Phyton-

Q‘ﬂa International Journal of L < Tech Science Press
v Experimental Botany

DOI: 10.32604/phyton.2024.050762 .
Check for
REVIEW updates

Endophytic Occupation in Nodules of Rhynchosia Plants from Semiarid Regions
of Argentina

Cinthia T. Lucero', Maria de los A. Ruiz?, Fabiola Pagliero’, Carolina Castafo', Mariela L. Ambrosino’
and Graciela S. Lorda'”

'Facultad de Ciencias Exactas y Naturales, Universidad Nacional de La Pampa, Ruta Nacional 35, km 330, Santa Rosa, La Pampa, CP,
6300, Argentina

’INTA EEA Anguil “Ing. Agr. Guillermo Covas” Ruta Nacional 5, km 580, Anguil, La Pampa, CC11, 6326, Argentina
"Corresponding Author: Graciela S. Lorda. Email: gracielalorda@gmail.com

Received: 17 February 2024 Accepted: 13 May 2024 Published: 27 June 2024

ABSTRACT

Beneficial microbes can improve soil health by promoting soil structure, nutrient cycling, and disease suppression.
In addition, a wide array of rhizospheric microbes are responsible for producing metabolically active compounds
including various types of plant growth regulators. So, microbial biodiversity studies could contribute to the
improvement of agricultural practices in deprived areas, such as the Pampean semiarid region. The vast majority
of studies conducted on endophytic microorganisms have focused on intensive crop legume species. In contrast,
little attention has been paid to microorganisms of native legumes, whose ecology is not directly affected by
human action. In this study, endophytic microorganisms isolated from root nodules of a selected native legume
of the genus Rhynchosia were characterized. Viable isolates were studied with a focus on their plant growth-pro-
moting rhizobacteria (PGPR) properties. Considering the edaphic characteristics of the Pampean semiarid region,
the isolates obtained were evaluated for their ability to grow under three salt stress conditions (50, 100, and
200 mM NaCl) and four different pH values (6, 7, 8, and 9). Based on their PGPR activities, the selected strains
were phylogenetically grouped using BOX-PCR. The results showed great variability among the isolates in terms
of the characteristics studied. Native legumes manifested a wide endophytic variability and remarkable perfor-
mance in PGPR activities. We conclude that they could be used as potential bioinoculants for legume cultivation,
an excellent alternative to the use of chemical fertilizers that currently pollute the environment.
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1 Introduction

Arid and semiarid areas cover a large and growing portion of the land surface. Legumes are a
significant component of these regions’ flora, and despite their high diversity, little is known about their
endophytic microbiome [1]. In these semiarid regions, some particularly interesting legumes are
currently developed for use in sustainable agriculture. The recent literature, which is extensive for
agronomically temperate and subtropical species, shows how the legume-microorganism symbiosis is
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affected by environmental adversities such as drought, waterlogging, salinity, and low and high
temperatures, as well as pH or low nutrient concentrations [1]. However, some or all of these adverse
conditions are, and probably have been for several years, the natural environment of many legumes in
arid and semiarid regions. Therefore, the microorganisms associated with them can establish symbiotic
relationships under stressful environmental conditions [2]. For this reason, the selection of native strains
that can promote plant growth and are well adapted to a wide range of adverse environmental conditions
at a given site is the key to maximizing legume production [3]. Assessing plant-associated microbial
diversity in semiarid regions could be an essential strategy for identifying plant growth-promoting
bacteria (PGPB) that can successfully alleviate plant abiotic stress commonly present in such climates
and support plant growth and development [4,5].

Perhaps now that the potential consequences of climate change are more widely understood and
recognized, the vested interests of the developed world will turn to the study of plants that can live in
harsh environments using more sustainable agricultural practices. The reintroduction and establishment of
native herbaceous legumes in degraded and uncultivated areas is a valid alternative method for soil
recovery and wind erosion prevention, in addition to providing good quality forage for ruminants,
especially to maintain agricultural productivity in a future scenario of increased aridity [5]. New adapted
forage species are needed in the central and southern semiarid regions of Argentina, as well as in many
places around the world. Studies have been conducted on native legume species with valuable traits that
could help ensure their persistence under intensive grazing [6]. Given this, the native legume of the genus
Rhynchosia is highlighted as a promising candidate for this objective. The genus comprises about two
hundred species, most of which are found in Africa, with about a quarter in America [7]. These woody
species are not only useful as animal fodder and green manure but also have interesting medicinal uses
for humans and animals [§].

