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Abstract: Global warming-induced climate change haunts the world, posing a critical threat to
plant health and crop production. Overusing chemical fertilizers and pesticides poses a significant
threat to soil health. Ceanothus velutinus (snowbrush) is a drought-tolerant, actinorhizal native
plant found in the Intermountain West region of the US that harbors many plant growth-promoting
rhizobacteria (PGPR). In this study, we evaluated the effects of PGPR CK-06, CK-22, CK-44, and CK-50
from C. velutinus on the growth and development of two tall fescue genotypes: (i) a lawn-type tall
fescue blend and (ii) an endophyte-free forage-type tall fescue known as Armory. Tall fescue plants
were grown in field soil and sand mix in pots and treated twice with 5 mL of bacterial inoculum.
Two isolates, CK-06 and CK-22, significantly increased tiller numbers (p < 0.05) in the lawn-type
tall fescue blend, and all isolates showed a significant increase in fresh and dry weight compared to
the control. Isolate CK-22 significantly increased the tiller number and fresh and dry weight of the
forage-type tall fescue Armory compared to the control. Isolates CK-44 and CK-50 tested positive for
sulfur-oxidizing properties, and CK-44 was able to restore the sulfur content in sulfur-deficient soil
compared to the control.

Keywords: Ceanothus velutinus; snowbrush; plant growth-promoting bacteria; tall fescue; forage;
biofertilizer; Pseudomonas

1. Introduction

The world is experiencing climate change, which threatens the adaptability and pro-
ductivity of plants through alterations in climate and weather patterns [1-5]. The excessive
use of chemicals for increased production and to protect crops against diseases and pests is
degrading soil health [6] and contributing to greenhouse gas production and, ultimately,
climate change. In addition, the world population is projected to reach the 9.8 billion mark
in 2050 and 11.2 billion in 2100 (United Nations). To meet the food requirements of this
increasing population while conserving the environment, we need to devise an adaptation
strategy that will lessen the use of chemicals in agriculture and help mitigate the effects of
climate change on plants. Utilizing the growth-promoting bacteria associated with plants
in their natural ecosystems might be an alternative to the use of chemicals [7,8].

In natural agricultural ecosystems, plants are associated with various beneficial and
pathogenic microbes, most of which are bacteria or fungi [9]. The beneficial microbes
help plants in nutrient acquisition and hormone production and can be used as biocontrol
agents against biotic and abiotic stresses [10-15]. Therefore, there is a growing trend of
incorporating microbes into agricultural systems for sustainable crop production [16-18].
Native plants such as Ceanothus velutinus and Shepherdia sp. are excellent resources of plant
growth-promoting bacteria [19,20].

A recent study reported that when turf grass lawns were replaced with native plants
in North America, the native plants supported more microbial diversity and enhanced
the relative abundance of potentially beneficial taxa in the soil [21]. Utah is rich in native
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plants, and half of Utah is made up of wildlands rich in endemic species [22]. These native
plants are promoted for low-water landscaping because of their drought- and disease-
resistant capabilities [23]. Most of these are actinorhizal plants; they form nodules with
the actinobacteria Frankia and can fix atmospheric nitrogen and help plant growth [24,25].
However, some native plants, such as C. velutinus, are difficult to propagate in landscape
media, as their cuttings are susceptible to rotting [26,27]. In our previous study, we
propagated C. velutinus cuttings by adding 50% native soil from the native locations of
C. velutinus plants to the propagation media, which enhanced the cutting survival rate [28].
Several plant growth-promoting bacteria isolated from the rhizosphere of native soil-treated
cuttings produced more than 10 pg/mL of indole acetic acid (IAA). They had several plant-
promoting traits, such as the ability to fix nitrogen, solubilize phosphorus, and produce
catalase, siderophore, ammonia, protease, and ACC (1-Aminocyclopropane-1-carboxylate)
deaminase activity [28]. Eight isolates from the rhizosphere of these cuttings showed
increased shoot biomass in Arabidopsis thaliana [28].

