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Abstract: Pecan cultivation holds significant global importance. Salinity negatively affects the
physiology and metabolism of the plant. However, certain plant growth-promoting rhizobacteria
(PGPR) have the ability to reduce salt stress in plants. The objective was to analyze the effects of the
rhizobacteria Bacillus paralicheniformis strain LBEndo1 on the development of pecan seedlings under
salinity stress conditions. Two factors were analyzed: the presence of saline stress and the bacterial
inoculation. The bacterial application was conducted at a concentration of 1 × 108 CFU/mL, and
irrigation was administered every third day with 80 mL of water containing 50 mM NaCl. The results
show that the rhizobacteria has a maximum tolerance of 15% salinity. Furthermore, the inoculation of
PGPR significantly increased the biomass of the seedlings, including the dry weight of leaves, stem,
and roots, as well as the stem diameter and height. Furthermore, seedlings that interacted with the
rhizobacteria exhibited superior development under saline conditions, with significant increases of
105.5% in chlorophyll concentration and 112% in proline accumulation compared to non-inoculated
seedlings. Additionally, a remarkable reduction in leaf damage caused by salt stress was observed. In
conclusion, the LBEndo1 rhizobacteria, being a strain resistant to salinity and possessing multiple
mechanisms to promote growth while mitigating salt stress, has the potential to be utilized in pecan
seedlings to alleviate stress caused by salinity and increases biomass.

Keywords: PGPR; salinity stress; growth promotion; pecan

1. Introduction

Carya illinoinensis is a tree species native to the southern United States and northern
Mexico, belonging to the Juglandaceae family, and is currently one of the most significant
crops worldwide [1,2]. According to data from Sierra-Zurita et al. [3], Mexico ranks first in
global pecan nut production, with an approximate cultivated area of 146,239 hectares and
a production of 136,947 tons in 2021. In growing areas, including Mexico, nut seed-lings
from free pollination are used as rootstocks in established grafted orchards [4]. This plant
thrives naturally in areas close to streams or rivers, with alluvial soils that are fertile, deep,
well-drained, and possess excellent water retention capacity [5]. However, it is known for
its sensitivity to salinity, with a tolerance range of approximately 2 to 3 dS·m−1 of electrical
conductivity. Values exceeding this range can cause a severe decrease in development, and
the damage may even be fatal to the plant [6–8].

Salt-induced stress in the pecan tree results in reduced leaf production, stem diameter,
and root development, leading to lower biomass and a negative impact on fruit produc-
tion [9]. Additionally, high salt concentrations affect physiological characteristics such
as stomatal conductance and photosynthetic capacity [10]. Furthermore, other metabolic
aspects of plants can be affected, leading to osmotic stress and ionic imbalance, disrupting
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water potential homeostasis [11]. Just as the overproduction of ethylene can trigger adverse
effects such as accelerated senescence, it can also lead to the development of oxidative
stress, impacting plant health [12].

The rhizosphere, defined as the soil zone influenced by the biological activity in
the roots of plants, creates a conducive environment for symbiotic interaction between
these roots and microorganisms. Numerous studies support the knowledge that beneficial
bacteria in the rhizosphere can enhance biomass production and alleviate abiotic stress
in plants [13]. These microorganisms are known as plant growth-promoting rhizobacte-
ria (PGPR) [14,15]. Among their notable characteristics is the ability to activate defense
mechanisms in plants, including the increased production of proline; this amino acid is
crucial to enhance tolerance to abiotic stress, such as drought, nutrient imbalances, and
high salinity concentrations. It acts as an osmoprotective agent, preserving cellular integrity
and mitigating oxidative damage [16,17]. The use of PGPR has emerged as a promising
approach to mitigate plant stress caused by high salt concentrations [18]. Ali et al. [19]
demonstrated that the ACC deaminase enzyme produced by the bacterium Pseudomonas
fluorescens can reduce salt stress in tomato plants by lowering the level of ethylene. Some
benefits provided by rhizobacteria include increased fresh weight of plants, improved
K+/Na+ ratio [20], enhanced germination, and larger plant size [21].