There is a pressing need for a better understanding of the underlying factors that control soil-plant-
microbe interactions. This knowledge will help to develop microbial strategies to improve crop yield and
productivity. Some isolates may represent an alternative endosymbiotic partner to rhizobia, a field of
knowledge that focuses on understanding microbial endophytes. Inside a healthy plant, there may be
bacteria or fungi that are not necessarily pathogenic or associated with nodule formation. The literature
on the diversity of endophytic microorganisms of RhAynchosia plants and their symbiotic effectiveness is
still limited. Therefore, the strategy used to study the symbiotic partnerships for the different legumes
has traditionally involved their isolation and cultivation from internal tissues of surface-sterilized nodules
[4.,9].

In this study, to gain a better understanding of the incidence and heterogeneity of bacterial groups
present within nodules of natural legume-endophytic associations, we examined the microbial occupants
inside nodules of wild legume species of the genus Rhynchosia collected in semiarid regions of
Argentina, using the standard colony isolation method from nodules. In parallel, we analyzed the growth
and development of this bacterial microflora under stress conditions and determined its plant growth-
promoting properties.

2 Materials and Methods

2.1 Native Legume Selection for the Genus Rhynchosia
Samples of Rhynchosia legume were collected from four different locations in the central and southern
semiarid regions of the Province of La Pampa, Argentina (Table 1).
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Table 1: Locations in the central and southern semiarid region of La Pampa, Argentina, where samples of
Rhynchosia legume were collected

Locations (La Pampa, Argentina) Geographical coordinates Altitude (MASL)
Latitude (°S) Longitude (°W)

Toay 36.66934 64.37872 188

Santa Rosa 36.62269 64.28593 179

Rucanelo 36.15434 64.50.298 259

Victorica 36.22639 65.44455 248

2.2 Edaphic Characterization of Soils

Edaphic characterization was performed based on texture, phosphorus and nitrogen contents among the
macronutrients. The Robinson method [10] was used to determine texture. Nitrogen was evaluated using the
Kjeldahl method [11], while phosphorus was determined by the Bray-Kurtz N° 1 method [12].

2.3 Forage Capacity Assessment of Native Rhynchosia Legume

Forage capacity was evaluated based on both the total and aerial biomass by direct weight. Neutral
detergent fiber (NDF) and acid detergent fiber (ADF) were determined using the sequential Goering and
Van Soest method [13]. Dry matter digestibility (DMD) and metabolizable energy (ME) were calculated
using Eqgs. (1) and (2):

DMD = 88.9 x (0.779 x %ADF) (1)
ME = 3.6 x DMD ©)

Protein content was measured by the Kjeldahl method [11].

2.4 Isolation of Culturable Endophytic Bacteria

Root segments bearing nodules were washed free of soil under running water, placed in a fine-mesh steel
holder, and surface sterilized, as previously described with slight modifications [14]. Briefly, the nodules
were sterilized by immersion in 70% ethanol for 1 min, followed by vigorous shaking in 5% sodium
hypochlorite containing 0.01% Tween 80, and finally washed seven times with sterile distilled water. To
verify correct surface sterilization, samples corresponding to the last wash water were seeded in Petri
dishes with TY medium. Surface-sterilized root nodules were transferred to empty sterile plastic dishes
and cut in half with a flamed scalpel. They were then squashed in 50-150 ml of sterile physiological
saline solution, the volume varying in proportion to nodule size. The squashed nodule suspension was
plated on TY agar (5 g/L tryptone, 3 g/L yeast extract, and 0.87 g/L CaCl,-2H,0). Plates were incubated
at 28°C for up to 2 weeks. Each isolate strain was named according to the sampling area in La Pampa,
Argentina (T = Toay; V = Victorica; S = Santa Rosa; R = Rucanelo).

2.5 Nodulation Ability of Bacterial Isolates

Rhynchosia seeds were surface sterilized by immersion in 70% ethanol for 30 s, followed by stirring in
2% sodium hypochlorite for 4 min, and rinsed in seven changes of sterile deionized water. Germinated
seedlings were aseptically transferred to pots containing sterile carrier sand-vermiculite 1:2 mixtures, fed
from the bottom, and watered regularly with sterilized distilled water containing nitrogen-free Fahraeus
solution. Bacteria were inoculated by dispensing a 1 ml suspension of liquid culture in a TY broth
medium (10® cells/ml). The assay was maintained in a greenhouse programmed for a 16-h daylight
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photoperiod at 23°C and 60% constant relative humidity. Plants were examined for nodule formation after
60 days. They were removed from the pots, the root systems were washed with water and the number of
nodules per plant was determined. The experiment had a randomized complete block design with four
replicates per tested isolate and one seedling per replicate. Three independent assays were performed.
Pots were rotated every 4 days to avoid any border effects.

