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ABSTRACT

Intensive cultivation of maca (Lepidium meyenii Walp.) causes significant physicochemical degradation and a
loss of microbiological resilience in High Andean soils. Native rhizobacteria-based biofertilizers emerge as a
sustainable alternative to restore soil quality. This study explored the microbial diversity of the maca
rhizosphere at extreme altitudes (> 4000 m a.s.l.) and evaluated the potential of native isolates as plant growth-
promoting rhizobacteria (PGPR). A total of 133 isolates were obtained using selective methodologies. Six elite
strains were molecularly identified (16S rRNA gene) as Peribacillus, Pseudomonas, Pantoea, and notably,
Pseudochrobactrum asaccharolyticum. Low microbial density was observed, likely linked to degradation from
intensive monoculture. Microbial functionality was associated with soil management, enabling the
identification of strains with high viability (> 10 CFU mL?) adapted to extreme conditions. In this study, the
presence of P. asaccharolyticum was identified in association with maca crops. This species is of particular
interest due to its previously recognized potential for soil bioremediation. These findings suggest functional
specialization of the native microbiota and a high biotechnological potential for developing specific bio-inputs.
These results contribute to mitigating monoculture impacts, restoring degraded soils, and promoting
sustainable High-Andean agriculture.
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INTRODUCTION

Maca (Lepidium meyenii Walp.) is a high-altitude tuberous root of global economic significance, widely
recognized as a “superfood” due to its rich composition of essential amino acids, fatty acids, and nutrients such
as vitamin C, Fe, Ca, and K (da Silva et al., 2020). Beyond its nutritional value, maca exhibits significant
pharmacological properties, including neuroprotective, antinociceptive (Quispe-Diaz et al., 2025), memory
enhancement, regulation of sexual function, and antidepressant properties, among others (da Silva et al., 2020).

Cultivation predominantly occurs between 3700 and 4500 m a.s.l., with the Bombdn Plateau in Junin
serving as the primary production hub (Gonzales, 2011). However, maca is primarily cultivated as a
monoculture (Dostert et al., 2009). The ecological drawbacks of such systems — ranging from inefficient
resource utilization to the disruption of soil homeostasis — have been extensively documented (Salaheen and
Biswas, 2019; Belete and Yadete, 2023). In these High Andean ecosystems, continuous monoculture has
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triggered a sharp decline in soil fertility and nutrient depletion, forcing a heavy reliance on synthetic fertilizers
and pesticides (Belete and Yadete, 2023). The intensive use and excessive application of chemical fertilizers,
such as N, have been shown to drastically alter the structure, abundance, and physiological profiles of
rhizospheric microbial communities (Xu et al., 2025). This cycle has severely compromised the resilience of
maca-producing lands, where natural soil restoration is increasingly hampered by anthropogenic pressure (De
la Cruz, 2021).

To address this, the development of bio-inputs - formulated from beneficial microorganisms and bioactive
molecules - has emerged as a sustainable alternative to enhance crop quality and productivity (da Silva et al.,
2025). Integrating bio-inputs into agricultural practices not only presents technical advantages but also a
paradigm shift and the adoption of new technologies that prioritize the sustainability and regeneration of
natural resources (Mattos et al., 2025). Under this approach, plant growth-promoting rhizobacteria (PGPR) are
pivotal due to their functional versatility. These microorganisms facilitate nutrient uptake through biological N
fixation, phosphate solubilization and siderophores production (Ahmad et al., 2018). They also play a crucial
role in soil structural stabilization by improving physical properties such as particle aggregation, reducing
compaction, increasing spore space, and enhancing water infiltration (Alori et al., 2017).

Considering that the selection of microorganisms and the characterization of their functional attributes
represent a critical step in the formulation of microbial inoculants (Valente et al., 2025), this study aimed to
isolate and characterize rhizospheric microorganisms from different maca fields in Junin. This research
establishes the scientific foundation for developing biotechnological tools that not only promote maca yield
but also mitigate the degradation of fragile High Andean soils.

MATERIALS AND METHODS

Soil sampling

Soil samples (M1-M5) were collected in five maca (Lepidium meyenii Walp.) production fields located at over
4000 m a.s.l. in the district of Junin (11°01’12" S, 76°06’08” W), province of Junin, department of Junin, Peru
(Figure 1, Table 1).
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Figure 1. Soil sampling area in Junin, Peru.
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Table 1. Passport data of soil sampling points. M1: Active rhizosphere; M2: active rhizosphere; M3:
active rhizosphere and organic management; M4: postharvest; M5: active rhizosphere.