Given these isolates” promising plant growth-promoting activities in Arabidopsis,
we anticipate that our research will significantly benefit for crop production. To explore
this potential, we conducted a study to test the growth promotion of four isolates (CK-
06, CK-22, CK-44, and CK-50) on two tall fescue varieties: a lawn-type tall fescue blend
and an endophyte-free forage-type tall fescue—Armory. Tall fescue (Festuca arundinacea
Schreb.), a cool-season perennial grass, is used globally as an essential forage and turf
grass. Natural populations are distributed throughout temperate and cool climates of
Europe, North-West Africa, North America, and West and Central Asia. However, tall
fescue accessions have several genetic variations [29]. In the late 1970s, tall fescue was
discovered as a natural host of fungal endophytes, which produce alkaloids in plants
that are toxic to grazing animals [30]. In cattle, tall fescue toxicosis causes decreased
milk production, birth weight, pregnancy rate, serum prolactin levels, and an increased
respiration rate. Researchers have tried to create endophyte-free tall fescue varieties to
avoid this toxicity [31]. However, in plants, endophytes are associated with several benefits,
such as plant growth and development and mitigated environmental stress. Therefore,
the survival rate of endophyte-infected tall fescue is better than that of endophyte-free
tall fescues. Endophyte-infected tall fescue shows improved seedling survival, insect
and nematode resistance, drought resistance, improved nitrogen assimilation, and higher
seed set [32]. Using plant growth-promoting rhizobacteria in lawn-type tall fescue and
endophyte-free forage-type tall fescue could alleviate the effect of endophyte absence and
promote the growth and development of both varieties. Promoting PGPR to be used as
biofertilizers promotes plant health and improves soil health.

2. Materials and Methods
2.1. Plant Material and Bacterial Isolates

Seeds for the tall fescue lawn-type blend were obtained from Dr. Paul Johnsons,
Plants, Soils, and Climate, USU, Logan, Utah, and endophyte-free forage-type Armory
was obtained from Dr. Shaun Bushman, USDA—Forage and Range Research, Logan,
Utah. The four bacterial isolates, named CK-06, CK-22, CK-44, and CK-50, were isolated
from the rhizosphere of C. velutinous (snowbrush) plants propagated by cuttings in native
soil from a previous study and identified as Pseudomonas sp. by 16S rRNA sequencing.
A 1.4 KB DNA fragment of 165 rRNA was amplified for each isolate and sequenced by
Sanger sequencing. The obtained sequences were searched against the 165 rRNA database
at NCBI and submitted to GenBank. The accession numbers are OR795732, OR795735,
OR795740, and OR795742 for CK-06, CK-22, CK-44, and CK-50, respectively [28]. All
four isolates tested positive for seven plant growth-promoting traits, such as the ability
to fix nitrogen; phosphate solubilization; siderophore, ammonia, indole acetic acid, and
catalase production; and the ability to use ACC as a nitrogen source, except CK-50, which
showed protease activity too (Table 1). They all showed an increase in shoot biomass in
Arabidopsis [28].
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Table 1. Plant growth-promoting characteristics of bacterial isolates [28].
NH;
PSI NF
Isolates  IAA (ug/mL) (ug/mL) SP ACC PA Cat
Media nifH*
CK-06 10.95 +002 2.4 £023 56.84 £5-3 o + ++ e - ++
CK-22 23.78 £0-36 2.40 039 17.34 +2.86 +++ - ++ ++ - ot
CK-44 28.79 £0-54 2,01 *013 50.32 £583 +++ - ++ - - +++
CK-50 10.31 023 2,43 008 100.69 *8:39 +++ - ++ + ++ ot

‘~’—negative/absent, ‘+'—mild positive/present, ‘++—moderately positive, ‘+++—strongly positive.
SP—siderophore production, PSI—phosphate solubilization index, IAA—indole acetic acid production (pg/mL),
ACC—ACC deaminase activity, PA—protease activity, Cat—catalase production, NF—nitrogen fixation,
nif H*—Fe subunit of nitrogenase gene, NH3—ammonia production. * Standard error for triplicates.