To identify isolates with the ability to form nodules, the nodC gene was amplified using the primers
nodCF (5-TGATYGAYATGGARTAYTGGCT-3')/nodCR (5'-CGYGACAGCCANTCKCTATTG-3") [15].
Colony polymerase chain reaction (colony PCR) was performed in a 20 pl reaction mixture containing
0.5 uM of each primer, 1X PCR buffer, 1.5 mM MgCl,, 0.04 mMdNTPs (Promega), and 1 U of Taq
DNA polymerase (TransGen Biotech). To add the DNA, a small amount of bacterial colony was taken
directly from the Petri dish using a sterile tip for each colony and placed in a PCR tube containing the
master mix. The temperature profile was as follows: 95°C for 3 min; 35 cycles at 95°C for 1 min, 55°C
for 1 min, 72°C for 2 min, and finally 72°C for 10 min. PCR amplification was performed using a
thermal cycler (Ivema T21). PCR products were separated on 1.5% (w/v) agarose gels by horizontal
electrophoresis and visualized using SYBR Safe staining (Invitrogen). The Ensifer meliloti B399 strain
was used as the positive control.

2.6 Determination of PGPR Characteristics of the Isolated Bacteria

2.6.1 Indole-3-Acetic Acid Production

Production of indole-3-acetic acid (IAA) was colorimetrically determined by mixing 5 ml Salkowski
reagent (0.01 M FeCl, in HCIO,4) with 1 ml of culture supernatant and then monitoring the color changes
[16]. Pure indole-3-acetic acid (Sigma, USA) was used as the standard.

2.6.2 Siderophore Production

Siderophore production was determined by the method of Schwyn et al. [17]; 10 pl of pure bacterial
cultures grown in LB were inoculated onto plates containing Chrome Azurol S (CAS) agar. Plates were
incubated at 30°C and observed daily for orange color formation around each colony for up to 4 days.
Experiments were performed in triplicate. A positive control was made with Pseudomonas fluorescens
strain P3 (provided by the Agricultural Collection Laboratory, IMYZA-INTA, Argentina), under similar
culture conditions.

2.6.3 Phosphate Solubilization

Phosphate solubilization was determined by the methods of Katznelson et al. [18]. Plates containing
NBRIP medium were inoculated with 10 ul of LB pure bacterial culture. The plates were incubated at
30°C and observed daily for 7 days until a transparent zone appeared around each colony. Experiments
were performed in triplicate. Positive control was made with Pseudomonas fluorescens strain P3
(provided by the Agricultural Collection Laboratory, IMYZA-INTA, Argentina) under similar culture
conditions.

2.7 Growth of Isolates under Stress Conditions: pH and Osmolarity

Liquid cell cultures were performed under different osmolarity and pH conditions. TY was used as the
culture medium. Specific growth rate (i) was determined in each culture and used as a kinetic parameter to
characterize cell growth. The following treatments were used:

-Control treatments: Cultures were grown at pH 7 without NaCl.
-Stress for pH treatments: Different cultures were grown at pH 6, 8, and 9.

-Stress for osmolarity treatments: Cultures were grown under different salinity conditions as described
by Abdelmoumen et al. [19], as follows: 50, 100, and 200 mM NacCl.
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These cultures were kept under optimal temperature and agitation conditions (constant temperature of
28°C and 200 rpm, respectively) to determine growth under stress conditions.

2.8 Genotypic Characterization

Genotypic characterization of the 17 selected isolates was performed using BOX-PCR (repetitive
sequence based-PCR), as previously reported by Versalovic et al. [20], with the primers BOX-AR1 (5'-
CTACGGCAAGGCGACGCTGACG-3"). The fingerprints obtained were analyzed using the GelCompar
II program (Applied Maths BV). The degree of similarity between them was determined using Pearson’s
correlation coefficient. Dendrograms were constructed from the distance matrix using the unweighted pair
group method with the arithmetic mean (UPGMA) algorithm.

2.9 Data Analysis and Evaluation of Diversity

Rhynchosia isolates were grouped according to the degree of similarity of their BOX-PCR banding
patterns. A 90% cut-off value was considered. The Shannon et al. [21] index was applied to determine
the diversity index (H) and estimated using Eq. (3):

H = — Z pi log2 pi 3)

where pi is the relative abundance of isolates of each OTU.

2.10 Statistical Analysis

Data were analyzed using INFOSTAT software [22]. Variables were analyzed with ANOVA, and a
comparison of means was performed using Fisher’s protected test (i.e., LSD), with a significance level of
0.05.