Sample Latitude Longitude Altitude
ID Community (S) (W) (ma.s.l.) Field condition
M1 Pishga Puquio 11°06'31" 76°11'18" 4320 Active rhizosphere
M2 Ondores 11°10'20" 76°07'29" 4439 Active rhizosphere
M3 Carhuamayo 10°55'44" 76°04'13" 4101 Active rhizosphere (organic management)
M4 Chacamarca 11°12'08" 75°54'03" 4370 Post-harvest (2 yr)
M5 Cerro San
Cristébal 11°10'10" 75°58'02" 4257 Active rhizosphere

Sampling conditions included active rhizosphere stages under organic and conventional management, as
well as post-harvest soils with different periods of agricultural use (Table 1). In fields with crops, rhizosphere
soil adhering to the roots was extracted, while in fields without active cultivation, bulk soil was collected at a
depth of 15-20 cm. Two hundred grams were taken from each sampling point and transported and stored at
4-8 °Cin the Technological Research Laboratory on Climate Change for the Agricultural Sector of the National
Institute of Agricultural Innovation (INIA) until processing. The physicochemical properties of each sample were
also analyzed in the Soil, Water, and Foliar Analysis Laboratory (LABSAF, for its Spanish acronym) of the INIA
Santa Ana Experimental Station.

Microbial isolation

Microbial isolation was performed using the serial dilution technique. Briefly, 10 g soil sample were suspended
in 90 mL sterile saline solution (0.85% w/v NaCl) and shaken at 120 rpm for 3 h. After allowing the sediment to
settle for 1 h at room temperature, this initial suspension (107 dilution) was used to prepare a dilution series
up to 10”7 in 0.85% NaCl.

To target the genera Bacillus and Pseudomonas, two selective approaches were employed using nutrient
agar (NA) and Pseudomonas agar for fluorescein (PAF), respectively. For each medium, 100 pL each dilution
were spread in triplicate using Drigalski loop and incubated at 28 °C for 72 h. After incubation, colonies
exhibiting distinct macromorphological features consistent with each target genus were selected and purified
through successive subculturing.

To specifically select endospore-forming microorganisms - a distinctive trait of the Bacillaceae family and
related genera - a heat shock treatment was applied. Pure isolates were inoculated into Luria-Bertani (LB) broth
and subjected to 80 °C for 10 min (Rodriguez et al., 2017). Post-treatment viability was confirmed by
inoculation on NA medium; subsequent growth was used as a presumptive criterion for the identifying
belonging to the Bacillus group and related spore-formers.

For isolates obtained on PAF, priority was given to those exhibiting fluorescence under UV light, a hallmark
of the fluorescent Pseudomonas group.

Finally, isolate purity and preliminary biochemical characteristics were verified through Gram staining and
the catalase test (using 30% v/v H20).

Microbial functional characterization
The functional characterization of the selected isolates involved the evaluation of indole-3-acetic acid (IAA)
production, tricalcium phosphate solubilization, and siderophore production.

The IAA production was determined following the methodology of Asghar et al. (2002) with adaptations for
microtubes. Each isolate was inoculated into yeast-mannitol broth (YMB) supplemented with 50 mg L™ L-
tryptophan. After 4 d of incubation at 28 °C, a 2 mL aliquot was centrifuged at 10 000 rpm for 5 min. For the
colorimetric reaction, 1.5 mL resulting supernatant were mixed with 1 mL Salkowski reagent and incubated in
the dark for 30 min.

Tricalcium phosphate solubilization was assessed by inoculating each isolate onto NBRIP agar (Nautiyal,
1999) and incubated at 28 °C for 5 d; a positive result was indicated by the presence of a translucent halo
around the colony. Similarly, siderophore production was evaluated on diluted King B agar supplemented with
chrome-azurol S (CAS) (Louden et al., 2011). Following 5 d incubation at 28 °C, a color shift from blue to
yellow/orange was recorded as positive for Fe chelating activity.
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For all plant growth-promotion tests, activity was recorded semi-quantitatively using a scale of 0 to 3,
defined as follows: (0) No activity, (1) low activity, (2) moderate activity, and (3) high activity.