The inoculation of PGPR in soils with high electrical conductivity problems has been
regarded as the most effective way to reduce the adverse effects of salinity on plants [22–24].
PGPR synthesize specific compounds that act as inhibitors of signaling cascades in response
to salt stress [25]. Additionally, they exert direct mechanisms involving biological nitro-
gen fixation, phytohormone production, phosphate solubilization, toxicity reduction, all
contributing to enhanced water and nutrient absorption. Some bacteria reported with this
capacity have been the genus Bacillus [26,27].

Despite the global importance of this crop, the plant’s susceptibility to high salt con-
centrations, and the relevance of PGPR in agriculture, few studies have addressed this
issue. Building on previous research demonstrating the promoting effect of B. paralicheni-
formis LBEndo1 in Arabidopsis thaliana, we decided to expand our analysis to determine if
these benefits manifest similarly in pecan seedlings. Therefore, this current study was con-
ducted with the aim of examining the effects of rhizobacteria on the development of pecan
seedlings, especially under saline stress conditions. Additionally, we sought to evaluate
the rhizobacteria’s ability to tolerate saline stress. Given the nature of the experiments, it
was crucial for the rhizobacteria to demonstrate resistance to high salt concentrations.

2. Materials and Methods
2.1. Plant Material

The experiments were conducted at the facilities of the Faculty of Biological Sciences,
Juárez University of the State of Durango (25◦35′13′′ N and 103◦30′04′′ W, at an altitude of
1114 m above sea level). For the experiments, seeds from native pecan trees were collected
from an orchard located in the municipality of Nazas, Durango (25◦15′08′′ N and 104◦06′09′′

W, at an altitude of 1240 m above sea level). The seeds were disinfected with 20% sodium
hypochlorite, then rinsed with sterile distilled water. Subsequently, they were cold stratified
at 4 ◦C for one week before being germinated in sterile sand and irrigated with sterile
water every third day. After the pecan seedlings germinated, they were transplanted into
pots measuring 20 cm in height and 10 cm in diameter. The substrate used was sterilized
sand. Throughout the entire experiment, the seedlings were irrigated only with sterile
distilled water, without introducing any additional nutrient solutions. The experiment was
conducted in a bioclimatic chamber under controlled temperature conditions (25 ◦C) and
photoperiods (16 h of light and 8 h of darkness).

2.2. Experimental Design

For this experiment, a completely randomized 2 × 2 factorial design (four treatments)
with three replications was established, with each replication consisting of five seedlings
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(15 seedlings per treatment), resulting in a total of 60 experimental units. The first variable
factor was the plant growth-promoting rhizobacteria B. paralicheniformis LBEndo1 at two
levels (presence and absence), and the second factor was the concentration of NaCl (0 and
50 mM). Irrigations were performed every third day, applying 80 mL of saline solution or
without salts (salt-free control) over a period of 60 days. The codes for the four treatments
were designated as follows: Seedlings without bacteria or salt = Control, seedlings with
bacteria without salt = LBEndo1, seedlings without bacteria with salt = Control+S, and
seedlings with bacteria with salt = LBEndo1+S.

2.3. Determination of Halotolerance in the Rhizobacteria LBEndo1

A series of experiments were carried out with the objective of determining the tolerance
of the bacterial strain LBEndo1 to saline stress. To achieve this, the liquid Luria Bertani (LB)
culture medium was used as a base and enriched with different concentrations of NaCl (5%,
10%, and 15% w/v) to simulate saline stress conditions. The rhizobacteria were cultured
and subsequently incubated at a temperature of 35 ◦C, with constant agitation at 120 rpm
to provide optimal growth conditions. After a three-day period, an evaluation of bacterial
growth was conducted. A count was performed using a Neubauer chamber to determine
the number of colony-forming units per milliliter (CFU/mL) and thereby confirm bacterial
growth in the different saline concentrations.

