghij

1.55 + (,25@bcdefgh
1.48 + (.162bcde
1.58 + (.06?bcdefgh
1.54 + (.0]bcdefzh
1.13 £0.13*
1.58 + (0, 12bcdefgh

1.83 + (0.(08?bedefghijk

2.41 £ 0.01Kmn

1.53 + 0.08abedefgh
1.95 + 0.09°defehiikl
1.62 + 0.042bcdefghi
1.74 + 0.2]¢bcdefghijk
1.99 + (.05¢defghijkim
1.34 + 0.12%%¢
1.43 £ 0.19%
1.60 + 0.09bcdefghi
1.51 + 0.04¢2bcdefs
1.83 + .072bcdefghijk
1.70 + (,122bcdefghijk
1.63 + (.19abedefghij
1.46 + (.012bcde
1.68 + 0.3]°bcdefghijk
1.42 + (.23
1.67 + (,29abcdefghij
1.14 + 0.05%

1.52 + (.22abcdefg

385.6 + 15.08°P4rs
339.6 * 65.05!mnopa
538.26 + 32.99¢
521.53 + 1,972
1335.93 + 10.84*

385.26 + 268.220Pars

289.93 + 16.49kimn

1033.93 + 33.46°
434.26 + 30.16%
496.8 + 10.55%cd
72.26 + 10.37°
242.93 + 1.88¢hik
450.6 + 9.89¢bcde

695.6 £ 0

275.26 + 31.588hikim

1307.6 + 9.42°
863.6 £ 36.76®
227.93 + 81.558h
1033.93 + 33.46°
357.93 + 22.15mnopar
376.26 + 21.68"°pdr
844.6 + 21.21%¢
359.6 £ 15.05mnopars
676.93 + 13.19%<d
690.93 + 28.28
933.6 + 57.51 3¢
1051.0 + 9.33*
218.93 + 158.32¢fehi
1194.6 + 2.35*
380.6 + 10.84"opas
768.26 + 1.88%¢
359.6 + 20.74™mnopar

542.26 + 20.74%¢

136.15 + 31.543bcde
124.42 + 6.25Pastw
173.84 + 11.96%><¢
98.26 + 13,87hilkimno
86.92 + 2.17%hi

205.57 + 17.13%®

130.76 + 2.7]bcdefs

151.53 + 20.12:0cdefe
137.88 + 6.79bcde
43.65 + 2.99"
179.42 + 7.34%cd
125.0 + 9.24passtuv

219.23 + 17.94%

106.15 + 13.59/mnopq

191.15 + 47.86%

144.80 + 17.133cde
70.19 + 2.44%f
121.34 + 13.87°parstu
298.46 + 0°
167.30 & 14.143bcdet
96.34 + 8.438hiikim
147.11 + 9.5 bede
64.61 + 5.43c
225.76 + 5.98 ®
88.46 + 15.23fh0
124.03 + 10.06Pasw
175.0 + 16.86%<¢
147.69 + 13.59bcdet
168.65 + 1.90%cde
110.0 + 7.61kmnopar
165.96 + 12.23wcdel
75.0 + 2.17¢%

187.30 + 6.52%¢

88.55 + 2.04bcdefghijk
96.88 + 0.31f8hijkimnopar
94.11 + 2.04dcfehijkimn
122.22 £ 13.19™
99.77 + 5.020kmnoparstu
82.44 + 4.39abedef

102.33 +
19.01kImnopgrstuv

97.55 + 1.88ghijkimnopqrs
95.44 + 7,(74efghijklmno
77.44 + 6.12%¢
98.88 + (.62hikimnoparstu
85.33 + 5.972bcdefghi
87.77 + 2.82abcdefghijk
91.11 + 4.39bcdefghijkl

100.55 +
10.21kimnopgrstu

88.55 + 4,87bcdefghijk
98.66 + 6.59hikimnoparstu
82.55 + 3.29abcdef
92.55 + 9,89defghijkimn
92.11 + 5.8]cdefghijkimn
95.11 + 2.5]defghijkimno
96.55 + 6.448hijKimnop
111.77 £ 7.22mstwvw
97.88 + (.4 78hijkimnoparst
94.77 + 0.1 5defghijklmn
88.55 + 5.8]bedefghijk
93.88 + 1.4]d¢fehijkimn
94.88 + 1,574cfghijklmn
135.33 + 5.65%
96.88 + 4,71fshijkimnopgr
90.33 + 1.09bedefghijk
113.55 + 5.34wv