3 Results and Discussion

3.1 Edaphic Characterization of the Legume Sampling Area

Legume samples of the genus Rhynchosia were collected mainly from sandy loam-like soils (Table 2).
Their main characteristic was the low amounts of nitrogen (N) and phosphorus (P) detected. Thus, alternative
strategies to the use of agrochemicals could be developed to overcome the poor nutritional status of the soil.
Moreover, the pH values detected in these soils showed a remarkable alkaline tendency, with calcium
carbonate stones on the surface and in the hardened soil layer near the surface. These facts were further
considered when establishing the conditions for cell culture at different pH levels.

Table 2: Localities sampled with their respective edaphic characteristics. C = Clay; Si = Silt; S = Sand;
P = phosphorus (ppm); N = nitrogen (%)

Localities Texture Nutrients pH
C+Si C Si S Texture P N

Toay 18 6 12 82 Loamy sand 319 0.06 7.3

Santa Rosa 37 6 31 63 Loamy sand 6.2 0.08 8.1

Rucanelo 31 2 29 69 Loamy sand 1.1 0.09 7.6

Victorica 64 24 40 36 Loam 21.7 0.07 8.02
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3.2 Forage Capacity of Rhynchosia spp.

According to the results shown in Table 3, native Rhynchosia legumes could be well utilized for forage
cultivation. It presented remarkably good biomass yields. Under cultivation, the biomass produced can be
much higher than that observed (58—161 g/plant), as indicated by Porta Siota et al. [23].

Table 3: Selected parameters for biomass and forage quality of the native Rhynchosia Legume. Median values
(n = 8) and significant differences (p < 0.05) are indicated (*)

PR TB NS PN NDF ADF DMD ME CP
Toay 13.8 6.6 + 59.6 345 62.0 2.24 13.6
Santa Rosa 7.7 9 + 63.8 38.9 58.6 2.11 15.0
Rucanelo 19.6" 11.6 + 57.6 40.4 57.4 2.07 17.6"
Victorica 19.3" 11.6 + 443 43.7 54.9 1.98 13.5

Note: PR = Population of Riynchosia; TB = Total biomass (gr.plant '); NS = Number of stems per plant; PN = Presence of nodules; NDF = Neutral
detergent fiber (%); ADF = Acid detergent fiber (%); DMD = Dry matter digestibility (%); ME = Metabolizable energy (Kcal); CP = Crude protein
(%).

Moreover, its nodulation capacity, determined by the symbiotic relationship established with
rthizobacteria, could improve forage values through nitrogen fixation. Among the selected legume
sampling areas, Rucanelo and Victorica showed the highest forage performances, as observed in the
biomass values. Native legumes collected from Rucanelo had the best protein content.

Forage capacity results were similar to those obtained for standard legume crops, such as alfalfa (16%—
20% protein and 58%—65% digestibility values) [24]. In some cases, lower DMD values were recorded for
native Rhynchosia, probably due to the higher proportion of stems compared with leaves, which increases
fiber values.

3.3 Nodule Examination and Isolation of Culturable Endophytic Bacteria

The root systems of all field-collected species bore nodules that varied in number and shape. Mature
Rhynchosia nodules were small and elongated. They also showed indeterminate growth, consistent with
the morphology described by other authors for Rhynchosia schimperi [25]. A total of 54 bacterial strains
were isolated from inside the surface-sterilized nodules, from which liquid cultures were developed. Root
nodule endophytic bacteria associated with legumes of the genus Rhynchosia have not been studied in detail.

3.4 Nodulation Ability of Bacterial Isolates

Garau et al. [26] described the nodules of several plants of the papilionoid legume Rhynchosia ferulifolia
and reported the presence of species of the genus Burkholderia inside the nodules. The nodulation test
performed in this study revealed that the strains isolated from nodules of Rhynchosia were unable to
nodulate their original hosts effectively at the experiment times evaluated here. Subsequently, nodC genes
were amplified to evaluate whether the isolates had the ability to nodulate. All isolates were negative for
the amplification of this gene. In Fig. 1, the agarose gel is shown with the PCR product of five of the
isolates. This indicates, therefore, that endophytic bacteria also establish a symbiotic relationship with the
host plant as they exhibit growth-promoting properties. This result is consistent with other studies, in
which no cultivable nodulating rhizobia was found [9]. The bacteria that cohabit in these Rhynchosia
nodules belong to different taxonomic groups, which could be selected from some mechanism generated
by the plant or by the rhizobium that initiates the nodule. This allows endophytic colonization based on
the ability of the bacteria to cooperate in the difficult task of surviving in hostile environments such as
the Pampean semiarid region [27].
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Figure 1: Amplification of the nodC gene by colony-PCR. Lane 1: Positive control, Ensifer meliloti B399;
lane 2: Isolation S54; lane 3: Isolation T22; lane 4: Isolation V45; lane 5: Isolation V48; lane 6: Isolation

V50; lane 7: Negative control; lane 8: 100 pb molecular weight

3.5 PGPR Characteristics of the Isolated Bacteria

3.5.1 IAA Production

All evaluated isolates produced indole-3-acetic-like auxins, reaching a median value of 5.91 pg/ml
(Table 4). It is important to note that these values were obtained without tryptophan supplementation in
the culture media. Therefore, although the addition of this amino acid to the culture medium promotes
IAA synthesis, it is unlikely to be present in large amounts in the soil.

