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1. Introduction

Highland ecosystems in Peru cover approximately 22 mil-
lion hectares (Estrada Zuńiga et al., 2018) and provide essen-
tial ecosystem services that support national food security, 
particularly through meat and milk production (Flores, 2016). 
These ecosystems are mainly composed of grasses and wet-
lands, including associations of Asteraceae, Plantaginaceae, 
Poaceae, Fabaceae, Rosaceae, Cyperaceae and Juncaceae (Mal-
donado Fonkén, 2014). They constitute the nutritional base 
for grazing systems involving alpacas, sheep and cattle (Oliva 
et al., 2015). However, native grasslands are generally charac-
terized by low forage nutritional quality, typically exhibiting 
low crude protein content, high fiber concentrations and limit-
ed digestibility, which constrain livestock productivity (Flores 
et al., 2005). 

Most grazing lands in the Peruvian highlands are affected 
by degradation processes driven by climate change and over-
grazing (Flores, 2016), resulting in reductions in vegetation 
cover and forage nutritional quality (Westoby et al., 1989). 
These processes negatively impact the production of meat, 
milk and wool, as well as other ecosystem services, including 
water regulation (Holechek et al., 2006). Overgrazing and re-
lated disturbances alter vegetation structure and productivity, 
reduce soil microbial communities, and modify soil chemical 
and physical properties (Wang et al., 2020). This leads to lower 
litter accumulation (Bai et al., 2012) and, consequently, altera-
tions in nitrogen (N) and phosphorus (P) storage in soils and 
plants (Hou et al., 2019).

Soil nutrient availability, particularly of N and P, limits 
vegetation growth and determines plant nutritional quality 
(Alori et al., 2017). Phosphorus is a key macronutrient for plant 

*

The effects of the inoculation of bacterial microorganisms 
(Pseudomonas sp. and Bacillus sp.) on soil quality, aerial biomass 
and nutritional quality of native grasses under fi eld conditions 
in the Peruvian highlands

Alberto Arias-Arredondo1*, Samuel Edwin Pizarro Carcausto1, Edilson J. Requena-Rojas1, 
Patricia Verástegui-Martínez1, Juancarlos Alejandro Cruz Luis1, Richard Andi Solórzano-Acosta1, 2

1 Dirección de Servicios Estratégicos Agrarios, Instituto Nacional de Innovación Agraria (INIA), Av. La Molina 1981, 15024, Lima, Perú
2 Facultad de Ciencias Ambientales, Universidad Científi ca del Sur (UCSUR), Lima 15024, Perú

Corresponding author: Alberto Arias Arredondo, albertogilmer@gmail.com, ORCID iD: https://orcid.org//0000-0002-6055-8722

Received: 2025-06-14
Accepted: 2026-04-15
Published online: 2026-04-15
Associated editor: Agnieszka Józefowska

Abstract

Peruvian highland ecosystems cover approximately 22 million hectares and provide key ecosys-
tem services that support human well-being and food security. Soil functioning in these ecosys-
tems largely depends on the activity of microbial communities. This study evaluated the effects of 
Pseudomonas sp. and Bacillus sp. inoculation on soil chemical properties, aerial biomass produc-
tion, and nutritional quality of Festuca dolichophylla, Jarava ichu and Cinnagrostis vicunarum. 
A fi eld experiment was conducted at 4379 m a.s.l. in the central Peruvian highlands. Bacterial 
inoculation increased soil organic matter and nitrogen availability in plots dominated by J. ichu 
and F. dolichophylla inoculated with Bacillus sp., compared to non-inoculated controls. Higher 
soil phosphorus content was observed in C. vicunarum pastures inoculated with Pseudomonas sp. 
In terms of biomass production, signifi cant increases were recorded in C. vicunarum under both 
bacterial inoculations and in F. dolichophylla associated with Bacillus sp., while J. ichu showed 
higher yields with Pseudomonas sp. In addition, bacterial inoculation improved forage nutrition-
al quality, particularly total protein, calcium, and phosphorus contents in J. ichu, highlighting 
species-specifi c plant–microorganism interactions. Overall, the inoculation of benefi cial bacteria 
represents a promising and environmentally sustainable strategy to improve soil quality, forage 
productivity, and nutritional value in native highland grasslands, contributing to more resilient 
rangeland systems and the conservation of ecosystem services.
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growth and development, representing approximately 0.2% of 
plant dry weight (Zhu et al., 2011). Highland rangelands are 
typically established on moderately developed soils character-
ized by high organic matter contents with limited mineraliza-
tion and low availability of nitrogen and phosphorus, primarily 
due to low temperatures that inhibit decomposition processes 
(Wilcox, 1984). Phosphorus deficiency strongly constrains bio-
mass production and forage nutritional quality in these ecosys-
tems (Carreira et al., 2006).