86.44 + 5,973bcdefghij

0.06 + 0.000cd<f
0.06 + 0.0(Q?bcdefgh
0.05 £ 0.00parstY
0.04 + 0.0Qbcdefeh
0.06 * 0.00%<d<fs

0.06 + 0.00%cdefs

0.05 + 0.00mnop

0.05 + 0.01°Parst
0.05 + 0.00"°Pars
0.05 + 0.00Kmnopar
0.03 & 0.00bcdeteh
0.07 + 0.00%
0.05 + 0.009stvw

0.06 * 0.00%>«4

0.06 + 0.00?bcdefgh

0.05 + 0.00!mnopars
0.05 * 0.002>cdefghi
0.06 + 0.002bcde
0.05 £ 0.0Qparst
0.06 + 0.002bcdefe
0.06 + 0.0(Q?bcdefghi
0.05 + 0.00°parstu
0.03 + 0.00%<d
0.06 + (.QQ3bcdefghi
0.06 * 0.002>cdefehi
0.06 + 0.0(Q?bcdefghi
0.06 + (.0(Q?bcdefgh
0.04 * 0.00fhikm
0.02 £ 0.00?
0.06 * 0.002>cdefehi
0.06 + 0.00bedefgh
0.03 + 0.00®

0.05 * 0.0Q"eopasst
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11G5
12G
12G2
12G3
13M
13M2
13M5
14P2
14P3
14P4
15G
15M1

15M2

15M3

15M4

16G

16M
16M1
16M2
16M3
17G
17G1
17G2
17G4
17M
17M2
18G
18M
18M2

Control
without isolate

1.56 + 0.042bcdefgh
1.79 + 0.08bedefghijk
1.57 + (.072bedefgh
1.42 £ 0.01%<
2.14 + 0.1(Qdefghijkimn
1.73 + .0]2bcdefghijk
1.48 + (0.022bcde
1.52 + (.232bcdefs
1.74 + ,]93bcdefghijk
1.40 + 0.04%¢
1.91 + (.2 5¢defghijkl

2.74 £ 1.08™

2.85 + 1.07%

2.71 £ 0.69™°

2.17 + 0.06¢fhiikimn

3.25+2.07°

2.25 + 0.03hikimn
2.21 + 0.52fehikimn
2.31 + 0.00Kmn
2.35 + 0.48/kmn
1.94 + 0.49d%fghijki
1.82 + 0.222bcdefghifk
1.98 + 0.05¢defehikl
2.62 + 0,260
2.23 & 0,038hijkimn
1.85 + (] ]2bedefghijk
1.53 + (.6732bedefgh
1.84 + (.1 52bedefghijk

1.60 + 0. 6abcdefghi

1.4 + 0.09%

68.93 + 0°
451.6 + 0.942bcde
181.6 + 5.650efe
963.6 + 27.34%¢
891.93 + 1.41%¢
206.6 + 1.4]1dfshi

434.26 + 40.54%bcde
909.26 + 8.01%
412.93 + 21.68P9%
126.26 + 27.34%bcd
191.6 + 30.16efeh

800.26 + 4.71%¢

88.6 + 4.24%

103.26 + 38.18%<

722.26 + 754

892.26 + 19.79%¢

435.26 + 6.12%d
239.93 + 31.58shilk
51.93 + 52.32°
131.26 % 15.55¢cdef
368.26 + 23.57mnopars
686.26 * 12.25%¢
280.26 + 31.11hikim
855.26 + 173.94%¢
306.6 + 2.37kmno
280.26 + 16.72hikim
223.93 + 12.72fhi
1023.93 + 9.89%