Table 4: PGPR characteristics of the selected strains

Isolated bacteria IAA production (ug/ml) Siderophore production (cm?) Phosphate solubilization (cm?)

R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
122
T25
T26
127
T28

2.85
2.85
1.42
5
0.71
0.71
1.42
4.28
0.71
1.42
0.71
3.57
0.71
1.42
0.71

ND
ND
0.97
ND
1.22

0.28
2.81
0.20
0.75
ND
ND
0.62
ND
ND

0.23
ND
ND
0.86
ND
ND
ND
ND
ND
1.24
0.31

0.93
0.25

(Continued)
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Table 4 (continued)

Isolated bacteria IAA production (ug/ml) Siderophore production (cm?) Phosphate solubilization (cm?)

T31
T32
T34
T35
T36
T63
T65
T66
T67
T70
177
S37
S39
S40
S41
S43
S54
S55
S56
S58
S59
S68
S78
Vi1
V12
Vl1eé
V45
V48
V50
V51
V52
V60
V6l
V62
V73

5.71
6.42
5.71
5
6.42
7.14
5.71
5.71
7.4
0.71
6.42
5
7.85
8.57
6.42
5.71
9.28
5.71
7.14
7
5.71
6.42
5.71
25
11.42
7.14
5.71
5
5
7.14
11.42
6.42

10.71

ND
ND
ND
0.43
1.41
ND
ND
0.76
ND
ND
ND
ND
ND
ND
0.54
0.46
7.30
0.81
8.47
1.25
0.98
ND
ND
ND
ND
1.39
0.67
ND
0.38
5.22
ND
ND
ND
ND
0.19

0.32
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
1.00
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

(Continued)
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Table 4 (continued)

Isolated bacteria IAA production (ug/ml) Siderophore production (cm?) Phosphate solubilization (cm?)

V74 5.71 0.25 ND
V75 8.57 ND ND
V76 5.71 2.46 ND
V77 22.85 0.38 ND

Note: ND = not detected.

The highest value (22.68 pg/ml) was observed for strain V77 (Table 4), which is considered a
satisfactory result because the production of high amounts (more than 50 pg/ml) could be toxic for plants
[28]. These values are in agreement with those reported for symbiotic rhizobial microorganisms [29].
Ahmad et al. [30] showed that Azotobacter and Pseudomonas isolates produce different plant hormones
when they are grown in liquid media, with values between 5 and 20 pg/ml for the particular case of IAA
production. In addition, it should be considered that the compounds secreted by the roots of the plant
could regulate the production of IAA by bacteria in a different way [28].

3.5.2 Siderophore Production

Almost half (46.29%) of the evaluated strains produced siderophores. The color change from blue to
clear yellow, as described in the traditional CAS assay, indicates the production of carboxylate-type
siderophores. A representative example is shown in Fig. 2a. Siderophore production was estimated by
measuring the solubilized area in the Petri dish (Table 4). Strain S54 exhibited the highest siderophore
production.

The ability to produce siderophores is considered an important trait to promote plant development under
iron-limiting conditions. This ability would allow the strains to carry out biological control of plant
pathogens as they would eliminate the available iron from the medium and deliver it to the plant [28].

Figure 2: Petri dish with CAS agar indicating siderophore production (a) and Petri dish with NBRIP
medium and Petri dish indicating phosphate solubilization (b)
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3.5.3 Phosphate Solubilization

Only 14.81% of the selected strains tested for phosphate solubilization were positive for this
assessment. The phosphate solubilization ability was determined based on the solubilized area on the
Petri dish (Fig. 2b and Table 4). According to their solubilization abilities, two groups were observed:
the best solubilizers (approximately 0.8—1 cm? solubilization) were strains R10, T26, R4, and S37, while
those showing the lowest solubilization ability were strains R1, T22, T27 and T31 (approximately 0.2—
0.3 cm?®). Considering that this phenomenon is often associated with a decrease in pH by
microorganisms, it is promising that the growth of these strains was not affected by the acid pH stress
condition evaluated (Fig. 3a).