Phosphorus limitation is commonly addressed through 
fertilizer application; however, a large proportion of applied 
phosphorus does not become readily available for plant uptake, 
and excessive use can lead to environmental impacts such as 
the eutrophication of water bodies through phosphorus trans-
port (Kang et al., 2011). In developing countries such as Peru, 
fertilizer availability is limited and costs are often prohibitive 
for application in native rangelands. Consequently, alternative 
rangeland management strategies have been proposed, includ-
ing the use of microorganisms to enhance phosphorus solubi-
lization and plant nutrient uptake (Magadlela et al., 2023). The 
solubilization of unavailable nutrients is environmentally fa-
vorable and economically viable, contributing to biomass pro-
duction and the regeneration of degraded rangelands (Flatian 
et al., 2021).

Microbial inoculants, also known as biofertilizers, have 
been widely studied in agriculture due to their ability to stimu-
late plant growth and development (Pratap Singh et al., 2016). 
Based on their mechanisms of action, beneficial soil microor-
ganisms can be classified as stimulants, soil improvers, biore-
mediators, biocontrollers and biofertilizers (Joshi et al., 2019). 
Among them, Bacillus sp. and Pseudomonas sp. are well-known 
plant growth-promoting rhizobacteria (PGPR) that stimulate 
host plant development as part of the rhizosphere biota (Bhat-
tacharyya and Jha, 2012). These microorganisms are of particu-
lar interest due to their capacity to enhance plant tolerance to 
abiotic and biotic stress through multiple mechanisms (Tseng 
et al., 2020).

In grass species, inoculation with PGPR has been widely 
reported to produce positive outcomes. For example, Bacillus 
subtilis has increased shoot biomass in Urochloa brizantha 
(Rodrigues Manrique et al., 2019) and improved growth in 
 Phleum pratense under water stress through osmolyte accumu-
lation (Gagné-Bourque et al., 2016). Similarly, inoculation with 
Pseudomonas sp. and Bacillus sp. has resulted in significant 
increases in biomass in Festuca dolichophylla (Santillana Vil-
lanueva et al., 2022) and enhanced fresh and dry biomass in 
Lolium perenne (Stamenov et al., 2012). Improvements in dry 
matter yield and mineral concentrations (P, Mg and Zn) have 
also been reported for Lolium multiflorum (Yolcu et al., 2011). 
In addition, synergistic effects have been described, such as 
biomass enhancement in Lolium perenne under drought condi-
tions through the co-inoculation of Bacillus amyloliquefaciens 
and water-retaining agents (Su et al., 2017).

Field applications of beneficial microorganisms under 
high-altitude conditions have demonstrated species-depend-
ent increases in nutrient concentrations in aerial biomass 
(Santillana Villanueva et al., 2022). Likewise, increases in 

 macronutrients such as nitrogen and potassium associated 
with microbial inoculation have been reported across differ-
ent grassland systems (Hungria et al., 2021). The effectiveness 
of microbial inoculation is strongly influenced by the microbial 
species involved, host plant genotype and prevailing environ-
mental conditions (Bastías et al., 2021).

In the Peruvian highlands, native grasslands are dominat-
ed by perennial species such as Festuca dolichophylla, Jarava 
ichu and Cinnagrostis vicunarum, which play a central role in 
extensive livestock production systems (Arias-Arredondo et al., 
2025). These ecosystems are generally established on cold-cli-
mate soils characterized by high organic matter accumulation, 
limited nutrient mineralization and low availability of nitro-
gen and phosphorus. Despite their ecological and productive 
importance, studies evaluating the use of beneficial microor-
ganisms to improve soil fertility, forage biomass and nutrition-
al quality in these native grasslands remain scarce.

This study evaluated the effects of Pseudomonas sp. and 
Bacillus sp. inoculation on soil properties, aerial biomass pro-
duction and the nutritional quality of Festuca dolichophylla, 
Jarava ichu and Cinnagrostis vicunarum under field conditions 
in the Peruvian highlands.