2.4. Bacterial Inoculation

To carry out this analysis, the rhizobacterial strain B. paralicheniformis LBEndo1 was
utilized. For its cultivation, 100 mL of LB liquid medium were added to an Erlenmeyer
flask, which was then incubated for 24 h at a constant temperature of 35 ◦C, with continuous
agitation at 120 rpm. After the cultivation period, the bacterial concentration was adjusted
to 1 × 108 CFU/mL using a Neubauer chamber. Before inoculation into the seedlings, the
bacteria were centrifuged at 5000 rpm for 5 min to remove the culture medium; they were
then resuspended in sterilized distilled water. The seedlings used in the assay were one
week old from germination, and the inoculation was performed at the base of the stem by
applying 10 mL of the bacteria previously adjusted to 1 × 108 CFU/mL.

2.5. Biostimulation of C. illinoinensis by the Rhizobacteria LBEndo1

After a 60-day period of interaction between rhizobacteria, seedlings, and salinity,
morphometric measurements were conducted to analyze the growth of all seedlings. Using
an analytical balance, the dry weight of leaves, stems, and roots was determined, while
stem diameter was measured with a caliper. Additionally, the height of the 15 seedlings
from each treatment (60 seedlings in total) was recorded weekly to observe the growth
dynamics during the 60 days of the experiment. Upon conclusion, the obtained results
allowed for the evaluation of the effects of rhizobacteria on seedling growth.

2.6. Extraction and Measurement of Proline

The extraction and quantification of proline were performed following the methodol-
ogy of Bates et al. [28]. For this analysis, samples of fresh tissue (leaves) were taken from
the seedlings of each of the treatments. Using an analytical balance, 100 mg of the aerial
part of C. illinoinensis seedlings were weighed, and the plant material was placed in an
Eppendorf tube containing a 140 mM sulfosalicylic acid solution to be ground with a pestle.
The resulting solution was filtered through a 0.20 µm filter. The liquid extract was mixed
with a solution of 140 mM acidic ninhydrin and glacial acetic acid in a 1:1:1 ratio. The
tubes were heated to 100 ◦C for one hour, then cooled on ice. Toluene was added in a 1:1
ratio, vigorously vortexed, and allowed to settle. The organic fraction was extracted and
placed in a quartz cuvette for measuring the absorbance of the ninhydrin-proline complex
at 520 nm using spectrophotometry. A calibration curve was previously established using
concentrations of 10, 20, 40, 50, 75, and 100 µg of commercial proline (Sigma Aldrich
Chemical Co., Burlington, MA, USA®).
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2.7. Extraction and Measurement of Chlorophyll

The assay for chlorophyll measurement was conducted on the leaves of seedlings from
each of the treatments, following the protocol of Zhang and Huang [29]. The total chloro-
phyll was extracted from 0.1 g of fresh C. illinoinensis leaves immersed in Eppendorf tubes
with N, N-dimethylformamide (DMF) for 24 h at a temperature of 4 ◦C in darkness. The
concentrations of chlorophyll A and chlorophyll B were measured by spectrophotometry at
absorbance wavelengths of 664 nm and 647 nm, respectively. The content of chlorophyll A,
B, and total chlorophyll (A + B) was determined by substituting the obtained absorbances
into the following formulas:

Chlorophyll: A = 12.7 × A664 − 2.79 × A647

Chlorophyll: B = 20.7 × A647 − 4.62 × A664

Chlorophyll: A + B = 17.90 × A647 + 8.08 × A664

2.8. Statistical Analysis

A statistical analysis was performed to evaluate the different developmental param-
eters in this study. This included the analysis of root, stem, and leaf dry weights, stem
diameter, seedling height, and proline and chlorophyll levels. The experimental design was
set up in a completely randomized manner. For the statistical analysis, both the Student’s
t-test and ANOVA method were used, followed by a Tukey post hoc test for multiple
comparisons. The level of significance was set at p ≤ 0.05. All statistical analyses were
conducted using GraphPad Prism 9 software.

