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Abstract: Cucumis sativus L. plants are subjected to stress during production, affecting their growth,
development, and fruit quality due to abiotic factors. Thus, the aim of this research is to evaluate
Pseudomonas paralactis, Sinorhizobium meliloti, and Acinetobacter radioresistens plant growth promoting
rhizobacteria (PGPR) effect on C. sativus plants under three substrate moisture levels (100, 75, and
50%). A randomized complete block design (RCBD) was used with an A x B arrangement: (1) factor A
(inoculant) with four levels; (2) PGPR and control (without bacterium); (3) factor B (substrate moisture
content) with three levels. Plant height, root length, and fresh weight increased by inoculating PGPR
(121%, 135%, and 134%, respectively); likewise, these variables increased with higher moisture
content (177%, 204%, and 234%, respectively), while the effect of the interactions of the PGPR and the
moisture content in the substrate showed statistical differences in plant height increasing of 197% and
root length of 267%. On the other hand, the content of phenols, flavonoids, and antioxidant capacity
was statistically different (p < 0.05) in inoculated plants, with PGPR increasing by 117%, 126%, and
150% respectively. In the moisture content of the substrate, statistical differences were observed, with
an increase in the flavonoid content (114%) and antioxidant capacity (116%). The assimilation of
nitrogen was higher by 274% and phosphorus by 124% with the PGPR inoculation, the moisture
content increased the nitrogen content in the plant (257%) and the phosphorus content in plant
(135%), showing significant differences (p < 0.05). However, the interaction of PGPR and moisture
content only presented statistical differences in nitrogen assimilation. PGPR can be considered as an
alternative to obtain vigorous cucumber seedlings.

Keywords: phenols; flavonoids; nitrogen; phosphorus

1. Introduction

Cucumber (Cucumis sativus L.) is one of the vegetables with the greatest global demand
and consumption [1], and its fruit has a high nutritional value [2]. Seedling production
has an important role, since fruit quality and cultivation depend on it and it influences
abiotic factors on plant growth and development [3]. Soil moisture, temperature, and light
are factors that have a bearing on biochemical, physiological, and morphological plant
responses [4]. The lack of moisture in the soil may stress plants, increasing reactive oxygen
species (ROS) that limit radicle growth [5]. To avoid ROS generation, phytochemical
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compounds, such as total phenol, carotenoid, ascorbic acid, and flavonoid, generate a
non-enzymatic antioxidant capacity as a defense mechanism for the plant [6,7]. To mitigate
stress by abiotic factors, plant-growth promoting rhizobacteria (PGPR) may be an option to
increase plant tolerance to these abiotic factors [8,9]. Under low soil moisture conditions,
PGPR have an influence on the radicle system architecture, ramifying secondary branches
and increasing root length, allowing a greater soil exploration capacity to absorb water and
nutrients [10].

The way these beneficial microorganisms act allows us to classify them as direct or in-
direct mechanisms. The direct mechanisms refer to the PGPR properties to fix nitrogen [11]
and solubilize other minerals (essential nutrients, such as phosphorus (P), potassium (K),
zinc (Zn), iron (Fe), among others), in addition to the capacity of stimulating plant growth
and development by regulating phytohormones (auxins, cytokines, gibberellins, abscisic
acid, and ethylene) production [12,13]. The indirect mechanisms are due to their capacity
to control phytopathogens, produce antigenic substances (siderophores, antibiotics, and
antimicrobial metabolites), and induce systemic resistance in plants [14]. Some PGPR that
have been studied belong to the genera Acinetobacter, Aeromonas, Agrobacterium, Allorhizo-
bium, Arthrobacter, Azoarcus, Azorhizobium, Azospirillum, Azotobacter, Bacillus, Bradyrhizobium,
Burkholderia, Caulobacter, Chromobacterium, Gluconacetobacter, Klebsiella, Mesorhizobium, Micro-
coccus, Paenibacillus, Pantoea, Pseudomonas, Rhizobium, Serratia, Streptomyces, and Thiobacillus,
among others [14]. In this sense, Pseudomonas paralactis solubilizes phosphorus, produces
ammonium, siderophores, and indole-3-ascetic (IAA) [15]; Sinorhizobium meliloti has the
capacity of fixing nitrogen, solubilizing potassium, and producing IAA [16,17]; Acinetobacter
radioresistens solubilizes phosphorus and produces siderophores and IAA [18]. Therefore,
the present research was aimed at evaluating the effect of three plant-growth promoting
rhizobacteria (PGPR) on cucumber growth and plant antioxidant content under different
substrate moisture levels.