Finally, growth kinetics were evaluated for the top-performing isolates by determining colony-forming units
(CFU) at 24 and 48 h incubation. This parameter allowed for the differentiation of colonization rates among
the most promising candidates — a critical factor for their future implementation as robust biological
inoculants.

Multivariate analysis

To evaluate the relationship between the origin of the isolates and their biofertilizer potential, a principal
component analysis (PCA) was performed. This analysis integrated physicochemical properties (e.g., pH,
organic matter, available P) with microbial functional data. Additionally, a heatmap with hierarchical clustering
was generated to visualize the functional profiles and establish groups based on isolate-origin interactions. All
analyses were conducted in RStudio software (version 2025.05.0+496; Posit PBC, Boston, Massachusetts, USA).

Molecular identification

Genomic DNA was extracted from pure bacterial cultures using the phenol-chloroform-isoamyl alcohol
(25:24:1) method, as described by Ausubel (2003). The taxonomic identity of the isolates was determined by
amplifying and sequencing the 16S rRNA gene. The PCR amplification was performed using the universal
primers 27F (5'-AGAGTTTGATCCTGGCTCAG-3') and 1492R (5'-GGTTACCTTGTTACGACTT-3') (Reysenbach et al.,
1992). The reaction mixture contained 1x DreamTag Green PCR Master Mix (Thermo Fisher Scientific,
Waltham, Massachusetts, USA) and 0.4 uM each primer. The thermal cycling conditions consisted of an initial
denaturation at 95 °C for 3 min, followed by 35 cycles of denaturation at 95 °C for 30 s, annealing at 55 °C for
30 s, and extension at 72 °C for 1 min; with a final extension step at 72 °C for 10 min. The PCR products were
subsequently sequenced using the Sanger dideoxy method.

The resulting sequences were edited using Chromas Lite 2.0 software (Technelysium Pty. Ltd., Tewantin,
Queensland, Australia). Chromatogram parameters, including peak symmetry and base spacing, were
rigorously inspected; irregular or low confidence nucleotides were discarded to ensure sequence integrity (Al-
Shuhaib and Hashim, 2023). Finally, homology searches were conducted using the Basic Local Alignment
Search Tool (BLAST) against the National Center for Biotechnology Information (NCBI) database to determinate
the taxonomic affiliation of each isolated based on 16S rRNA gene similarity.

RESULTS

Soil physicochemical analysis

The physicochemical analysis of the sampled soils revealed a gradient of acidity and fertility (Table 2). Soils
located at higher altitudes (M1, M2, and M5) exhibited the lowest pH values (5.3-5.4), indicating a moderately
acidic nature, coupled with the highest organic matter (OM) concentrations (8.5%-10.3%). In contrast, sample
M3 - originating from an organically managed plot in Carhuamayo - showed the least acidic pH (6.2) but the
lowest levels of OM (4.7%) and total N (0.24%).

Table 2. Physicochemical analysis of the soils collected in Junin. M1: Pishga Puquio, active
rhizosphere; M2: Ondores, active rhizosphere; M3: Carhuamayo, active rhizosphere and organic
management; M4: Chacamarca, postharvest; M5: Cerro San Cristdbal, active rhizosphere.

Soil sample  pH  Organic matter Electrical conductivity Available P Available K N Texture
% mS mt mg kg1 mg kg1 %

M1 5.3 9.2 5.2 137.7 124.89 0.46  Sandy loam

M2 5.4 8.5 3.4 229.8 186.49 0.43  Sandy loam

M3 6.2 4.7 6.1 59.4 71.13 0.24  Sandy loam

M4 5.6 10.3 3.3 219.3 152.26 0.52  Sandy loam

M5 5.3 6 4.5 300.8 108.8 0.3 Sandy loam
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Across all sampling points, electrical conductivity remained at extremely low levels (3.3 to 6.1 mS m),
categorizing these soils as non-saline. Finally, exceptionally high P availability was recorded at all points, with
sample M5 reaching a peak concentration of 300.8 mg kg™.