2. Materials and methods

2.1. Study site and soil characterization

The study was conducted in the central Peruvian high-
lands, in the Junín region (11.16° S, 75.93° W), at an eleva-
tion of 4,379 m a.s.l. (Fig. 1). The site represents high-Andean 
grassland ecosystems (puna), which are extensively used for 
livestock grazing. The climate is classified as cold high-alti-
tude, with mean annual temperatures ranging from 3 to 7°C 
and pronounced diurnal thermal variation. Night-time tem-
peratures frequently drop below 0°C, particularly during the 
dry season. The coldest month is July, while the highest tem-
peratures are recorded in February (Mantas and Caro, 2023). 
Precipitation follows a marked seasonal pattern, with the rainy 
season occurring from October to April and a distinct dry peri-
od from May to September. Mean annual precipitation is below 
1,600 mm, with most rainfall concentrated between December 
and March, coinciding with the main growing period of native 
grasses (Giráldez et al., 2020).

Vegetation in the study area is dominated by native peren-
nial grasses, primarily Festuca dolichophylla, Jarava ichu and 
Cinnagrostis vicunarum, which constitute the main forage re-
source for camelids and ruminants under extensive grazing 
systems. These species typically form monospecific or predom-
inantly mixed stands under natural conditions.

Soils at the study site are shallow to moderately deep and 
were developed under cold climatic conditions that limit or-
ganic matter mineralization. According to the USDA Soil Tax-
onomy (Soil Survey Staff, 2022), the soils are classified mainly 
as Andisols, with local inclusions of Entisols, which are char-
acteristic of high-altitude Andean landscapes (Wilcox et al., 
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1988). The soils exhibit loam to sandy-loam textures, high or-
ganic matter content, low nitrogen and phosphorus availabili-
ty, and moderate to high stoniness. Soil pH ranges from slightly 
acidic to neutral (Arias Arredondo et al., 2021), consistent with 
volcanic parent material and low-temperature pedogenic proc-
esses. Experimental plots were established on gently sloping 
terrain (<10%), to minimize the influence of surface runoff and 
erosion on nutrient redistribution.

2.2. Bacterial strains and inoculum preparation

Bacterial strains identified as Pseudomonas putida and 
Bacillus subtilis, previously characterized by 16S rRNA gene 
amplification, were used in this study. These strains were origi-
nally isolated from avocado (Persea americana) plantations 
located in the district of Virú, La Libertad, Peru, a region rec-
ognized for its high agricultural productivity (Solórzano-Acosta 
and Quispe, 2024). For the field experiment, the strains were 
cryopreserved at −80°C and stored in triplicate. Prior to each 

inoculation event, bacterial cultures were reactivated at the 
Plant Protection and Biocontrol Laboratory of the Santa Ana 
Experimental Station, National Institute for Agrarian Innova-
tion (INIA).

The inoculants, consisting of Pseudomonas sp. and Bacil-
lus sp., were cultured in 500 mL of mineral medium at 28°C 
under continuous agitation at 150 rpm. Incubation periods 
were 96 h for Pseudomonas sp. and 72 h for Bacillus sp. Bacte-
rial growth was monitored to ensure a final concentration of 
1 × 10⁸ CFU mL–1 prior to field application. Prepared inoculants 
were transported to the experimental site in a 10-L cooler with 
gel packs to maintain refrigerated conditions. For field applica-
tion, the inoculum was diluted with untreated irrigation canal 
water in a 20-L backpack sprayer (Huasasquiche et al., 2024a; 
2024b). A dose of 1.5 mL of inoculum was mixed with 1 L of 
water and applied at a rate equivalent to 5 L ha–1. The solution 
was sprayed directly onto the base of the plant stems according 
to the experimental design, with five applications performed at 
15-day intervals after the onset of the experiment.