2. Materials and Methods
2.1. Experiment Site and Conditions

The experiment was performed at Universidad Autonoma Agraria Antonio Narro,
Unidad Laguna. A greenhouse was used with a temperature of 25 &+ 5 °C and relative
humidity of 60 &+ 10%. The substrate consisted of a mixture of sand, soil, and peat moss
(25:50:25), which was sterilized in an autoclave at 15 PSI for 2 h [19] and subsequently
used to fill 2-L pot capacity. Cucumber var. Poinset seeds were disinfected with sodium
hypochlorite at 5% for 1 h. Subsequently, the seeds were inoculated by immersion for 24 h
in a 50-mL beaker [20] with each strain, Pseudomonas paralactis (KBendo6p?), Sinorhizobium
meliloti (KBecto9p6), and Acinetobacter radioresistens (KBendo3p1), donated by the Micro-
bial Ecology Laboratory from Facultad de Biologia at Universidad Judrez del Estado de
Durango, México.

The bacterial inoculum concentration was 1 x 108 colony forming units (CFU) mL~! [21].
Then, one seed per pot was deposited. The plants were fertilized using a nutritional
solution [22] at 50% at the end of the experiment for 30 days [23]. Plants were re-inoculated
at 15 days after sowing (DAS), applying 15 mL of each rhizobacterium on the stem base
at a concentration of 1 x 108 CFU mL~! [20]. The experimental design was a randomized
complete block design (RCBD) with a factorial arrangement of 4 x 3, where the first
factor corresponds to inoculation and the second one to substrate humidity percentage.
Four repetitions (n = 3 plants/each were considered) were conducted, consisting of seed
and seedling inoculation with the following strains: Pseudomonas paralactis (KBendo6p?),
Sinorhizobium meliloti (KBecto9p6), Acinetobacter radioresistens (KBendo3p1), and a control
(without microorganisms). In the case of substrate moisture percentage, 100, 75, and 50%
of available humidity were considered according to the humidity retention curve [24]. The
substrate showed an apparent density 1.26 g cm~3, 40% sand, 19% clay, 39% slime, 36%
field capacity (FC), 19% permanent wilting point (PWP), CE 7.17 mS/cm), 0.74% organic
matter, and loam texture.
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2.2. Morphometric Variables and Phytochemical Compounds

Plant height (cm), root length (cm), and fresh biomass (cm) were quantified at 30 days.

A compound mixture was obtained to prepare the extracts and determine the content
of the phytochemical compounds considering three plants/treatment to crush and mix.
From the mixture, 2 g were put in test tubes with screw caps; then, 10 mL of ethanol at 80%
were added and set in an agitator (Remi RS—24 BL, Jayanti Scientific Instruments, Delhi,
India) at 70 rpm. Subsequently, the test tubes were centrifuged at 3000 rpm for 6 min and
the solids were withdrawn. The procedure was performed in triplicate for each treatment.

2.3. Total Phenol Contents, Flavonoids, and Antioxidant Capacity

Determination was performed using the Folin—Ciacalteau method with modifica-
tions [25]. In 1080 pL distilled water, 300 puL of sampling and 120 pL Folin-Ciocalteau
(Sigma-Aldrich, St. Louis, MO, USA) reaction was added and agitated with vortex (SI-
0236, Scientific Industries, Delhi, India) for 10 s and let rest for 30 min. After that, 0.9 uL.
of Nap,COj3 (7.5%) were added and agitated for 30 min and then left to settle at room
temperature for 10 min. Finally, absorbance was quantified using an ultra-violet/visible
spectrophotometer (Velab VE-5100UV, Mex., Velab, Tlalpan, Mexico) at 765 nm. The total
phenol content calculus was performed by preparing a standard gallic acid solution. The
results were expressed in mg AGE 100! fresh weight (FW). To determine total phenols,
the Lamaison and Carnet [26] method was used by mixing 250 puL sampling and 75 pL of
NaNO, (5%) in 1250 uL distilled water; after 5-min rest, 150 uL. of AICl3 (10%) was added
and left to set for 6 min. Subsequently, 150 uL. de NaOH (1M) and 250 pL distilled water
were agitated with vortex for 30 s. Absorbance was quantified by UV /VIS (VE-5100UV)
spectrophotometer at 510 nm. The calculus of the results was performed by preparing
a standard quercetin solution dissolved in absolute ethanol, expressing the units in mg
QE 100! PF. To measure the antioxidant capacity, the DPPH++ in vitro [27] method was
used by means of an ethanol solution with 0.025 mg mL~! of DPPH++ (Sigma-Aldrich,
MO, USA). To 1950 uL of the DPPH solution, 50 pL of the extract was added and mixed in
vortex for 10 s and left to set for 25 min. Finally, absorbance was measured at 517 nm in a
UV/VIS (VE-5100UV) spectrophotometer. The results were expressed equivalent to pM
Trolox 100 g ! PF.