Phosphate solubilization has been considered an important trait that bacteria exhibit to promote plant
growth since phosphate is often found as an insoluble salt, unavailable to the plant. Phosphate
solubilization is usually associated with soil acidification, which dissolves the inorganic insoluble
phosphate salts [28]. Phosphate solubilization ability has been reported for several rhizobacteria, such as
Pseudomonas, Bacillus, Rhizobium, Burkholderia, Achromobacter, Agrobacterium, Microccocus,
Aereobacter, Flavobacterium, Enterobacter, Pantotea, Klebsiella, Rhodobacter, and Serratia [28,31].

It is important to note that 57.41% of the isolates showed more than one PGPR activity. These results are
consistent with those reported for both rhizobial and non-rhizobial bacteria regarding the common
characteristic of root infection capacity in legumes [32,33]. Specifically, as shown in these results, the
ability to solubilize phosphates and produce phytohormones has been reported for endophytic bacteria in
legume nodules [34]. Hossain et al. [35] found non-rhizobial isolates in nodules of A. hypogaea L.,
D. lablab L., V. mungo L., and S. sesban L, which promoted the growth of the legumes studied. In
addition to the plant growth-promoting characteristics studied in this work, some bacteria have additional
properties that could support their application as bioinoculants in agriculture [1]. An example of this
could be the ability to relieve plant stress through the production of ACC deaminase [36].

The use of these microorganisms for the formulation of bioinoculants could additionally contribute to
the establishment of plants and the improvement of soil properties in degraded semiarid areas. This
would help to ensure a sustainable increase in agricultural productivity in a future climate change
scenario [5,37].

Studies indicate that the combined use of different microorganisms allows not only better growth but
also effective protection of plants [38]. The microorganisms isolated in this study could be used in
multicomponent bioformulations. Combining bacterial strains in a single formulation would improve
efficacy and reliability, which appears to be very promising [39].

3.6 Performance of Isolates Growing under Stress Conditions: pH and Osmolarity
Based on the results of the stress conditions, isolates were grouped according to their growth kinetics
behavior under the pH and osmolarity levels tested. Four groups were defined for pH stress, as follows:

GROUP 1: Isolates were not affected under the pH stress conditions evaluated: R1, R2, R3, R4, R5, R7,
R8, RY, R10, T22, T25, T26, T27, T31, T35, T63, T77, S40, S54, S56, S58, S59, S68, S78, V11, V45, V48,
V50, V51, V52, V62, V73, V74, V75, V76 and V77 (Fig. 3a).

GROUP 2: Little or no cell growth at pH 9: T28, T32, T34, T36, T70, S37, S41, S43, V16 and V61
(Fig. 3b).

GROUP 3: Isolates developed a “lag” stage of adaptation to pH 9 after which the levels of cellular
concentration of the other conditions were equated: T66, T67, S55, and V60 (Fig. 3c).

GROUP 4: Isolate growth kinetics and/or cell concentration was negatively affected by alkaline pH
levels: R6, T65, S39 and V12 (Fig. 3d).
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Figure 3: Performance of isolates growing under pH stress conditions: GROUP 1 strain S68 (a), GROUP
2 strain T70 (b), GROUP 3 strain T66 (c), GROUP 4 strain V12 (d)

Regarding osmolarity stress conditions, isolates were grouped as follows:

GROUP 1: Isolates were not affected by the different osmotic conditions: R1, R2, R3, R4, R5, R7, RS,
R9, R10, T22, T26, T27, T28, T31, T32, T35, T63, T66, T67, T70, S37, S39, S40, S41, S43, S54, S55, S58,
S59, S68, S78, V11, V12, V45, V48, V50, V52, V60, V73, V74, V75, V76 and V77 (Fig. 4a).

GROUP 2: Isolates showed little or no cell growth in low and high osmolarity conditions (0 and
200 mM NaCl, respectively): T25 and T77 (Fig. 4b).

GROUP 3: Isolates developed a “lag” stage of adaptation with conditions of high osmolarity after which
the cell concentration levels of the other conditions were equated: T36, T65, V16, V51, V61 and V62
(Fig. 4c¢).

GROUP 4: Isolates in which an increase in osmolarity favored cell growth: R6 and S56 (Fig. 4d).