116.93 + 6.5930<

453,93 + 8,012

183.84 + 9.79%¢
173.65 + 3.53%cd
159.03 + 4,62:bcdefe

90.0 + 11.42fEhik

114.80 + 10.60Kmnopars

82.5 + 1.35¢fh
166.92 + 5.9820cdel
14.61 + 8.70*
114.61 * 5.43Kmnopar
136.73 + 8,974
116.92 + 4,89mnoparst

178.26 + 0.812><d

260.0 = 0*

131.73 + 1.353bcdef

33.84 + 4.35®

132.69 + 7.6labcdef

238.07 £ 2.17*
119.23 £ 1.08neparst
69.23 + 6.52%f
104.23 + (iikimnopg
85.38 + 1.08°¢h
172.11 + 0.812bcde
167.88 + ().272bcdef
118.65 + 1.35mnoparst
102.5 + 6.79ijkimnop
94.42 + 5,718k
134.42 + 0.8120cdel
141.15 + (2bede

113.07 + 2.17Kmnopar

84.42 + 5.71¢fehi

91.33 + 0.62¢dfhikl
93.33 + (.3]defghijkimn
100.55 + 4,87/mnoparstu
89.33 + 0.62bcdefghilk
82.11 + 6.442bcdef
110.88 £ 10.68parstvw
91.0 + 0.1 5bedefghijkl
85.44 + 8.952bcdefghi
111.55 £ 1.259stwvw
91.55 + 6.59¢defghijkim
94.0 + 0,94defghijklmn
112.44 + 18.545v

105.77 +
11.94mnoparstuy

109.88 £ 11.78°parstuvw
96.22 + 5.65¢f8hijkimnop

106.33 +
20_89mnopqrstuv

93.77 + 15.08defghijkimn
107.0 £ 3.61meparstuy
83.33 + 2.8220cdefe
91.22 + 12,09bcdefehijkl
96.77 + 19.09ehikimnopa
84.0 + .622bcdefgh
109.88 + 4.550parstevw
94,55 + 1.72d¢fehijkimn
102.33 + 2,98Kmnoparstuy
116.22 + 4.39"
81.33 + 2.822bcde
112.77 £ 3.61™™

96.66 + 15.08f8hijkimnopq

91.11 + 0.94bedefghijkl

0.04 + 0.00ghikimn
0.06 + 0.00?>cdefehij
0.03 + 0.00bcd<fs
0.06 + 0.0(3bedefgh
0.07 + 0.00®
0.04 + 0.00cdefehi
0.04 + 0.00¢f K
0.05 + 0.00/k!mnop
0.04 + (.0(Qbedefghi
0.04 + 0.0QKmno
0.04 + 0.008h¥kIm

0.03 £ 0.00%¢

0.05 + 0.00/!mnopa

0.05 + 0.00/mnop

0.04 + O_OObcdefgh

0.03 + 0.00b<cef

0.04 + 0.008hijkim
0.03 + 0.00%¢
0.03 + 0.002b<d

0.04 + 0.00¢fshik

0.04 + 0.00ghikimn

0.05 + 0.QQkmnop
0.03 + 0.00%b<de

0.04 + 0.0Qhikimn

0.03 + 0.0Qbcdefe
0.03 + 0.00%¢

0.06 + 0.00Q2bcdefgh
0.03 + 0.00%¢

0.04 + 0. OOdefghijk

0.06 + 0.00°<<fs

TAC = total antioxidant capacity; FRAP = ferrous reducing antioxidant power; MDA = malondialdehyde; Values with different

superscript letters on the same column are significantly different at p < 0.05.
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3.8. Principal Component Analysis

Principal component analysis (PCA) was used to explore associations between 73
Rhizobium sp. isolates, abiotic stress factors, protein content, and physicochemi-
cal activities. Figure 2 illustrates the distribution of variables along the F1 x F2
axis, revealing four distinct groups with shared phenotypic and biochemical traits.
Group 1 comprised 24 isolates, characterized by catalase activity and growth
under conditions of moderate salinity (2% NaCl) and mesophilic temperatures
(20-35°C). Although catalase activity indicates a potential response to oxidative
stress, the observed lack of tolerance to more extreme conditions, such as elevated
salinity or temperature, suggests a limited overall adaptability to abiotic stress.
These isolates can thrive in moderately stressed environments, but may be less
competitive in more difficult soils. Group 2, located opposite group 1 on the PCA
graph, included 15 isolates able to grow under high acid (pH 2 - 6.5) and salinity
(up to 10% NaCl) conditions. This combination of acid and salt tolerance indi-
cates robust adaptation mechanisms, probably involving efficient osmotic and pH
homeostasis. These isolates are promising candidates for the development of
bioinoculants in degraded acidic and saline soils, such as those found in various
agroecological zones of Cameroon and sub-Saharan Africa. Group 3 consisted of