Fig. 1. Location of the study area and experimental layout in the central highlands of Peru. (A) Geographic location of Peru within South America. 
(B) Location of the Junín region within Peru. (C) Topographic map of the study area showing elevation contours, district boundaries, Lake Junín, and the 
location of the experimental site. (D) Spatial distribution of experimental plots for Festuca dolichophylla, Jarava ichu and Cinnagrostis vicunarum under 
different bacterial inoculation treatments (Bacillus sp., Pseudomonas sp., and non-inoculated control). (E) Representative field photographs of native 
grassland vegetation: (E-1) Cinnagrostis vicunarum, (E-2) Festuca dolichophylla, and (E-3) Jarava ichu
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2.3. Experimental design and treatments

A field experiment was established in a native high Andean 
grassland dominated by Festuca dolichophylla, Jarava ichu and 
Cinnagrostis vicunarum. For each grass species, a completely 
randomized design was employed with three treatments and 
four replicates per treatment, resulting in 12 experimental 
plots per species and a total of 36 plots. The treatments con-
sisted of: (i) a non-inoculated control, (ii) inoculation with Ba-
cillus subtilis, and (iii) inoculation with Pseudomonas putida. 
Each experimental plot covered an area of 3 m2 and was sepa-
rated from adjacent plots by a buffer zone minimum distance 
of 2 m to prevent cross-contamination between treatments. 
Treatments were randomly assigned within each species to 
minimize spatial variability. Before the experiment began, 
all aboveground biomass within each plot was manually cut 
to a uniform height. To ensure monospecific conditions, non-
target plant species were manually removed at the beginning 
of the experiment and periodically controlled throughout the 
study period, following standard native grassland management 
procedures. Maintenance of monospecific plots was conducted 
every 30 days by manual weeding to prevent species replace-
ment or invasion. 

Bacterial inoculations were applied in liquid form follow-
ing the inoculum preparation protocol described in Section 2.2, 
at a rate equivalent to 5 L ha–1. Applications were performed 
manually using a backpack sprayer, directing the solution to 
the base of the plant crowns to enhance rhizosphere contact. 
Inoculations were carried out five times at 15-day intervals, 
starting in May 2023, immediately after the end of the rainy 
season, and concluding in July 2023. This period was selected to 
coincide with early vegetative regrowth and to optimize micro-
organism establishment before the peak growing season. The 
experiment remained under natural environmental conditions 
until January 2024, when final measurements of soil proper-
ties, aerial biomass and nutritional quality were conducted.

2.4. Soil sampling and physicochemical analysis

Soil sampling was conducted at the end of the experimen-
tal period in January 2024. Within each experimental plot, soil 
samples were collected from the rhizosphere zone of the grass 
species. For this purpose, two individual soil cores were ex-
tracted per plot at a depth of 0–20 cm using a stainless-steel au-
ger (Shao et al., 2025). The two subsamples were homogenized 
to obtain one composite sample per plot, resulting in a total of 
twelve composite soil samples for laboratory analyses. Visible 
plant residues, stones and coarse fragments were manually re-
moved prior to sample processing. Soil samples were air-dried 
at room temperature, gently crushed, and passed through 
a 2-mm sieve (Oishi et al., 2020) for physicochemical analyses.

The physicochemical analyses were conducted at the Soil, 
Water and Foliar Laboratory (LABSAF) of the Santa Ana Ex-
perimental Station. Soil organic matter content (OM, %) was 
determined using the Walkley–Black wet oxidation method 
(AS-07). Total nitrogen (N, %) was quantified following the mi-
cro-Kjeldahl procedure (AS-08). Available phosphorus (P-Olsen, 

mg kg–1) was measured using the Olsen extraction method, suit-
able for neutral to slightly acidic soils (AS-10) (Olsen and Som-
mers, 1982). Available potassium (K, mg kg–1) was determined 
by ammonium acetate extraction (AS-12), following standard-
ized procedures (Semarnat, 2002).

2.5.  Plant sampling, biomass determination and nutritional 
analysis

Plant sampling was carried out at the end of the experi-
mental period in January 2024. Within each experimental plot, 
aboveground biomass of the grass species was harvested man-
ually at ground level from a central area of 1 m2 to avoid edge 
effects (Arias A et al., 2021). All harvested plant material was 
placed in labelled paper bags and transported to the laboratory 
for further processing. Fresh biomass was recorded immedi-
ately after harvest using a digital balance. Subsamples were 
then oven-dried at 80°C until reaching a constant weight to de-
termine dry matter content (Cunniff et al., 2015). Dry biomass 
yield was calculated on a per hectare basis for each treatment 
and species. 