2.2. Bacterial Treatment and Plant Growth Promotion Experiment

The bacteria were inoculated in liquid Luria—Bertani (LB) and kept in a shaker incuba-
tor at 28 °C overnight. The bacterial cells were pelleted by centrifugation and resuspended
in 1/8th MS media, maintaining an ODgq of 0.8-1.0 in the bacterial inoculum. The tall
fescue seeds were surface-sterilized: they were soaked in 75% ethanol for 5 min and sodium
hypochlorite (5% active chlorine) for 15 min, then washed with sterile water 4-5 times [33].
The seeds were then carefully transferred to 9 cm diameter Petri plates fitted with two sheets
of Whatman filter paper wetted with 3 mL of double-distilled and autoclaved water to
maintain moisture (Supplementary Figure S1A). The Petri plates were sealed with parafilm,
wrapped in aluminum foil, and stored in a growth chamber (25° C) for five days. After
five days, the pre-germinated seeds were transplanted into pots filled with a blend of field
soil and sand carefully measured in a 1:1 ratio to provide optimal growing conditions
for the seedlings (Supplementary Figure S1B). The soil was collected from USU fields,
brought to the lab, and mixed with sand purchased from The Home Depot in a 1:1 ratio,
filling the pots. The pots were arranged in a completely randomized design in the growth
chamber, which was set at 24 °C Day/Night with 16H day/8H night cycles and a light
intensity of 200 uM m~2 s~!1. Humidity was set to 50%. The lawn-type tall fescue blend
experiment was conducted from January to May 2023. Two seedlings were planted per pot,
and five pots per treatment were used. The forage-type tall fescue Armory experiment was
completed from July to November 2023. Here, we used one plant/pot, as two plants per pot
was very crowded, and the roots were coming out of the pots. Ten pots per treatment were
used in this experiment to make ten biological replicates. The first bacterial inoculation was
performed two weeks after the transfer of seedlings to the pots by pouring 5 mL of bacterial
inoculum in 1/8MS onto the base of each plant. The second bacterial inoculation was
undertaken two weeks after the first treatment. The plants were irrigated every third day
with 1/8th MS.

2.3. Collection of Data for Plant Growth Parameters

The first harvest was performed 75 days after sowing, and data were recorded for
the number of tillers, fresh weight, dry weight, and plant height. The plants were cut
about 2 cm from the soil level and reinoculated by pouring the corresponding bacterial
suspension onto the base of the plants. They were kept in the same growth chamber for
another two months before being harvested again, with data recorded similarly. The data
were analyzed using Analysis of Variance (ANOVA); Tukey’s test (HSD) was used to test
the significance of the differences among the sample means.

2.4. Soil Analysis

Bulk soil samples were collected from each pot of the treatment, pooled together,
and mixed homogeneously after the second harvest. Two cups of soil samples from each
treatment, including the control, were sent for soil mineral analysis at Utah State Univer-
sity analytical laboratories (USUAL). The following test methods were used by USUAL:



Microbiol. Res. 2024, 15

2610

pH + EC (salinity) + SAR by saturated paste; phosphate and potassium by Olsen sodium
bicarbonate extract [34]; NO3-N by CaOH extract* cadmium [35]; SO4-S by CaHPO, ICP; or-
ganic matter (OM) by Walkley—Black method [36]; and Zn, Fe, Cu, Mn by DTPA + ICP [37].

2.5. Screening for Sulfur-Oxidizing Capability

A plate assay was conducted to evaluate the sulfur oxidation by the bacterial isolates.
Agar Petri plates were prepared with a modified thiosulfate medium containing 5.0 g/L
glucose, 5.0 g/L sodium thiosulfate, 0.1 g/L dipotassium hydrogen phosphate, 0.2 g/L
sodium bicarbonate, 0.1 g/L ammonium chloride, 5.0 g/L yeast extract, and 20 g/L agar,
adjusted to a pH of 8.0 [38]. The medium was supplemented with 0.5% thiosulfate and
bromocresol purple as a pH indicator, following the method described in [39]. Aliquots of
20 pL from each bacterial isolate were placed onto the plates and incubated at 30 °C. The
color of the medium changed from purple to yellow, indicating the oxidation of thiosulfate
(a reduced form of sulfur) by the isolates, as shown by the translucent halo around the
bacterial colonies. Three replicates per isolate were used for the assay, and the assay was
repeated twice. The diameters of the yellow halo and the bacterial colonies were measured,
and the solubilization potential was calculated using the solubilization index formula.

Solubilization index= (Total diameter of colony + halo)/(Diameter of the colony)
The solubilization index was assessed at 24, 72, and 120 h of incubation.