2.4. Nitrogen Content in Plant

Nitrogen content in plants was determined by the method proposed by Bremmer and
Keeney [28].

2.5. Phosphorus Content in Plant
Phosphorus content was assessed by Olsen and Sommers” [29] method.

2.6. Statistical Analyses

The data obtained were subjected to the Shapiro—Wilk normality test. The variables
that showed normality in their data were subjected to a one-way analysis of variance
(ANOVA); the comparison of means was performed with the Tukey test (p < 0.05). The
increase in the evaluated variables was estimated as a percentage, referencing the average
values of the control treatments (uninoculated plants and humidity at 50%).

3. Results
3.1. Plant Height

Plants inoculated with PGPR increased in height significantly with respect to the
control (121%) (Figure 1a). Substrate moisture at 100% (H 100%) affected plant height by
177% compared to H50% (Figure 1b). The effect of the interactions showed significant
differences (Figure 2); substrate moisture at H100% and PGPR increased height by 145%
in plants that were not inoculated, whereas the Acinetobacter radioresistens strain showed
significant differences with substrate moisture at H75% with respect to other treatments,
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favoring plant growth by 130% compared with the control group. No statistical differences
were observed in PGPR and substrate moisture at H50%.
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Figure 1. Plant growth promoting rhizobacteria (PGPR) inoculation (a) and substrate moisture
content (b) effect on Cucumis sativus height. Columns with different letters are statistically different
(Tukey’s, p < 0.05).
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Figure 2. Plant growth promoting rhizobacteria (PGPR) and moisture content interaction effect on
Cucumis sativus height. Columns with different letters are statistically different (Tukey’s, p < 0.05).

3.2. Root Length

The response to root length in PGPR inoculated plants was significantly different
(Figure 3a). Substrate moisture content of H100% showed significant differences in root
length, increasing 204% with respect to H50% (Figure 3b). Moreover, the interaction be-
tween inoculants and substrate moisture was statistically significant (p < 0.05) S. meliloti
increased root length at moisture H100% by 158% with respect to not inoculated plants.
The seedlings inoculated with PGPR at moisture H75% were significantly different, favor-
ing root elongation by 134% compared to non-inoculated plants, whereas no statistical
differences were observed between inoculants and moisture at 50% (Figure 4).

3.3. Fresh Weight

The plants inoculated with PGPR were statistically different with respect to the fresh
weight variable, increasing by 134.5% when compared to the control (Figure 5a). Substrate
moisture also showed significant differences, the value of this variable increasing by 235%
at H100% (Figure 5b). Moreover, the effect of the interactions was not statistically different.
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Figure 3. Plant growth promoting rhizobacteria (PGPR) inoculation (a) and substrate moisture
content (b) effect on Cucumis sativus root length. Columns with different letters are statistically
different (Tukey’s, p < 0.05).
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Figure 4. Plant growth promoting rhizobacteria (PGPR) and substrate moisture content interaction
effect on Cucumis sativus root length. Columns with different letters are statistically different (Tukey’s,

p < 0.05).
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Figure 5. Plant growth promoting rhizobacteria (PGPR) inoculation (a) and substrate moisture
content (b) effect on Cucumis sativus fresh weight. Columns with different letters are statistically
different (Tukey’s, p < 0.05).
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3.4. Total Phenols

Total phenols production showed significant differences in plants inoculated with
PGPR (Figure 6a), increasing content by 117% compared to the control group. Substrate
moisture content (Figure 6b) and interactions between PGPR and substrate moisture content
did not show statistical differences.
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Figure 6. Plant growth promoting rhizobacteria (PGPR) inoculation (a) and substrate moisture content
(b) effect on Cucumis sativus total phenol content. Columns with different letters are statistically
different (Tukey’s, p < 0.05).