To represent the behavior of each strain in relation with its response to the stress conditions, an index was
calculated by considering the relationship between the specific growth rate (i) obtained in each treatment and
that observed in the control experiment. Analyzing these relationships (Table 5), we found that the isolates
whose relationship values were 1 £ 0.05 overcame the corresponding stress condition and reached the same
levels of cell concentration as the control treatment.
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Figure 4: Performance of isolates growing under osmotic stress: GROUP 1 strain T32 (a), GROUP 2 strain
T77 (b), GROUP 3 strain V16 (c) and GROUP 4 strain S56 (d)

Of the 54 isolates subjected to different stress conditions, 57.41% were not affected concerning the cell
concentration reached and growth kinetics (highlighted in black and marked with * in Table 5). The high
tolerance of the strains to these conditions could be attributed to the fact that they were isolated from
soils with pH values tending to alkalinity (Table 2). Based on these values, it could be inferred that they
were saline soils since they exhibited pH values between approximately 7.5 and 8. Choudhury et al. [40]
found variability in the behavior of microorganisms when they were exposed to variations in osmolarity
and pH. In agreement with our results, Karagoz et al. [41] found isolates with plant growth-promoting
abilities (N, fixers, phosphate solubilizers, and siderophore producers) that were tolerant to high
concentrations of NaCl in acidic and alkaline rhizospheric soils. The multiplicity and redundancy of
homeostatic mechanisms are tags of stress conditions in bacteria [42].

Table 5: Relationship between the specific growth rate (i) in each treatment and the control. The values
obtained are the result of an average of n = 6

Isolates pH-induced stress Osmotic induced stress
UpH 6 UpH 8 MpH 9 1100 mM NacCl 150 mM NaCl K200 mM Nacl
Hcontrol Hcontrol Hcontrol Hcontrol Hcontrol Hcontrol

*R1 0.99 1.00 0.99 1.00 1.01 1.00

*R2 0.99 1.00 0.98 1.01 1.01 1.01

(Continued)
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Table 5 (continued)

Isolates pH-induced stress Osmotic induced stress
HpH 6 MUpH 8 MpH 9 1100 mM NacCl 150 mM NacCl M200 mM NacCl
Heontrol Meontrol Meontrol Meontrol Hcontrol Meontrol

*R3 0.99 0.99 1.00 0.99 0.99 1.00
*R4 1.00 1.01 1.00 0.99 1.00 0.98
*R5 1.00 0.99 1.00 1.00 0.99 1.00
R6 0.93 0.98 0.00 1.44 1.47 1.62
*R7 1.00 0.99 0.99 1.03 0.99 0.97
*R8 1.00 1.00 1.01 1.03 0.98 1.02
*R9 1.00 0.99 1.00 1.01 1.01 0.97
*R10 1.00 1.01 1.00 0.99 1.01 0.98
*T22 0.99 1.00 1.00 1.01 1.00 0.99
T25 1.01 1.00 1.01 1.17 1.17 0.89
*T26 1.00 1.00 1.00 0.98 0.95 0.97
*T27 0.99 1.01 0.98 1.02 0.99 1.01
T28 1.00 1.01 0.69 1.01 1.00 0.97
*T31 1.00 1.00 1.00 0.98 0.99 1.01
T32 1.01 1.01 0.46 1.01 1.01 1.01
T34 1.01 1.01 0.68 0.99 0.97 0.81
*T35 1.00 1.00 0.99 0.99 0.99 0.98
T36 1.01 1.01 0.68 1.01 0.91 0.81
*T63 1.01 1.01 0.95 1.00 1.01 0.99
T65 0.99 0.85 0.00 1.00 1.01 0.79
T66 1.00 1.00 1.51 1.01 1.00 1.01
T67 1.00 1.00 1.57 0.98 1.00 0.99
T70 1.01 1.01 0.51 1.01 1.00 1.00
T77 1.00 0.98 1.00 1.36 1.40 1.06
S37 0.90 1.01 0.81 0.98 0.99 0.99
S39 1.02 0.81 0.77 1.02 1.02 0.97
*S40 1.01 1.00 1.01 1.02 1.01 1.04
S41 1.01 0.99 0.82 1.00 0.98 1.02
S43 0.99 0.99 0.74 0.99 0.96 0.97
*S54 1.01 1.01 0.96 1.01 0.99 0.99
S55 1.00 1.00 0.73 1.00 1.00 1.01
S56 0.99 0.99 0.99 1.22 1.24 1.24

(Continued)
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Table 5 (continued)

Isolates pH-induced stress Osmotic induced stress
HpH 6 MUpH 8 MpH 9 1100 mM NacCl 150 mM NacCl M200 mM NacCl
Heontrol Meontrol Meontrol Meontrol Hcontrol Meontrol