3. Results
3.1. Effect of Bacterial Isolates on Tiller Number and Biomass of Lawn-Type Tall Fescue Blend

The results suggest that the mean tiller number in plants treated with CK-06 and
CK-22 was significantly higher (p < 0.05) than in the control (untreated plants) (Table 2).
Plants treated with CK-44 and CK-50 also showed an increase in tiller number, but this
was not statistically significant (p > 0.05) compared to the control. The fresh weight and
dry weight of the plants treated with CK-06 and CK-22 were significantly greater (p < 0.05)
than the control in the first harvest, but in the second harvest, all treatments showed
significantly greater weight (p < 0.05) than the control plants (Table 2). However, no
significant differences were observed regarding plant height between the treatments and
the control (Table 2, Figure 1A).

Table 2. Effect of bacterial isolates on lawn-type tall fescue blend.

Lawn-Type Tall Fescue Blend—First Harvest

Treatment Mean SE Mean SE Mean SE Mean SE
Tiller No Tiller No Fresh WT Fresh WT Dry WT Dry WT Height Height
Control 7.42b 0.87 6.10° 0.56 1.66 © 0.20 37.002 2.63
CK-06 18.67 2 2.83 11.38 2 1.12 3.372 0.31 35.932 1.68
CK-22 15.83 2 1.75 11.38 2 1.50 3.202 0.40 40.502 1.72
CK-44 14.252b 1.45 10.61 2b 1.49 2.84 b 0.36 41582 212
CK-50 15.67 ab 2.75 10.12 @b 1.44 2.69 ab 0.39 37.862 2.65
Lawn-Type Tall Fescue—Second Harvest
Mean SE Mean SE
Fresh WT Fresh WT Dry WT Dry WT
Control 6.78 0 0.5 1.71b 0.13
CK-06 15.522 1.26 3.872 0.32
CK-22 12.612 1.43 3.322 0.41
CK-44 14.102 1.37 3.51, 0.36
CK-50 14.132 2.07 3.512 0.5

The same letters within a column denote no significance among different samples according to Tukey’s method
for multiplicity at & = 0.05. Numbers in bold are significant changes. SE—standard error.
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A Lawn Type B Forage Type

Figure 1. Effect of bacterial isolates on (A) lawn-type tall fescue blend (2 plants/pot (10 repli-
cates/treatment)). (B) Forage-type tall fescue Armory (1 plant/pot at second harvest pot (10 repli-
cates/treatment)).

3.2. Effect of Bacterial Isolates on Tiller Number and Biomass of Forage-Type Tall Fescue Armory

For the forage-type tall fescue variety Armory, all bacterial isolates showed an increase
in tiller number compared to the untreated plants; however, only the bacterial isolates
CK-22 and CK-50 were significantly different (p < 0.05) from the control (Table 3). Similarly,
all isolates showed an increase in fresh and dry weight compared to the control. Still, only
CK-22 was significantly different from the control for fresh weight, and CK-06 and CK-22
were significantly different (p < 0.05) from the control for dry weight after the first harvest
(Table 3). In the second harvest, all isolates showed an increase in tiller number, fresh
weight, and dry weight, but only CK-22 was significantly different (p < 0.05) from the
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control. The height of the tall fescue plants was not affected by the treatments compared to
control (Table 3, Figure 1B).

Table 3. Effect of bacterial isolates on forage-type tall fescue Armory.