3.5. Flavonoids

The flavonoids content showed statistically significant differences in PGPR inoculated
plants (Figure 7a), increasing by 126% when A. radioresistens was used. Substrate moisture
content was statistically different (Figure 7b) at 100% since the flavonoids content increased
by 114.5%. However, the interaction between inoculants and substrate moisture content
was not statistically significant.
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Figure 7. Plant growth promoting rhizobacteria (PGPR) inoculation (a) and substrate moisture
content (b) effect on Cucumis sativus flavonoid content. Columns with different letters are statistically
different (Tukey’s, p < 0.05).

3.6. Antioxidant Capacity

The inoculant response with S. meliloti and P. paralactis on C. sativus antioxidant
capacity was statistically significant since it increased by 150% compared to non-inoculated
plants (Figure 8a). Substrate moisture content at H100 and H75% showed significant
differences with respect to substrate moisture content at H50%, and antioxidant capacity
increased 116% (Figure 8b). Nevertheless, the analysis of variance did not show significant
differences in the interactions of the inoculants used and the substrate moisture contents.



Microbiol. Res. 2024, 15 1511

60 4 a) 45 4 b)
~ ~ a a
2 2 40
& 50 1 a B b
. a ke ]
g 4 . g 3
— L]
% b b %
S o
d 30 =]
) o2
= =
2 0 > 151

10 A
p> > 5

0 0 r T

Sinorhizobi Acinetob Pseud Control H 100% H75% H 50%
meliloti radioresistens paralactis

Figure 8. Plant growth promoting rhizobacteria (PGPR) inoculation (a) and substrate moisture content
(b) effect on Cucumis sativus antioxidant capacity. Columns with different letters are statistically
different (Tukey’s, p < 0.05).

3.7. Nitrogen Content in Plant

Statistical differences were observed when PGPR were used as inoculants with respect
to the control group (Figure 9a), increasing N content in plants by 274%. Substrate mois-
ture content at H100% was also observed to be statistically different, with an increase of
nitrogen content in plants of 257% in comparation to moisture content at H50% (Figure 9b).
The interaction effect between PGPR used for inoculation and residual moisture showed
statistically significant differences (Figure 10). Nitrogen content in plants increased by 194%
in residual moisture at H100%; with residual moisture of H75%, N content in seedlings
is 337% greater after inoculating cucumber plants; for residual moisture at H50%, PGPR
increased N content in plants by 523%.

3.8. Phosphorus (P)

In the case of P, the plants inoculated with A. radioresistens treatment were statistically
different (Figure 11a), increasing in content by 124% with respect to the control. Likewise,
moisture content at H100% increased P content by 135%. The presence of this element with
respect to the plants subjected to H50% moisture showed statistically significant differences
(Figure 11b). However, the analysis of variance did not show significant differences in
PGPR interaction and substrate moisture content.
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Figure 9. Plant growth promoting rhizobacteria inoculation (a) and substrate moisture content
(b) effect on Cucumis sativus nitrogen (N) content. Columns with different letters are statistically
different (Tukey’s p < 0.05).
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Figure 10. Plant growth promoting rhizobacteria interaction and substrate moisture content effect on
Cucumis sativus nitrogen content. Columns with different letters are statistically different (Tukey’s,
p <0.05).
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Figure 11. Plant growth promoting rhizobacteria (a) and substrate moisture content (b) on Cucumis
sativus phosphorus content. Columns with different letters are statistically different (Tukey’s, p < 0.05).