Microbial isolation

A higher population density was observed on Pseudomonas Agar F (PAF) compared to nutrient agar (NA),
particularly within the lower dilution (10 and 102). However, the detection threshold in both media was
reached at the 107 dilution, beyond which no viable colonies were recovered (Figure 2). This relatively low
total culturable microbial load is consistent with the extreme environmental stressors of High Andean soils,
such as low temperatures and high UV radiation. The total microbial concentrations were calculated for each
sample. The results showed that the highest bacterial density in both media was recorded in sample M3 (p-

value = <0.01), originating from a field under organic management, while M4 obtained the lowest value, from
a post-harvest field (Figure 3).
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Figure 2. Colony density on (A) nutrient agar and (B) Pseudomonas agar F observed at all successive
dilutions of soil samples (M1-M5). M1: Pishga Puquio, active rhizosphere; M2: Ondores, active
rhizosphere; M3: Carhuamayo, active rhizosphere and organic management; M4: Chacamarca,
postharvest; M5: Cerro San Cristébal, active rhizosphere. CFU: Colony-forming units.
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Figure 3. Concentration of total microorganisms in nutrient agar (NA) and Pseudomonas Agar F (PAF)

for the collected samples. Data are means + SD (n = 3). Different letters indicate significant

difference according to Tukey’s test (a = 0.05). M1: Pishga Puquio, active rhizosphere; M2: Ondores,

active rhizosphere; M3: Carhuamayo, active rhizosphere and organic management; M4:

Chacamarca, postharvest; M5: Cerro San Cristdbal, active rhizosphere.
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A total of 133 bacterial isolates were recovered from the five soil samples: 43 from NA and 90 from PAF. In
the case of NA isolates, the heat shock treatment served as a rigorous selective pressure, resulting in a
significant reduction, with only 9 isolates (20.9%) surviving the procedure. Whitin this subgroup, 7 isolates
(16.3% of the initial NA pool) were confirmed as catalase-positive and Gram-positive bacilli, consistent with
the morphotype of Bacillaceae family. In contrast, the selection process on PAF demonstrated high specificity.
Of the 90 initial isolates, 28 (31.1%) exhibited fluorescence under UV light, a phenotypic trait typically
associated with the fluorescent Pseudomonas group.

Functional characterization

The functional characterization was performed on the 35 pre-selected isolates (7 presumptive Bacillus spp.
and 28 presumptive Pseudomonas spp.) Overall, the Pseudomonas group exhibited significantly superior
performance in plant growth-promoting (PGP) traits compared to the Bacillus isolates. To better categorize
this functional diversity, a hierarchical cluster analysis was performed, identifying three distinct groups based
on their biofertilizer potential (Figure 4): Cluster A (incipient activity) comprised isolates with null or marginal
PGP traits, representing the baseline functional group; Cluster B (elite PGPR potential) identified as the most
promising group, consisting of strains with the highest scores across all evaluated traits (IAA, P solubilization
and siderophores); Cluster C (intermediate activity) included isolates with moderate or specialized
performance in only one or two functional categories.
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Figure 4. Functional characterization of plant growth promoting traits for the 35 isolates evaluated.
Genus: Presumptive genus; IAA: production of indole-3-acetic acid; Phosphates: solubilization of
phosphates; Siderophores: production of siderophores.

Molecular identification

Based on the hierarchical clustering and functional representativeness, six high-performing candidates were
prioritized for molecular identification via 165 rRNA gene sequencing. The selection included the top three
strains from Cluster B: Ps47, Ps28, and Ps59. Additionally, isolates with specialized outstanding traits were
incorporated to ensure functional diversity: Ps76 (exhibiting high dual-activity in PGP assays) and Ps9 (high IAA
production). From the Bacillus group, isolate Bac18 was selected as the most robust representative.
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The taxonomic affiliation and sequence homology for these strains are summarized in Table 3. The
identification revealed a diverse group of rhizobacteria, including members of the genera Pseudochrobactrum,
Pantoea and Pseudomonas, as well as spore-forming bacilli.

Table 3. Molecular identification of the six isolates selected for their functional representativeness.
QC: Query cover; Pl: per identity. *Accession numbers of the closest phylogenetic relatives identified

via BLASTn.
Scientific Qc Pl Key Soil
Strain ID Accession* name (%) (%) feature Cluster sample
Ps47 PX022456.1 Pseudochrobactrum 99 99.7 High PGPR potential with B Active rhizosphere
asaccharolyticum adaptation to altitude
Ps28 PV563462.1 Pseudomonas sp. 97 999 High performance B Active rhizosphere
cluster (organic management)
Ps59 LK391522.1 Pseudomonas 100 99.5 High performance B Active rhizosphere
koreensis cluster
Ps9 PV563462.1 Pseudomonas sp. 100 99.3 High production C Active rhizosphere
of IAA
Ps76 0Q708967.1 Pantoea agglomerans 99 994 High phosphates @ Active rhizosphere
solubilization (organic management)
Bac18 OR652418.1  Peribacillus frigoritolerans 98  99.8 The best activity of the C Active rhizosphere