Forage-Type Tall Fescue Armory—First harvest

Treatment .Mean . SE Mean SE Mean SE Mt?an SE
Tiller No Tiller No Fresh WT Fresh WT Dry WT Dry WT Height Height
Control 49°b 04 5.1P 0.6 12P 0.1 52079 25
CK-06 7.14b 0.7 7.5ab 0.5 202 0.1 57.0 2.8
CK-22 812 0.7 822 0.7 212 0.2 53.82 2.3
CK-44 6.2 05 5.8ab 0.8 14% 02 4832 3.1
CK-50 7.6° 05 7.3 0.8 192 02 50.4° 2.7
Forage-Type Tall Fescue Armory—Second harvest
Mean SE Mean SE Mean SE Mean SE
Tiller No Tiller No Fresh WT Fresh WT Dry WT Dry WT Height Height
Control 125° 13 65P 0.7 1.7° 02 4327 1.9
CK-06 159 21 9.8ab 0.9 237 02 49.0° 23
CK-22 2292 23 12.72 13 312 04 4772 2.0
CK-44 16.6 % 15 7.6 0.7 1.9° 02 46.2° 23
CK-50 19.32b 16 9.732b 0.7 258 02 46.7° 22
The same letters within a column denote no significance among different samples according to Tukey’s method
for multiplicity at @ = 0.05. Numbers in bold are significant changes. SE—standard error.
3.3. Soil Nutrient Analysis
Soil nutrient analysis was undertaken for both experiments. The soil texture was
sandy clay loam for both experiments (Tables 4 and 5). In both experiments, the organic
content was between 1 and 2%. According to the USUAL analysis report, the soil in the
experiment with lawn-type tall fescue was deficient in sulfur in the control, CK-22, and
CK-50 treatments; however, in the CK-06 and CK-44 treatments, the sulfur content was
adequate. In the experiment with the forage-type tall fescue Armory, the soil samples
were adequate for all nutrients except iron in all treatments. Our experiment, conducted
under unique conditions, yielded some interesting results. CK-06 showed higher N content
(153 mg/Kg) in the lawn-type tall fescue compared to the control (31 mg/Kg) and the
other treatments, i.e., CK-22 (12.4 mg/Kg), CK-44 (23.2 mg/Kg), and CK-50 (32.6 mg/Kg)
(Table 4). A higher Zn content (9.98 mg/Kg) was found in Armory compared to the control
(0.9 mg/Kg) and the other treatments (CK-22 (0.91 mg/Kg), CK-44 (0.96 mg/Kg), and
CK-50 (0.93 mg/Kg) (Table 5). We also observed higher K content in the control of the
lawn-type blend compared to the control of Armory and higher S content in the control
of Armory compared to the control of the lawn-type blend (Tables 4 and 5). The unique
experimental conditions may have contributed to these differences, including different
times of experimentation, varied collections of field soil, and different lots of sand.
Table 4. Soil analysis of lawn-type tall fescue after harvest.
Treatment  pH Sa}lz‘g;ty P K N Zn Fe Cu Mn s OM (%)
(dS/m) (mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg)
Control 8.1 1.72 8.08 566 31 1.3 5.53 0.71 4.37 5.6 1.8
CK-06 7.7 5.58 13 494 153 141 5.48 0.66 4.5 11.3 1.8
CK-22 8.1 1.05 9.98 556 124 1.52 5.65 0.79 5.64 5.3 17
CK-44 8.1 1.53 9.86 616 23.2 1.51 5.87 0.88 6.03 9.9 1.8
CK-50 8 1.82 7.33 529 32.6 1.33 5.39 0.74 5.17 6.9 14

P—phosphorus, K—potassium, N—nitrate nitrogen, Zn—zinc, Cu—copper, Mn—manganese, S—sulfate-sulfur,
OM—organic matter. Numbers in bold are deficient.
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Table 5. Soil analysis of Armory after harvest.
Salinity-
Treatment pH ECe P K N Zn Fe Cu Mn S OM (%)
(dS/m) (mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg)

Control 8 2.09 7.18 60.07 22 0.9 4.31 0.57 3.21 23.7 1.3
CK-06 8.1 1.29 5.57 61.2 7.86 9.98 4.65 0.60 3.25 12.2 15
CK-22 8.1 1.38 3.96 60.4 12.4 0.91 4.25 0.58 2.69 20.5 1.1
CK-44 8.0 2.16 4.83 63.6 30.9 0.96 4.22 0.59 2.89 24.7 1.2
CK-50 8.1 1.59 4.83 66.2 22.1 0.93 4.29 0.55 3.09 14.4 1.3

P—phosphorus, K—potassium, N—nitrate nitrogen, Zn—zinc, Cu—copper, Mn—manganese, S—sulfate sulfur,
OM—organic matter. Numbers in bold are deficient.

3.4. Sulfur-Oxidizing Capability

All four isolates were tested for sulfur-oxidizing potential. Only two of them, CK-44
and CK-50, showed a media color change and halo formation. CK-44 and CK-50 showed
sulfur-oxidizing indices (SOIs) of 1.40 00> and 1.63 0% after 120 h of incubation (Table 6
and Figure 2).