10 psychrotolerant isolates, able to grow at 15°C and under stress conditions such
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Figure 2. Principal component analysis

showing the distribution of the 73 Rhizobium sp. isolates, the resistance of these isolates to

abiotic parameters (pH, salinity, temperature), and their physicochemical activities on the F1 x F2 axis system.
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as low pH (pH 3) and high salinity (12% NaCl). They also displayed high protein
production and high total antioxidant activity. The clustering of these features
suggests a potential synergistic response to abiotic stress, where protein biosyn-
thesis may contribute to boosting antioxidant defenses. This group could harbor
cold-adapted, stress-responsive enzymes or protective proteins, which would be
useful for crops grown at high altitudes or in temperate tropical regions. Group 4
was defined by the presence of malondialdehyde (MDA), a marker of lipid perox-
idation, and comprised 24 isolates. The association of these isolates with high lev-
els of MDA suggests their involvement in oxidative stress responses, potentially
linked to lipid membrane remodeling or reactive oxygen species scavenging.

These isolates could enhance stress-induced cellular damage in host plants.

4. Discussion

Cameroonian soils are known for their acidic nature, which hampers the cultiva-
tion and productivity of several crops, including soybeans [9]. Amongst strategies
for that issue, Rhizobium sp. appears as a good alternative. The microorganisms
that can tolerate hard environmental conditions act in symbiosis with plants and
help these latter to resist changes in abiotic parameters and the associated stress.
In this context, the present study was designed to isolate and evaluate bacterial
strains potentially belonging to the Rhizobium genus, capable of withstanding
various abiotic stresses and endowed with physico-chemical activities favorable
for plant growth under unfavorable conditions. The bacterial isolates were ob-
tained from soybean root nodules. A total of 73 presumptive Rhizobium sp. iso-
lates were obtained from nodules of 18 varieties of soybean farmed in acidic soil
in Cameroon.

Acidity was the first abiotic parameter for which the tolerance of isolates was
screened. Indeed, acidity affects nodulation during symbiosis through the excre-
tion of isoflavonoids from soybean roots [34]. It also alters cell membrane perme-
ability and damages roots, leading to reduced water and nutrient uptake, and jeop-
ardizing the survival of soil micro-organisms [35]. According to Ferguson et al.
[36], soil acidity alone is responsible for significant losses in the global production
of legumes. Hence, it appears interesting to identify Rhizobium sp., which can
resist to acidic conditions. In this study, the growth abilities of RAizobium sp. iso-
lates showed significant resilience across the pH range from 2 to 4. Some isolates
showed a good ability to grow under a pH lower than 4. The most interesting acid-
tolerant isolates were 14P3, 2, 17G2, 16G, 15M3, and 7M. This resistance to low
pH can be explained by the ability of these isolates to produce extracellular poly-
saccharides or organic compounds in the cells. A similar observation was noticed
in Argentina by Muglia et al [37]. The results of this study suggest the capacity of
isolates 14P3, 2, 17G2, 16G, 15M3, and 7M to establish a symbiotic relationship
with soybean even in an acidic environment, and boost their productivity. It is in
direct line with findings of Nkot et a/ [38], who demonstrated that acid-tolerant

strains of rhizobia can successfully establish under acid environmental conditions,
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symbiosis with the legume Vigna unguiculata, and improve its nitrogen uptake
and productivity.