Dried biomass samples were ground using a Wiley mill and 
passed through a 1-mm sieve prior to nutritional analyses. To-
tal protein content (TP%) was determined by quantifying total 
nitrogen following the Kjeldahl method and applying a conver-
sion factor of 6.25, according to AOAC method 984.13, Calcium 
(Ca%) and phosphorus (P%) contents were analyzed following 
AOAC methods 927.02 and 965.17 (Horwitz and Latimer, 2005). 
In vitro digestibility of organic matter (IVOMD%) was deter-
mined using an Ankom Daisy II incubator (ADII; Ankom Tech-
nology Corporation, Fairport, NY, USA), following standardized 
procedures described by Tassone et al. (2020). All nutritional 
parameters were expressed on a dry matter basis.

2.6. Statistical analysis

Statistical analyses were performed using R software ver-
sion 3.8 (R Core Team, 2021). The effects of microbial inocu-
lation on Festuca dolichophylla, Jarava ichu and Cinnagrostis 
vicunarum plant communities were evaluated using analysis 
of variance (ANOVA), considering microbial treatment as the 
main factor. The analyzed soil variables included organic mat-
ter (OM), nitrogen (N), phosphorus (P) and potassium (K), while 
plant variables included total protein (TP), calcium (Ca), phos-
phorus (P) and in vitro organic matter digestibility (IVOMD). 
When significant differences were detected (p < 0.05), mean 
comparisons among treatments were performed using the Fish-
er’s least significant difference (LSD) test at a 5% significance 
level (Agbangba et al., 2024). Multivariate relationships among 
soil properties, biomass production and plant nutritional pa-
rameters were explored using principal component analysis 
(PCA). Prior to PCA, the suitability of the dataset for multivari-
ate analysis was assessed using the Kaiser–Meyer–Olkin (KMO) 
measure of sampling adequacy and Bartlett’s test of sphericity 
(Groth et al., 2013). These analyses were conducted to identify 
associations between microbial inoculation treatments and 
soil and plant response variables.
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3. Results and discussion

3.1. Physicochemical soil characterization

The effects of bacterial inoculation on soil physicochemi-
cal properties have been reported to be independent of grass 
species in previous studies (Santillana Villanueva et al., 2022). 
However, contrasting responses were observed in the present 
study. Soil organic matter and nitrogen contents were signifi-
cantly higher in plots dominated by Jarava ichu and Festuca 
dolichophylla inoculated with Bacillus sp., whereas no signifi-
cant differences were detected in soils associated with Cin-
nagrostis vicunarum (Fig. 2a and Fig. 2b). The increase in soil 
nitrogen concentration observed under F. dolichophylla inocu-
lated with Bacillus sp. contrasts with earlier findings, where 
higher nitrogen levels were reported for C. vicunarum associat-
ed with Bacillus sp. (Cipriano et al., 2021; Santillana Villanueva 
et al., 2022). These differences suggest that plant–microorgan-
ism interactions are likely species-specific and influenced by 
root traits and rhizosphere conditions. The positive associa-

tion between Bacillus sp. inoculation and soil nitrogen avail-
ability may be explained by several mechanisms, including the 
stimulation of root growth through indole production, which 
enhances the effective root surface area for nutrient uptake. 
In addition, Bacillus sp. has been shown to stimulate nitrate re-
ductase activity, facilitating the conversion of nitrate into nitro-
gen forms that are more readily assimilated by plants (Masood 
et al., 2020).

In contrast, soils associated with Cinnagrostis vicunarum 
and inoculated with Pseudomonas sp. showed significantly 
higher phosphorus concentrations (p ≤ 0.05) (Fig. 2c). While pre-
vious studies have reported phosphorus solubilization mainly 
associated with Bacillus sp. inoculation (de Sousa et al., 2021), 
the present results indicate a stronger effect of Pseudomonas 
sp. under the studied conditions. The higher soil phosphorus 
levels observed following Pseudomonas sp. inoculation are 
likely related to its well-documented capacity to solubilize in-
organic phosphate through the production of organic acids and 
other chelating compounds, thereby increasing phosphorus 
availability to plants (Liu et al., 2018; Ng et al., 2022).