3. Results
3.1. Halotolerance of the Rhizobacteria LBEndo1

One of the keys features a rhizobacteria must possess to be used in reducing salt
stress in seedlings is the ability to tolerate high salinity concentrations [14]. After three
days of bacterial strain growth in LB liquid medium enriched with NaCl (0, 5, 10, and
15%), it was determined that the maximum salt tolerance capacity of the bacteria was 15%
w/v. However, it is evident that at a higher salt concentration, bacterial growth decreases
(Figure 1).
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3.2. Seedling Growth Dynamics

During the experiment, it was found that the seedlings in the treatment inoculated
with B. paralicheniformis LBEndo1, but without exposure to salt stress (LBEndo1), exhibited
significantly greater growth compared to the other conditions. On the other hand, the
seedlings that were not in contact with the rhizobacteria showed a lower stem height, with
this difference being more pronounced in the Control+S treatment. This suggests that
salinity has a negative impact on seedling development, while rhizobacteria beneficially
contribute to the growth of seedlings, even under saline conditions. It was also observed
that both the LBEndo1+S treatment and the Control+S treatment displayed slower growth
in the last three weeks of the experiment compared to the LBEndo1 and Control treatments
(Figure 2). These results support the importance of rhizobacteria inoculation in promoting
optimal seedling growth, especially under salt stress conditions.
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Figure 2. Height changes were recorded in pecan seedlings subjected to four different treatments:
Control, LBEndo1, Control+S, and LBendo1+S. The measurements were carried out over a 60-day
period, with weekly measurements taken over the course of eight weeks.

3.3. Growth Promotion under Saline and Non-Saline Stress Conditions

The results obtained under non-saline stress conditions show that the inoculated
seedlings exhibited higher biomass production (Figure 3). In each of the morphometric
parameters evaluated, seedlings interacting with the rhizobacteria (LBEndo1) demonstrated
superior performance compared to the control treatment (Control), as evidenced in Table 1.
Specifically, the growth-promoting effect was most pronounced in the dry weight of the
leaves, showing an average increase of 81.5%. This result indicates greater accumulation
of leaf biomass in the inoculated seedlings. Additionally, dry weights of roots and stems
also showed significant increases, with respective increments of 59.3% and 58.9%. These
findings suggest improved development of the root system and structural tissue. Regarding
seedling height, an average increase of 32.8% was observed in seedlings interacting with
the bacteria. It is noteworthy that, although there was a 9.63% increase in stem diameter in
the inoculated seedlings, this difference was not statistically significant compared to the
Control treatment. This suggests that LBEndo1 bacteria may have a limited effect on stem
thickening, although a slight increasing trend was still observed.

On the other hand, under saline stress conditions, positive changes were observed in
various morphometric parameters in seedlings inoculated with rhizobacteria (LBEndo1+S)
compared to the control group (Control+S), detailed in Table 1. Firstly, a significant increase
in stem dry weight was achieved, with an average increase of 98.7%. Likewise, for the
leaves, a 163.3% increase in dry weight was recorded, demonstrating the positive effect of
rhizobacteria on foliar growth under salinity conditions. Regarding the roots, an average
increase of 112.9% in dry weight was observed in the presence of rhizobacteria. In relation to
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seedling height, despite saline stress, an average increase of 68.3% was achieved in seedlings
with rhizobacteria. Furthermore, a 34.2% increase in stem diameter was recorded, indicating
increased resistance and structural rigidity in seedlings treated with rhizobacteria. These
findings demonstrate that the rhizobacterium B. paralicheniformis LBEndo1 has the ability
to increase the biomass of C. illinoinensis seedlings even under saline stress conditions.
Despite both plants experiencing damage due to salinity, it is evident that the inoculated
seedlings exhibited less harm than the non-bacterially inoculated ones, suggesting the
positive influence of rhizobacteria in alleviating saline stress in seedlings (Figure 3).

Agronomy 2023, 13, x FOR PEER REVIEW 6 of 13 
 

 

roots, an average increase of 112.9% in dry weight was observed in the presence of rhizo-
bacteria. In relation to seedling height, despite saline stress, an average increase of 68.3% 
was achieved in seedlings with rhizobacteria. Furthermore, a 34.2% increase in stem di-
ameter was recorded, indicating increased resistance and structural rigidity in seedlings 
treated with rhizobacteria. These findings demonstrate that the rhizobacterium B. 
paralicheniformis LBEndo1 has the ability to increase the biomass of C. illinoinensis seed-
lings even under saline stress conditions. Despite both plants experiencing damage due 
to salinity, it is evident that the inoculated seedlings exhibited less harm than the non-
bacterially inoculated ones, suggesting the positive influence of rhizobacteria in alleviat-
ing saline stress in seedlings (Figure 3). 