Besides acidity, temperature was an important abiotic parameter assessed in
this study. The rhizobia isolates displayed various growth rates at the different
temperatures tested. This can be related to the fact that rhizobia are ubiquitous
bacteria that thrive in subarctic, temperate, and tropical regions and therefore re-
spond to different environmental conditions [39]. However, most of the isolates
showed optimum growth at temperatures between 25°C and 30°C. 52% of isolates
were unable to grow at 15°C, and 62% at 40°C and more. A few proportions of
isolates displayed optimal growth at low temperatures, with 1M and 4 M1 showing
the optimal growth at 15°C and 20°C, respectively. This result shows that they can
be suitable for soils of temperate regions. However, the negative effects of low
temperature such a reduction of rhizobia competitiveness, a reduction of the syn-
thesis and secretion of the Nod factor, inhibition of the symbiotic process, and
restriction of nodule development [40]. The limited growth of isolates at 40°C and
above may be explained by an alteration in key processes of rhizobia symbiosis,
including bacterial adhesion, nodule initiation, and nitrogenase activity. Recent
studies show that high temperatures disrupt these steps, reducing the efficiency of
nitrogen fixation [41]. High temperature depletes photosynthetic activity, de-
creases absorbing hair formation, reduces nodulation sites, and alters bacterial
adhesion to absorbing hairs [42] [43]. However, there are some isolates (15M3,
10G1, 9P, 5P, 5P’, 2, and 1G) for which optimum growth was at 45°C. The growth
at high temperatures recorded with these isolates can arise from their ability to
synthesize heat shock proteins [44]. It can also be explained by the origin of the
isolates. Rhizobia isolated from subtropical regions like the sampling site of this
study are known to be resistant to high temperatures [45]. According to Zhang et
al. [46], isolates that are tolerant to stress, particularly high temperatures, can
maintain efficient nitrogen fixation under unfavorable abiotic conditions. That
resilience also promotes a constant supply of nitrogen by rhizobia, thus compen-
sating for the low natural fertility of these soils [47]. Hence, there is a need for
further investigations on the effect of inoculating these thermotolerant isolates
(15M3, 10G1, 9P, 5P, 5P/, 2, and 1G) on soybean seeds.

The last abiotic parameter assessed in this study was salinity. Salt stress impairs
crop growth and yield by reducing photosynthetic activity through reduced gas
exchange, altering morphological development, disrupting membrane functions,
and affecting antioxidant activities [48]. Hence, identifying rhizobia endowed
with resistance to salinity can be beneficial for protecting leguminous crops through
the regulation of oxidative stress, balancing of phytohormone levels, and secretion
of osmolytes [49] [50]. In this study, the isolates showed variable growth in the
presence of different NaCl concentrations. This variation could be attributed to
the difference in metabolic activities leading to the production of compounds as-
sociated with salinity resistance as reported by Mhadhbi et al [51] and Del Cerro
et al. [52]. That property is very important for plant-rhizobia symbiosis. In fact,
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during salinity stress, the plant can survive if the rhizobia with which they are in
symbiosis persist in soils and keep their ability to colonize, infect, produce nodu-
lation factors, and fix nitrogen. At the high NaCl concentration of 12%, the opti-
mum growth was recorded with isolate 10G2. The tolerance of isolate 10G2 to
high NaCl concentration can be explained by its ability to produce and accumu-
late osmoprotectants, such as proline, thus helping to limit the deleterious effects
of osmotic stress [50] [53]. In addition, some Rhizobium sp. strains have demon-
strated their ability to mitigate the ionic toxicity of NaCl through the production
of exopolysaccharides or the regulation of ionic homeostasis. This dual action can
promote the establishment and functioning of the soybean- Rhizobium symbiosis
under salinity conditions, by promoting the initiation of nodulation and sustain-
ing nitrogen fixation activity. The observed resistance of isolate 10G2 to high NaCl
concentrations can be helpful for the soybean- Rhizobium symbiosis. It helps the
plant during nodulation initiation and improves its nitrogen-fixing capacity un-
der high salinity stress. Khan ef a/ [54] showed that inoculation of soybeans with
halotolerant isolates improved the growth, biomass, and chlorophyll content of
seeds farmed on a salty soil. These strains promote ionic homeostasis by increas-
ing K* uptake and limiting Na* accumulation, while stimulating antioxidant ac-
tivity. They also induce the expression of genes associated with salt tolerance, such
as GmST1 and GmLAX3, contributing to improved physiological resilience. Fur-
thermore, Shahid et al. [55] showed that some halotolerant strains contribute to
the resilience of legumes by producing phytohormones that promote growth and
nodulation, thus improving the ecological integration of plants in constrained en-
vironments while maintaining nitrogen fixation.