Table 6. Sulfate solubilization index (SSI) by bacterial isolates after 24 h, 72 h, and 120 h of incubation.

Isolates 24 h 72 h 120 h
CK-06 - - -
CK-22 - - -
CK-44 1.39 £010 1.32 +£0.05 1.40 +005
CK-50 1.32 004 1.42 +0.08 1.63 £0-00

“_r

-” negative; * standard error. Three replicates per isolate.

Figure 2. All four isolates on modified thiosulfate media.

4. Discussion

Plant growth-promoting rhizobacteria impact plant growth drastically by providing
nutrients, producing phytohormones, and helping mitigate environmental stress [40].
Applying microbial fertilizers improves the soil environment, maintains soil microbial
ecology, and promotes the absorption and utilization of nutrient elements, ultimately
increasing crop yield [41]. This study showed that applying rhizobacteria isolated from
native C. velutinus plants significantly increased the tiller number, fresh weight, and dry
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weight of tall fescue plants (Tables 2 and 3). All four isolates were identified as Pseudomonas,
sp., possessing more than 10 ug/mL of IAA and the ability to use ACC as a nitrogen
source for ACC deaminase activity [28]. In this study, two isolates also exhibited sulfur-
oxidizing capabilities (Figure 2 and Table 6). Several studies have reported the effect of
plant growth-promoting Pseudomonas sp. on the growth and development of wheat and
rice [42—44]. Several studies testing rhizobacterial isolates on tall fescue and bermudagrass
forage systems in Alabama (USA) have reported their positive effects on growth and
nutritional values [45]. A rhizobacteria Pseudomonas sp. SB isolated from tall fescue
produced a biosurfactant, and its inoculation of tall fescue led to the bioremediation of oily
sludge-contaminated soils [46]. Several PGPRs belonging to Bacillus spp., Stenotrophomonas
rhizophila, and Paenibacillus Ronchi were tested to mitigate the effect of nematodes on
turfgrass [47]. The stem length, shoot and root fresh weight, and dry weight of the rice
plants significantly increased when treated with the plant growth-promoting rhizobacteria
(ST-PGPR) Pinoculum. atacamensis compared to the control [48]. Similar positive changes
in root and shoot dry weight, fresh weight, and root and shoot length were reported in
Finger millet when the seeds were inoculated with the plant growth-promoting bacteria
Pseudomonas spp. [49].

All isolates showed a significant increase in shoot biomass in lawn-type tall fescue.
However, only CK-22 showed a significant increase in shoot biomass in the endophyte-free
forage-type tall fescue Armory (Tables 2 and 3). Similarly, only CK-06 and CK-22 showed a
significant increase in the tiller number of lawn-type tall fescue; however, in Armory, only
CK-22 showed a significant increase (Tables 2 and 3). These results indicate that genetic
variation plays a role in plant-microbe interactions. A genome-wide association study
(GWAS) on several Arabidopsis accessions and PGPR P. simigze WCS417r revealed that
plants possess genetic variation for plant-microbe interaction to benefit from PGPR [50].
Another GWAS on the interaction between PGPR P. siliginis and 162 A. thaliana accession
reported strong genetic variation of plant response to the PGPR [50]. Another GWAS on
the interaction between the PGPR P. siliginis and 162 A. thaliana accessions reported strong
genetic variation of the plant’s response to the PGPR [51].

In the lawn-type tall fescue experiments, CK-06 and CK-44 were reported to enhance
the sulfate sulfur content in soil (Table 4). The CK-44 and CK-50 isolates showed sulfur-
oxidizing capabilities (Figure 2 and Table 6). Though CK-50 did not increase the sulfate
sulfur content in the soil to an adequate level, it increased the sulfate sulfur content
(6.9 mg/Kg) compared to the control (5.6 mg/Kg) (Table 4). CK-06 showed a significant
increase in sulfate sulfur content but did not have sulfur-oxidizing activity. CK-06 may
reorganize the soil’s microbial network and increase the colonization of sulfur-oxidizing
bacteria. More microbial diversity and microbiome network studies are needed to study
this concept.