 
Figure 3. Photographs depicting the appearance of C. illinoinensis seedlings from the Control, 
LBEndo1, Control+S, and LBEndo1+S treatments at 60 days post-inoculation. These images illustrate 
both the growth-promoting effect induced by rhizobacteria and the damage caused by saline stress. 

Table 1. Morphometric data of the Control, LBEndo1, Control+S, and LBEndo1+S treatments. Dif-
ferent letters indicate significant differences between treatment means according to ANOVA analy-
sis (p ≤ 0.05). 

 
Leaf Dry 
Weight 

(g) 

Stem Dry 
Weight 

(g) 

Root Dry 
Weight 

(g) 

Total Dry 
Weight 

(g) 

Seedling 
Height 

(cm) 

Stem 
Diameter 

(cm) 
Control 1.3 ± 0.19 c 1.6 ± 0.19 c 10.1 ± 0.94 b 13.0 ± 0.89 b 19.3 ± 0.67 b 3.7 ± 0.39 a 

LBEndo1 2.4 ± 0.13 a 2.5 ± 0.10 a 16.0 ± 2.02 a 21.0 ± 2.18 a 25.7 ± 1.22 a 4.1 ± 0.34 a 
Control+S 0.7 ± 0.13 d 1.1 ± 0.10 d 6.9 ± 0.65 c 8.7 ± 0.67 c 14.5 ± 1.37 c 2.9 ± 0.35 b 

LBEndo1+S 1.9 ± 0.22 b 2.2 ± 0.16 b 14.6 ± 1.06 a 18.9 ± 0.75 a 24.4 ± 1.37 a 3.9 ± 0.23 a 
Data are shown as mean ± standard deviation (SD, n = 60). 

3.4. Proline Content 
To assess the impact of the LBEndo1 rhizobacteria on proline accumulation, meas-

urements were carried out in seedlings inoculated with these rhizobacteria and in the non-
inoculated control group, both under saline stress and non-saline conditions. In the case 
of leaves without saline stress, seedlings inoculated with the rhizobacteria showed a 54.2% 
increase in proline production, reaching a level of 31 µmol g−1, in contrast to control seed-
lings that produced 20.1 µmol g−1. On the other hand, in seedlings under saline stress, the 
control group recorded a production of 34.5 µmol g−1, while in interaction with the rhizo-
bacteria they achieved a production of 56.6 µmol g−1, representing a 64.05% increase. It is 

Figure 3. Photographs depicting the appearance of C. illinoinensis seedlings from the Control,
LBEndo1, Control+S, and LBEndo1+S treatments at 60 days post-inoculation. These images illustrate
both the growth-promoting effect induced by rhizobacteria and the damage caused by saline stress.

Table 1. Morphometric data of the Control, LBEndo1, Control+S, and LBEndo1+S treatments. Differ-
ent letters indicate significant differences between treatment means according to ANOVA analysis
(p ≤ 0.05).

Leaf Dry
Weight

(g)

Stem Dry
Weight

(g)

Root Dry
Weight

(g)

Total Dry
Weight

(g)

Seedling
Height

(cm)

Stem
Diameter

(cm)

Control 1.3 ± 0.19 c 1.6 ± 0.19 c 10.1 ± 0.94 b 13.0 ± 0.89 b 19.3 ± 0.67 b 3.7 ± 0.39 a
LBEndo1 2.4 ± 0.13 a 2.5 ± 0.10 a 16.0 ± 2.02 a 21.0 ± 2.18 a 25.7 ± 1.22 a 4.1 ± 0.34 a
Control+S 0.7 ± 0.13 d 1.1 ± 0.10 d 6.9 ± 0.65 c 8.7 ± 0.67 c 14.5 ± 1.37 c 2.9 ± 0.35 b

LBEndo1+S 1.9 ± 0.22 b 2.2 ± 0.16 b 14.6 ± 1.06 a 18.9 ± 0.75 a 24.4 ± 1.37 a 3.9 ± 0.23 a

Data are shown as mean ± standard deviation (SD, n = 60).