The production of proteinaceous compounds is amongst the resistance mech-
anisms of rhizobia to abiotic stress conditions. According to Boominathan and
Doran [56], under edaphic stress, enzymes are secreted in rhizobia for their pro-
tection. In this study, the isolates have demonstrated the ability to grow and sur-
vive under extreme conditions of pH, temperature, and salinity.

The protein content of isolates was assessed and revealed significant variability
between strains. Such variations are commonly observed among microbial isolates
and may reflect differences in metabolic activity, stress tolerance mechanisms, or
adaptation to environmental conditions. Up-regulation of genes encoding for
proteins and lipopolysaccharides (LPS) in RhAizobium sp. exposed to a tempera-
ture of 43°C was reported by Nandal et al [57]. Studies by Gomes et al [58] in
Brazil showed that Rhizobium tropici strain PRF81, when exposed to heat stress,
increased the synthesis of proteins such as bacterioferritin and thioredoxin, asso-
ciated with oxidative stress responses. The highest protein values, recorded in this
study with isolate 10G2 (135.33 + 5.65 pug/mL), followed by 3M™ (122.22 + 13.19
pg/mL) and 5G (102.33 + 19.01 pug/mL), suggest that these isolates might be suit-
able for application in soybean production under stress conditions.

The proteins produced in response to stress conditions generally have different

roles. Some are involved in the constitution of cell structure, while others directly
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act on the compounds generated by stress conditions. The main compounds gen-
erated by stress conditions are free radicals and reactive oxygen species (ROS) that
affect cell function, leading to oxidative damage and ultimate plant death [59].
One of the proteins involved in the antioxidant mechanism is catalase. That en-
zyme plays an essential role in trapping ROS and thus preventing oxidative dam-
age [60]. The catalase activity of the different isolates was assessed in this study.
All the isolates were positive with activity ranging from 1033.93 + 33.46 to 1335.93
+ 10.84 pg AAE/mL. The variation in catalase activity can be explained by the
difference in the metabolic mechanism of synthesis of that enzyme, which occurs
in the peroxisomes. Indeed, the synthesis of catalase in the peroxisome is induced
by the substrate, and varies according to the microorganism, the type of cell, and
the environmental conditions [61]. The catalase activity recorded in this study
with rhizobia isolates suggests that they can be used in soybean production to
maintain the plant’s pro-oxidant-antioxidant balance and ensure good function-
ing of the symbiotic relationship under stressful conditions. Kots et a/ [14] high-
lighted that catalase activity is linked to the symbiotic nitrogen uptake activity in
legume root nodules and depends on the efficiency of the Rhizobium-legume
symbiosis.

Besides catalase activity, other antioxidant mechanisms of the rhizobia isolates
were assessed through the ferric reducing power and total antioxidant capacity.
The results obtained showed that all isolates were positive for TAC and FRAP
activities, with values that vary significantly from one isolate to another. The high-
est TAC values were obtained with 4M1 (1335.93 + 10.84 pg AAE/mL), 6G2'
(1307.6 +£9.42 pg AAE/mL), 10G2 (1194.6 = 2.35 ug AAE/mL), 10G (1051.0 £ 9.33
ug AAE/mL), 7M, and 5M (1033.93 + 33.46 pg AAE/mL). A similar trend was
observed with the FRAP activity of the isolates. This means that the isolates can
protect plants against stress due to an imbalance in favor of free radicals and pro-
oxidants. Hence, they might be suitable for Cameroonian soils, for which soybean
plants are exposed to several abiotic stress factors.