4. Discussion

The results obtained in PGPR inoculated plants increased significantly compared to
the control group with respect to plant height. As observed, low moisture limited plant
growth; interaction between PGPR and substrate moisture content favored plant growth; by
reducing hydric stress, A. radioresistens was the inoculant that improved substrate moisture
response at 75%. Using PGPR as inoculant increased root length when compared with
plants without microorganisms; substrate moisture content also favored radicle growth. As
observed, S. meliloti significantly improves root elongation under the substrate moisture
conditions assessed. This may reflect the significant increase in the results obtained from
plant biomass expressed in fresh weight, since, by inoculating the plants with PGPR, a
greater weight was obtained compared to the control. Finally, moisture influenced the fresh
weight significantly increasing the biomass. Substrate moisture influenced fresh weight,
increasing biomass significantly. Research on PGPR has focused on their importance in
promoting plant growth, nutrient management, and phytopathogen control. However, as
demonstrated, they may also improve the response to environmental conditions to reduce
the effects of different types of hydric stress, temperature, salinity, and alkalinity, among
other factors. This adaptation capacity may be more efficient if the strains are isolated
from extreme environments [30]. Moreover, the genera Bacillus, Enterobacter, Pseudomonas,
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and Ochrobactrum have improved the morphological root response in crops, such as wheat,
oat, chickpea, and lettuce, among others. Within the responses, main and secondary
root elongation can be observed in addition to improving the response under the lack of
substrate moisture conditions and increment of secondary roots [31]. The modification
of adventitious roots may be caused by indol-3-acetic acid (IAA) production caused by
PGPR inoculation, since IAA stimulates cell division and with it root formation, including
in unfavorable circumstances [32,33].

Root elongation increased N and P assimilation in plants with PGPR; as reported, S.
meliloti has the capacity of fixing nitrogen [34] and A. radioresistens and P. paralactis may
produce ammonia [35]. According to the results obtained, a greater N content in plants may
be explained in plants inoculated with PGPR compared to the control group since N content
may affect apoplastic and symplastic ammonia transport in radicle and tissues, such as
adventitious roots and endodermic and cortical roots [36]. Additionally, observations [37]
have reported that the lack of moisture affects ammonia transport; thus, the results obtained
on N assimilation with respect to moisture may be lower. Likewise, the symbiotic effect
of PGPR inoculation in relation to greater amounts of humidity benefits N assimilation
in seedlings.

With respect to P content in plants, A. radioresistens was the inoculant that favored a
greater absorption of this nutrient when compared to the control group. In the same manner,
a greater P assimilation was recorded when substrate moisture was reduced. However, the
effect between the inoculants and substrate moisture content was not significant. PGPR
and substrate and plant interactions allowed increased obtaining nutrients, as P improves
plant metabolic capacity, which allows a greater adaptability when facing abiotic stress [30].
Other mechanisms of PGPR refer to ammonia production and phosphate solubilization,
which both play an important role in photosynthesis, metabolic processes, and plant
development [38]. Ammonia can be the result of amide hydrolysis activity supplied in
plant nutrition schema, while the plant phosphate needs may be supplied by solubilizing
the fertilization source used and deposited in the rhizosphere [35].

In the case of phytochemical compound content, total phenols, flavonoids, and an-
tioxidant capacity increased significantly when plants were inoculated with PGPR over
the control. On the other hand, moisture showed statistical differences only in flavonoid
content and antioxidant capacity. Furthermore, the interaction effect was not significant
in any of the phytochemical compounds. Research on stress effect due to drought shows
that the presence of reactive oxygen species (ROS), such as superoxide, hydrogen peroxide,
and hydroxyl free radicals, including free oxygen, react with proteins, lipids, and DNA,
altering the normal functioning of the cells. In this sense, chloroplasts, mitochondria, and
peroxisomal signal are the first front of cellular defense against oxidation. In studies on
non-enzymatic antioxidants, results have evidenced the increase in total phenol, flavonoid,
and antioxidant capacity as defense mechanisms when facing stress by drought, mainly by
reducing hydrogen peroxide [6].

5. Conclusions

The application of PGPR as inoculants improves the response in the production of
cucumber plants in situations of low substrate moisture. S. meliloti and A. radioresistens
showed a positive effect on the growth of cucumber plants. The assimilation of nitrogen
and phosphorus by plants was improved by inoculating them with PGPR, and oxidative
stress was reduced by increasing phytochemical compounds. It is considered necessary
to carry out other types of evaluations of S. meliloti, A. radioresistens, and P. paralactis to
establish them as a sustainable alternative for agricultural production.
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