3.4. Proline Content

To assess the impact of the LBEndo1 rhizobacteria on proline accumulation, mea-
surements were carried out in seedlings inoculated with these rhizobacteria and in the
non-inoculated control group, both under saline stress and non-saline conditions. In the
case of leaves without saline stress, seedlings inoculated with the rhizobacteria showed a
54.2% increase in proline production, reaching a level of 31 µmol g−1, in contrast to control
seedlings that produced 20.1 µmol g−1. On the other hand, in seedlings under saline stress,
the control group recorded a production of 34.5 µmol g−1, while in interaction with the
rhizobacteria they achieved a production of 56.6 µmol g−1, representing a 64.05% increase.
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It is important to note that the Control+S and LBEndo1 treatments showed a similar proline
production (Figure 4a).
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Figure 4. Proline production in the leaves (a), stem (b), and root (c) of C. illinoinensis after 60 days of
interaction. Values represent mean ± standard deviation (n = 60). Different letters indicate significant
differences between treatment means according to ANOVA analysis (p ≤ 0.05).

Regarding the stems, under non-saline stress conditions, the Control treatment had
an average of 23 µmol g−1, 30% less than seedlings treated with LBEndo1, which pro-
duced 29.9 µmol g−1. In the case of seedlings exposed to saline stress, the Control+S and
LBEndo1+S treatments produced 29.4 µmol g−1 and 62.6 µmol g−1, respectively, with the
inoculated treatment showing a 112.9% higher production (Figure 4b). Once again, a similar
proline production was observed between the Control+S and LBEndo1 treatments.

As for the roots of seedlings under non-saline conditions, a statistically similar proline
production was observed, with an accumulation of 19.5 µmol g−1 in the Control treatment
and 18.9 µmol g−1 in seedlings inoculated with rhizobacteria, in this case, slightly below the
Control treatment by 3.07%. Similarly, in the roots of seedlings subjected to saline stress, no
significant differences were found between the Control+S and LBEndo1+S treatments, with
a production of 46.4 µmol g−1 and 52.1 µmol g−1, respectively (Figure 4c), representing a
12.2% increase compared to the Control treatment. These results indicate that seedlings
inoculated with LBEndo1 show a higher proline accumulation, even in the absence of
stress conditions.

3.5. Chlorophyll Content and Foliar Damage

Analysis of total chlorophyll measurement was conducted on 60-day-old C. illinoinensis
leaves. Under saline stress conditions, the LBEndo1+S treatment exhibited a 105.5% increase
in chlorophyll concentration compared to the Control+S treatment. LBEndo1-inoculated
seedlings displayed chlorophyll values of 14.4 µg mL−1, while the control group reached
only 7.01 µg mL−1. This finding suggests that bacterial inoculation with LBEndo1 had a
positive effect on chlorophyll production in C. illinoinensis seedlings under saline stress
(Figure 5a).

Conversely, under non-saline stress conditions, a similar trend was observed, where
the LBEndo1 treatment had a total chlorophyll concentration of 20.23 µg mL−1, while the
Control treatment only reached 10.08 µg mL−1. The difference between the two treatments
was 100.6%, indicating that bacterial inoculation also favored chlorophyll production under
non-saline stress conditions (Figure 5a). These results are promising as bacterial inoculation
with LBEndo1 can enhance chlorophyll concentration in C. illinoinensis seedlings. This pig-
ment is crucial for photosynthesis and seedling growth, thus an increase in its concentration
could have a positive impact on the seedlings’ ability to cope with adverse conditions.
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on leaves and the reduction of damage in the LBEndo1+S treatment.

Additionally, leaf damage assessments were conducted to analyze the impact of saline
stress. Treatments that were not subjected to salt irrigation exhibited healthy-looking leaves.
Conversely, wilting was observed in the leaves of treatments exposed to NaCl. However, a
delayed effect was observed in seedlings inoculated with the LBEndo1 bacteria. Notably,
the Control+S treatment was more severely affected, showing 100% leaf damage, while the
LBEndo1+S treatment exhibited lower damage at 42.5% (Figure 5b). Therefore, it can be
inferred that the LBEndo1 rhizobacteria could provide some protection against the adverse
effects of saline stress on seedling leaves.