Fig. 2. Effect of microorganisms on the physicochemical characteristics of the soil. (a) organic matter (OM), (b) nitrogen (N), (c) phosphorus (P) and (d) 
potassium (K) in three types of native grasses. Mean ± standard error. Different letters indicate significant differences. ANOVA results are shown with 
p ≤ 0.05
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No significant differences in soil potassium content were 
detected among the three grass species or bacterial inocula-
tion treatments (Fig. 2d). Consistent with previous findings, 
studies suggest that Bacillus sp. and Pseudomonas sp. do not 
exhibit a strong or direct role in potassium solubilization in 
natural grassland soils (Ng et al., 2022; Stamenov et al., 2012; 
Yolcu et al., 2011). In contrast, in agricultural systems, specific 
strains such as Bacillus cereus have been shown to significant-
ly increase soil potassium availability, as observed in potato 
cropping systems (Ali et al., 2021). In such cases, enhanced po-
tassium availability has been associated with the production 
of organic acids and other metabolites capable of mobilizing 
mineral-bound potassium (Meena et al., 2014), a mechanism 
that may be less effective or limited in native grassland soils.

The significant increases in soil organic matter, nitrogen 
and phosphorus contents may be attributed to microbially 
induced changes in soil physical and biochemical properties. 
In particular, the production of extracellular polymeric sub-
stances (EPS), characterized by high water-holding capacity, 
can improve soil aggregation and nutrient retention (Chung 
et al., 2021). Additionally, phosphorus solubilization mecha-
nisms, including organic acid production, proton release and 
phosphatase activity, increase phosphorus availability and 
may indirectly promote nitrogen accumulation and organic 
matter stabilization within the soil (Rawat et al., 2021). These 
combined processes likely explain the observed increases in 
soil organic matter, nitrogen, and phosphorus.

3.2. Yield and nutritional quality of grasses

Grasslands dominated by Cinnagrostis vicunarum and in-
oculated with Pseudomonas sp. exhibited significantly higher 
total protein content compared with plots inoculated with 
Bacillus sp. and non-inoculated controls (p ≤ 0.05; Fig. 3a). 
This response suggests a species-specific interaction between 
 C. vicunarum and Pseudomonas sp., highlighting the impor-
tance of host plant–microorganism compatibility. Species-de-
pendent responses to microbial inoculation have also been 
reported in other plant systems. For instance, inoculation with 
Bacillus sp. and Pseudomonas sp. in Vigna unguiculata resulted 
in differential effects on physiological traits, including chlo-
rophyll content and fresh biomass, which are closely associ-
ated with protein accumulation (Sivasankari and Anandharaj, 
2014). These findings support the notion that the effectiveness 
of plant–microorganism associations is largely determined by 
plant species and their specific interactions with inoculated 
microorganisms.

Unlike previous research indicating that Bacillus sp. en-
hance the nutrient content of F. dolichophylla, the present 
study found that inoculation type did not result in significant 
changes in nutrient levels for this species (Fig. 3a) (Stamenov 
et al., 2012). Nevertheless, inoculations with Bacillus sp. and 
Pseudomonas sp. showed significant effects compared to the 
control on the percentage of total protein in J. ichu (p≤0.05, 
Fig. 3a). This increase in total protein yield in J. ichu could be 
associated with the ability of Bacillus sp. to promote the pro-
duction of phytohormones such as auxins and gibberellins, 

which  stimulate the growth of J. ichu plants as reported in 
previous studies (Gutiérrez-Mańero et al., 2001; Yousuf et al., 
2017). Bacillus sp. and Pseudomonas sp. are confirmed plant 
growth-promoting rhizobacteria (PGPR) that enhance host 
plant growth (Bhattacharyya and Jha, 2012), especially in 
J. ichu. This reaffirms the importance of both microorganisms 
in sustainable agriculture (Tseng et al., 2020).

In contrast, inoculations significantly affected the cal-
cium and phosphorus percentages in J. ichu (p≤0.05), but had 
no effect on C. vicunarum or F. dolichophylla (Fig. 3b, c). These 
findings are consistent with previous studies on forage crops 
(Lolium perenne) inoculated with Pseudomonas sp. and Bacillus 
sp. that increased organic production (Stamenov et al., 2017), 
crude protein concentration and P, S, Mg, Cu, Zn and Fe in Lo-
lium multiflorum (Yolcu et al., 2011). However, other investi-
gations have described positive effects of Bacillus sp. on the 
macro- and micronutrient content of F. dolichophylla (Santil-
lana Villanueva et al., 2022), which contrasts with the findings 
of this study.

Regarding IVOMD in plants, no significant differences 
were observed in the three inoculated grass species (Fig. 3d), 
which is in agreement with previous studies (Mehrvarz and 
Chaichi, 2008). However, improvements in this characteristic 
have been reported in silage forages (Lara et al., 2015).