Lipids play an important role in signal transduction in plant response to abiotic
stress [62]. When plants are stressed, the free radicals and ROS generated can af-
fect membrane properties by oxidizing membrane lipids. In response to lipid ox-
idation, plants increase their content of some compounds, such as MDA. MDA
represents the main marker used to assess lipid oxidation [63]. The accumulation
of MDA in cells after exposure to stress was highlighted by Thounaojim et al. [64].
In the present study, the MDA levels of the isolates were measured. Isolates 16G
(3.25 + 2.07 pumoL/L), 15M1 (2.74 £+ 1.08 umoL/L), 15M2 (2.85 + 1.07 pmoL/L)
and 15M3 (2.71 £ 0.69 umoL/L) recorded the highest MDA levels. These rhizobia
isolates may exhibit a relatively low antioxidant activity as suggested by their high
levels of MDA, which are indicative of oxidative stress and reduced antioxidant
capacity [65]. While the other isolates scored significantly reduced MDA contents.
The significant variation in the MDA contents can be explained by the variability

in the production of antioxidant metabolites by the isolates. That property is very
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important for soybeans as rhizobia isolates can regulate membrane lipid peroxi-
dation and thus, protect plants from severe oxidative damage [66].

Considering the overall growth and biological activities, Santos et al [67] in
their studies in Brazil noticed that under a high salinity environment, halotolerant
strains of Bradyrhizobium stimulate Vigna unguiculata resistance to stress through
the production of antioxidants, including catalase. Manassila et al [68] high-
lighted that the acid tolerance ability of Bradyrhizobium sp. DASA01007, isolated
from acidic soils in Thailand, might promote an efficient symbiosis in acidic en-
vironments. In the present study, we identified rhizobia strains endowed with acid
tolerance, salt tolerance, high synthesis of proteins, high ability to inhibit lipid
oxidation, and noticeable antioxidant activities. Thus, suggesting their unique
ability and potential to promote through symbiosis, the growth of legumes, par-
ticularly soybean, under stress conditions.

The results obtained in this study open up prospects for identifying the most
promising isolates and assessing their effects on agronomic performance param-
eters of soybean. By identifying the most efficient strains for the production of
commercial inoculants, we will not only improve the efficiency of fermentation
processes but also select strains better suited to various biotechnological applica-
tions, such as biomass and biofertilizer production. In agronomic terms, this re-
search contributes to enhancing soil fertility by providing crucial information on
which strains are most effective under specific conditions. This in-depth under-
standing can guide the choice of the best options for crops while supporting sus-
tainable agricultural practices. By promoting the use of adapted strains, we could
also reduce dependence on chemical fertilizers, thus promoting more environ-

mentally friendly agriculture.

5. Conclusion

In this study, 73 presumptive Rhizobium sp. isolates were obtained from 18 vari-
eties of soybeans. The majority of these isolates demonstrated the ability to grow
and survive in extreme conditions of acidity, salinity, and temperature. The adap-
tation was adapted differently from one isolate to another according to the various
environmental stresses encountered. The isolates displayed antioxidant activities
through different mechanisms, thanks to the ability to produce proteins endowed
with antioxidant activity, like catalase. They also demonstrated the ability to in-
hibit lipid peroxidation through the inhibition of MDA production. The combi-
nation of the antioxidant potential of Rhizobium sp. isolates and resistance to abi-
otic factors suggests that they might be suitable as inocula for large-scale produc-
tion of soybeans in acidic soils. This study enabled morphological and physiolog-
ical characterization of Rhizobium sp. isolates. For that, there is a need for further
studies on the exploration of their taxonomic diversity using molecular tools. The
evaluation of Rhizobium strains is of crucial importance for their adaptation to
specific environments. By examining the behavior of these strains under a variety

of conditions (such as soil types and climates), we can fine-tune inoculation strat-
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egies to suit local realities. Furthermore, selecting strains capable of withstanding
extreme conditions, such as drought and salinity, can significantly boost crop
productivity in times of environmental stress. Finally, exploring the interactions
between different Rhizobium strains and other microorganisms opens the way to
strengthening synergies, thereby improving the efficiency of cultivation practices.
This integrative approach could therefore play a key role in optimizing cropping

systems and agricultural sustainability.
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