4. Discussion

The results of this research demonstrate the beneficial capacity of the rhizobacterium
B. paralicheniformis LBEndo1 to stimulate growth and improve salt stress tolerance in C.
illinoinensis seedlings. These findings confirm the initial hypothesis that proposed that
inoculation with this rhizobacterium could provide advantages to seedlings under salinity
conditions, suggesting a relationship between the presence of the rhizobacterium and the
vitality and performance of seedlings under salt stress.

Our findings align with previous research, such as that of Zhang et al. [30] and Jiao
et al. [31], indicating the susceptibility of C. illinoinensis to salinity. The negative response
of this species to salinity is in line with the current scientific understanding. These results
underscore the importance of addressing salt stress in managing the productivity and
quality of pecan nuts.

Similar to the findings of Etesami and Beattie [32], our results indicate that the B.
paralicheniformis strain LBEndo1 is resistant to high saline concentrations (Figure 1) and
has the ability to promote plant growth, as well as alleviate salt stress; in their work,
they investigated the growth-promoting effect mediated by bacteria of the Bacillus genus.
They discovered that Bacillus strains with salt tolerance demonstrate a greater ability to
confer benefits to plants under salt stress conditions [33,34]. The description of bacterial
species from the genus Bacillus as plant growth promoters has also been reported by Ibarra-
Villarreal [35]. The rhizobacterium B. paralicheniformis has been acknowledged as a PGPR
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with the ability to enhance the biomass of various agriculturally relevant plants, as well as
to alleviate the adverse effects of different types of abiotic stresses [36,37].

Research conducted by Khalilpour et al. [38] has indicated that plant growth-promoting
bacteria can influence plant growth by enhancing nutrient uptake, mineral solubilization,
and phytohormone production. In their study, they observed an increase in the growth
of Pistacia vera following inoculation with different plant growth-promoting bacteria, as
also reported by Salimi et al. [39]. Similarly, our findings reveal a significant increase in the
growth of seedlings inoculated with B. paralicheniformis LBEndo1 in the absence of salt stress
(Table 1), and these results are supported by previous research highlighting the rhizobac-
terium’s ability to stimulate pecan seedling development. These observations also align
with studies conducted by Shi et al. [40], who have demonstrated that plant–microorganism
interactions can have a positive impact on the growth of these plants.

The results indicating a greater accumulation of leaf biomass and an increase in root
and stem dry weight in seedlings interacting with the rhizobacterium B. paralicheniformis
LBEndo1 under salt stress conditions (Figure 4) align with research that has highlighted
the positive influence of plant growth-promoting bacteria on plant development and
architecture. These findings also relate to studies that have investigated the mechanisms
that could be involved in enhancing plant growth. In their study, Shabaan et al. [41]
examined the effect of Acinetobacter johnsonii inoculation on maize growth under salt stress.
They found that bacteria-inoculated plants showed a significant increase in leaf biomass
accumulation and an increase in root and stem dry weight compared to non-inoculated
plants. This result supports the notion that plant growth-promoting bacteria can have a
positive impact on plant development under salt stress conditions. Similarly, research such
as that conducted by Pérez-Jaramillo et al. [42] has also explored how bacteria can influence
root architecture and enhance nutrient uptake. In their study, they found that certain plant
growth-promoting bacteria can modify the branching pattern of roots, resulting in a greater
capacity to explore the soil for nutrients.

Proline plays a crucial role as a compatible osmolyte, serving its vital function in main-
taining osmotic balance and cellular homeostasis under stress situations, thus preventing
dehydration and loss of cell turgor [43]. A study by Ji et al. [44] reinforced the relationship
between Bacillus subtilis inoculation and proline accumulation in plants. In their research,
they explored the effects of plant growth-promoting bacteria on the response of wheat
plants to salt stress. They observed that bacteria-inoculated plants exhibited a significant
increase in proline accumulation compared to non-inoculated plants. This suggests that the
bacteria might be actively inducing proline accumulation in the plant’s stress response. Ad-
ditionally, research such as that of Ashraf and Foolad [45] has emphasized the importance
of proline accumulation in the adaptive response of plants to osmotic stress derived from
salt stress. These studies align with the results obtained in our research, where a significant
increase in proline production was evident in seedlings inoculated with B. paralicheniformis
LBEndo1, both under salt stress conditions and in stress-free environments (Figure 4).
These results indicate that inoculation with this rhizobacterium not only promotes greater
proline accumulation but also imparts greater tolerance to salt stress in plants, as has been
extensively reported by Shahid et al. [46].