The rhizosphere contains sulfur-oxidizing bacteria that mineralize elemental sulfur to
sulfate, which plants can take up [52]. Sulfur-oxidizing bacteria (SOB) have emerged as
promising agents in sustainable agriculture due to their dual role as plant growth regula-
tors and biofertilizers. In one study, five potential sulfur-oxidizing bacteria—Enterobacter
cloacae KDNC31 (AD31; OR083345.1), Klebsiella oxytoca KDNC1 (OR083341.1), Raoultella
planticola KDNC3 (OR083342.1), E. cloacae KDNC9 (OR083344.1), and K. pasteurii KDNC8
(OR083343.1)—were isolated from the rhizosphere of chickpea in India [53]. The AD31
isolate demonstrated significant sulfur oxidation capabilities and several plant growth-
promoting substances, including indole-3-acetic acid (IAA), solubilized tricalcium phos-
phate, and hydrogen cyanide (HCN). AD31 combined with elemental sulfur in a pot
experiment significantly enhanced shoot and root length, leaf and branch count, and fresh
and dry biomass compared to the control group [53]. Another study conducted a field
experiment on calcareous soil to assess the impact of elemental sulfur and farmyard ma-
nure enriched with sulfur-oxidizing bacteria (termed microbial soil conditioner—MSC)
on phosphorus and micronutrient availability, as well as wheat growth, concluded that
using sulfur and farmyard manure enriched with SOB is a practical approach to improving
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nutrient availability and promoting better plant growth in calcareous soils [54]. The sulfur-
oxidizing bacteria (SOB) Burkholderia cepacia, Enterobacter cloacae, and Klebsiella oxytoca were
isolated from mustard fields. They were found to significantly enhance nitrogen and sulfur
uptake in wheat and mustard crops, demonstrating their effectiveness in oxidizing sulfur
in both in vitro and in vivo conditions [55]. Utah soil is deficient in sulfur in several loca-
tions [56]. Isolating sulfur-oxidizing microbes from Utah’s native plants can promote their
development as biofertilizers for sulfur-deficient soil.

CK-06 also resulted in higher N content in the lawn-type tall fescue compared to the
control and other treatments (Table 4). CK-06 exhibits N fixation ability and amplifies the
nifH* fragment of the Nitrogenase gene (Table 1). This could be the reason for the higher N
content in CK-06-treated soil, as this microbe interacts with the lawn-type blend genotype.
CK-06 also resulted in higher Zn content in Armory compared to the control and other treat-
ments (Table 5). Zn deficiency is another problem in crops that not only affects the plant’s
development but also reduces the accumulation of Zn in edible parts of plants and affects
human health. Microbial biofortification is desirable to mitigate plant Zn deficiency [57].
CK-06 is a potential candidate for further study in Zn solubilization activities.

A recent review discusses exploring the arid rhizosphere microbiome of date palms to
develop biofertilizers that enhance the palms’ resilience to climate change [58]. Another
study on the rhizosphere microbiome of medicinal plants from arid climates reveals that
microbial communities vary with location, host, and soil conditions [59]. Therefore, ex-
ploring PGPR from the rhizosphere of native plants in the arid region of Utah presents the
potential to develop biofertilizers for sustainable agriculture under climate change.

5. Conclusions

Our results suggest that these rhizobacterial isolates from the native plant C. velutinus
have promising plant growth-promoting traits, translating into Arabidopsis and tall fescue.
All isolates resulted in a significant increase in fresh and dry weight in lawn-type tall
fescue, underscoring the potential of these bacterial isolates. However, isolates CK-06 and
CK-22 resulted in a significant increase in tiller number in lawn-type tall fescue. Isolate
CK-22 resulted in a significant increase in tiller number and fresh and dry weight in
both genotypes. Isolates CK-44 and CK-50 showed sulfur-oxidizing capability, and both
increased the amount of sulfur in sulfur-deficient soil; however, CK-44 showed an adequate
increase in sulfur. These findings highlight the potential of these beneficial microbes to be
exploited and commercialized as biofertilizers, offering a promising alternative to chemical
fertilizers. Natural beneficial microbes could be a sustainable resource in farming and help
mitigate the effects of climate change on agriculture. However, more studies are needed
to test these isolates on different genotypes and locations to develop these isolates as
biofertilizers because plant genotype and soil composition greatly influence plant-microbe
interactions. Further evaluation of these microbes on other crops is essential to promote
them as biofertilizers.
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soil and sand mix (1:1).
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