*S58 0.98 0.99 0.99 1.02 0.98 1.00
*S59 1.00 1.01 1.00 1.01 1.01 1.03
*S68 1.00 1.00 1.01 0.98 0.99 0.99
*S78 1.00 1.00 1.00 1.01 1.02 1.02
*V11 0.99 1.00 0.97 0.99 0.99 1.00
V12 1.00 0.74 0.83 1.02 1.01 1.01
V16 1.02 1.03 0.71 1.03 1.00 0.83
*V45 1.00 1.00 1.01 1.03 1.00 1.01
*V48 1.01 1.01 1.01 1.01 1.01 1.01
*V50 1.00 1.00 1.00 1.00 0.99 1.00
V51 1.01 0.99 0.98 0.99 0.99 0.78
*V52 1.00 1.00 0.98 1.00 1.00 0.99
V60 1.00 1.00 0.53 1.00 1.00 1.00
V6l 1.00 1.00 0.58 1.02 1.00 0.76
V62 0.99 0.99 0.99 0.97 1.01 0.91
*V73 1.00 1.00 1.00 0.99 1.00 0.99
*V74 0.99 0.99 0.99 0.98 0.97 0.99
*V75 1.00 1.00 1.00 0.99 1.01 0.98
*V76 0.99 1.00 0.99 1.02 0.99 1.00
*V77 1.00 1.00 1.00 1.00 1.00 1.03

Note: "= Isolates not affected by any of the stress conditions studied in terms of the cell concentration reached and growth kinetics.

The results show promise for restoring native vegetation on stressed soils and enhancing restoration
benefits through plant-microorganism interactions. Ogiitcii et al. [43] found that salinity adversely
affected chickpea growth parameters, but inoculation with native strains improved its ability to thrive
under saline conditions. Therefore, understanding native microbial flora and its adaptability is crucial for
optimizing this association. Field experiments with plant growth-promoting rhizobacteria from stressed
areas should be conducted [44].

Ventorino et al. [45] found that the reference strains used were less effective and competitive than
the natural population and that no native isolate belonged to the reference strain. Nautiyal et al. [46]
reported that phosphate solubilization activity decreased gradually with increasing concentration of NaCl,
which emphasizes the importance of working with species that tolerate these conditions. Sachdev et al.
[47] reported that the production of IAA by native strains under salt stress conditions correlated
positively with greater root growth, thus contributing significantly to improving the plant tolerance to salt.
Lebrazi et al. [48] also highlighted that IAA-producing rhizobacteria could be harnessed to improve plant
growth.
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3.7 Genetic Diversity of Isolates

To carry out genetic characterization analysis, 17 microorganisms were selected based on their ability to
tolerate the studied stress conditions and considering whether they exhibited two or more PGPR properties.
The dendrogram based on BOX fingerprint patterns (Fig. 5) showed that the genetic diversity of isolates
occupying Rhynchosia nodules was high (H = 2.08) [3] although the selected isolates shared certain
characteristics. Considering a similarity coefficient of 90%, the BOX patterns could be grouped into nine
different operational taxonomic units (OTUs). Only 42 out of 17 isolates had the same genetic profile
(V73 and V74). These results confirm the expected high level of diversity.

BOX-PCR BOX-PCR

20
40
- 60
- 80
90
L 100

~r

[

Figure 5: Similarity dendrogram of selected bacterial isolates of Rhynchosia based not only on the ability to
tolerate the studied stress conditions but also on their PGPR properties, considering two or more growth-
promoting activities

Based on these results, future trials are planned to select isolates that can be used in the formulation of
biofertilizers, through inoculation tests of Rhynchosia plants. In this way, the ability to promote plant growth
will be evaluated in vivo, by subjecting the plants to the different stress conditions studied in this work. This
will allow a strict selection of strains suitable for biotechnological purposes, on which analyses will be
carried out for identification, based on the 16S gene. Although these genomic approaches are of great
taxonomic importance, the genes identified remain to be phenotypically characterized [1]. Other authors
have characterized and grouped isolates from Rhynchosia nodules in the genus Burkholderia [49].
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4 Conclusions

None of the isolates studied had the nodC gene in their genome. Therefore, we conclude that in
Rhynchosia plant nodules, different endophytic microorganisms cohabit with the rhizobium that gave rise
to the formation of this structure. Moreover, the rhizobacteria that participated in the formation of the
nodules may have reached such a degree of bacteroid differentiation that it prevented the dedifferentiation
to the state of vegetative cultivable cells, and therefore, they could not be isolated. The finding of
endophytic strains with plant growth-promoting properties, including tolerance to stress conditions, is of
great importance in promoting crop development in semiarid areas. The results obtained contribute to
improving our knowledge of the benefits of using PGPR bacteria in the growth and development of
native legumes with forage potential in arid and semiarid areas and to ensuring their implantation through
sustainable agriculture. Research groups are engaged in an ongoing international effort to isolate and
characterize plant growth-promoting microorganisms from native hosts, to identify elite microorganisms
capable of competing in the soil, surviving harsh environmental conditions, and promoting plant growth,
with the ultimate aim of using them in the formulation of bioinoculants.
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