In our project, a significant increase in chlorophyll concentration in the leaves of
seedlings inoculated with the rhizobacterium B. paralicheniformis LBEndo1 is revealed, both
under salt stress conditions and stress-free conditions (Figure 5a). This observation suggests
that the rhizobacterium could be exerting a positive impact on seedling photosynthetic effi-
ciency and metabolism. These results are similar to the studies by Kamran et al. [47], where
it has been demonstrated that plant growth-promoting bacteria can enhance chlorophyll
concentration in plants subjected to salt stress. Furthermore, research such as that of Han
et al. [48] has supported the association between bacterial inoculation and increased chloro-
phyll concentration, implying a direct influence on plant photosynthesis and performance.
Collectively, these findings support the idea that the rhizobacterium B. paralicheniformis
LBEndo1 might be optimizing the chlorophyll concentration in seedling leaves. The in-
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crease in chlorophyll concentration in the leaves of seedlings inoculated with the LBEndo1
rhizobacteria could be related to the previously described findings of increased proline
accumulation. This coincidence in the results suggests a possible relationship between
the increase in chlorophyll and proline in plants under saline stress, as also reported by
Altuntaş et al. [49], supporting the idea that salt stress tolerance enhancing mechanisms
can have multiple beneficial effects on plant physiology.

The protective effect observed in the leaves of seedlings inoculated with the LBEndo1
rhizobacterium against damage induced by salt stress (Figure 5b) underscores its ability to
mitigate the adverse effects of salinity on plant health. For instance, research conducted
by Khan et al. [50] has demonstrated that plant growth-promoting bacteria can induce the
production of antioxidant enzymes in plants, counteracting the oxidative stress caused by
salinity. On the other hand, a study by Munns and Tester [51] examined the impact of salt
stress on plant physiology and highlighted how high salt concentrations in the soil can
negatively affect the function of cell membranes and photosynthetic processes, resulting
in evident leaf damage. In this context, the decrease in the percentage of leaf damage
between the Control+S and LBEndo1+S treatments suggests that the rhizobacterium might
be enhancing seedling resistance to salt stress, possibly through the induction of antioxidant
defense mechanisms or other biochemical processes.

5. Conclusions

The bacterium B. paralicheniformis LBEndo1 exhibited a remarkable capacity for salt
stress tolerance, reaching a maximum of 15% NaCl. However, a decrease in bacterial
growth was observed as the salt concentration increased.

The application of the LBEndo1 rhizobacterium had a positive impact on pecan
seedling growth, both under saline stress conditions and normal conditions. Inoculated
seedlings showed a notable increase in dry biomass production, with enhancements in dry
leaf, stem, and root weights compared to non-inoculated seedlings.

Furthermore, the bacterium was found to influence the accumulation of proline, a
key indicator of stress resistance. Seedlings inoculated with the bacterium exhibited an
increase in proline production under both saline and non-saline conditions, suggesting the
bacterium’s influence on the seedlings’ response to salt stress.

Regarding chlorophyll production, a bacterium-induced essential increase was ob-
served in pecan seedlings. This elevation in chlorophyll concentration is crucial for photo-
synthesis and, consequently, for seedling growth and development.

The lack of research focused on addressing salt stress in pecan seedlings through PGPR
renders our study particularly relevant. To better understand how LBEndo1 alleviates salt
stress in pecan trees, further research of a metabolic and molecular nature is needed. These
additional studies could not only support our findings but also bolster the use of PGPR in
agriculture. This study underscores the need to strategically incorporate PGPR to create
more efficient and salt-resistant agricultural systems.
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