The effect of inoculations on biomass yield differed among 
plant species. C. vicunarum showed significant increases with 
all inoculation treatments, whereas F. dolichophylla produced 
higher biomass when inoculated with Bacillus sp., and J. ichu 
exhibited greater yields in soils treated with Pseudomonas sp. 
These species-specific responses suggest that growth promo-
tion by bacterial inoculation is strongly dependent on plant–
microorganism compatibility, potentially mediated by the dif-
ferential stimulation of plant growth processes under field con-
ditions (Gutiérrez-Mańero et al., 2001; Yousuf et al., 2017). In 
addition, biological nitrogen inputs and the facilitation of nu-
trient uptake through microbial-derived compounds, such as 
exopolysaccharides, may contribute to the observed increases 
in biomass (Guimarăes et al., 2022). The positive response ob-
served in J. ichu is consistent with previous reports under high-
land conditions (Cipriano et al., 2021), as illustrated in Fig. 3e.

In this study, a higher positive response capacity was ob-
served in J. ichu following inoculation with the rhizobacterium 
Pseudomonas sp. compared to F. dolichophylla, which differs 
from the results reported by Eduardo-Palomino et al., (2024). 
Other studies, such as those by Ventura Espinoza et al., (2024), 
showed an increase in aerial biomass in Medicago sativa pas-
tures inoculated with similar microorganisms.

In fact, the effect of solubilizing bacteria helps plants to 
access insoluble forms of phosphate through the excretion of 
protons and organic acids, which makes phosphate available 
for plant uptake (Akhtar et al., 2021; Su et al., 2017). Addition-
ally, inoculation of plants with PGPR triggers molecular-level 
effects, inducing plant physiological responses and regulating 
genes involved in ion uptake and translocation. This results in 
improved efficiency in the recovery of soil nutrients (Pii et al., 
2015), such as N, Fe, Mn, K and Zn (Ali et al., 2021; Çakmakçi 
et al., 2007).
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Fig. 3. Effect of microorganisms on foliar characteristics: biomass and nutritional quality

For the analyzed variables, Principal Component Analy-
sis (PCA) indicated that the first principal component (PC1) 
explained 43.6% of the total variance, while the second prin-
cipal component (PC2) accounted for 27.8% (Fig. 4). The PCA 
revealed clear associations between soil properties, bacterial 
inoculation, and native grass species. Soil nitrogen (N) and or-
ganic matter (OM) were closely associated with the combina-
tion of Bacillus sp. and F. dolichophylla, whereas soil phospho-
rus (P) was mainly associated with Pseudomonas sp. and C. vi-
cunarum. Potassium (K) was related to the interaction between 
Pseudomonas sp. and F. dolichophylla.

Most vegetation-related parameters, including organic 
matter digestibility (IVOMD), phosphorus, calcium, and total 
protein, were grouped together and associated primarily with 
Pseudomonas sp. in combination with F. dolichophylla, as well 
as with Bacillus sp. and C. vicunarum. In contrast, biomass 
yield was mainly associated with the Bacillus sp. and J. ichu 
interaction and contributed predominantly to the variability 
explained by PC2.
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4. Conclusions

The results of this study demonstrate that inoculating plant 
growth-promoting rhizobacteria (PGPR), specifically Bacillus 
sp. and Pseudomonas sp., significantly enhances soil fertility 
and forage performance in high-altitude Andean grasslands. 
However, these beneficial effects are highly species-specific, 
highlighting the critical importance of host plant–microorgan-
ism compatibility for rangeland management.

Specifically, Bacillus sp. inoculation was found to be most 
effective in increasing soil organic matter and nitrogen avail-
ability, which directly translated into higher biomass yield and 
improved nutritional quality for Jarava ichu and Festuca doli-
chophylla. In contrast, Pseudomonas sp. exhibited a stronger 
synergistic interaction with Cinnagrostis vicunarum, signifi-
cantly increasing soil phosphorus concentrations and foliar 
protein content.

These findings suggest that restoration and management 
programs in the Peruvian highlands should prioritize the se-
lection of specific bacterial strains based on the dominant na-
tive grass species to optimize ecosystem productivity and for-

Fig. 4. Principal component analysis (PCA) of soil and nutritional quality

age quality. Utilizing tailored microbial inoculants represents 
a sustainable strategy to mitigate nutrient limitations in high-
altitude ecosystems while reducing reliance on chemical ferti-
lizers.
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