Bacillus group

Multivariate analysis

The interaction between soil physicochemical properties and the functional profiles of the isolates was
analyzed using principal component analysis (PCA) (Figure 5). The first two dimensions explained 70.5% of the
total variance, with PC1 (49.9%) primarily associated with soil variables and PC2 (20.6%) linked to PGP and
metabolic activities, such as catalase and fluorescence.
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Figure 5. Principal component analysis (PCA) for the 35 characterized isolates. (A) Distribution of the
isolates in the principal components according to their origin samples (M1-MS5). (B) Distribution of
the variables in the principal components. M1: Pishqa Puquio, active rhizosphere; M2: Ondores,
active rhizosphere; M3: Carhuamayo, active rhizosphere and organic management; M4:
Chacamarca, postharvest; M5: Cerro San Cristébal, active rhizosphere; Bacl8: Peribacillus
frigoritolerans; Ps9: Pseudomonas sp.; Ps28: Pseudomonas sp.; Ps47: Pseudochrobactrum
asaccharolyticum; Ps59: Pseudomonas koreensis; Ps76: Pantoea agglomerans; IAA: production of
indole-3-acetic acid; Phosphates: solubilization of phosphates; Siderophores: production of
siderophores; PGP traits: plant growth promoting traits.
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In the rhizosphere samples (M1, M2, M3, M5), a marked functional heterogeneity was observed. In the
case of the organically managed sample (M3), two distinct groups were identified: One associated with
fluorescence and phosphate solubilization, and another characterized by a different metabolic profile (Figure
5A). In contrast, isolates from sample M4 (post-harvest) clustered near the PC1, indicating basal metabolism
without prominent activity in the PGP assays performed. This justifying their exclusion from the molecular
identification stages.

The PCA biplot also showed an orthogonal relationship between the vector representing soil properties
and those corresponding to PGP functionality (Figure 5B). Specifically, the direction of the vector for phosphate
solubilization, IAA production and siderophore synthesis was nearly perpendicular to the vectors for soil pH,
organic matter and P availability.

Cell viability

The cell viability of the six selected top isolates reached high concentrations starting from 24 h of incubation,
with values ranging between 108 and 10 CFU mL* (Figure 6) These concentrations exceed the minimum
industrial thresholds required for the formulation of agricultural bio-inputs. Strains Ps28, Ps47, and Ps76 were
particularly noteworthy, consistently reaching densities on the order of 10'. This performance reflects high
efficiency in nutrient assimilation and a rapid doubling rate under the evaluated conditions.
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Figure 6. Concentrations of microorganisms at 24 and 48 h of the six selected isolates. Data are
means + SD (n = 3). Bacl8: Peribacillus frigoritolerans;, Ps28: Pseudomonas sp.; Ps47:

Pseudochrobactrum asaccharolyticum; Ps59: Pseudomonas koreensis; Ps76: Pantoea agglomerans;
Ps9: Pseudomonas sp.

DISCUSSION

High Andean soils in Peru are characterized by elevated organic matter (OM) content, as soil organic C (SOC)
storage capacity is strongly modulated by altitude and temperature. In these ecosystems, SOC typically
increases with altitude, while low temperatures suppress mineralization rates, favoring C sequestration
(Huaman-Carrion et al., 2021). Consistent with recent studies in the Junin region, the evaluated soils exhibited
an acidic pH and a non-saline condition, as evidenced by their low electrical conductivity (Zufiiga-Davila et al.,
2011; Arias-Arredondo et al., 2026).

Despite the high concentration of available P recorded (300.8 mg kg?), the acidic nature of theses soils
suggests that a significant fraction of this element may be chemically immobilized or present in forms with low
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bioavailability for plants. This geochemical context is further complicated by the presence of As in the region
(Pizarro et al., 2025), which often competes for the same soil adsorption sites as P.

The physicochemical analysis corroborated these trends, reporting OM values up to 10.3%, pH levels
between 5.3-6.2, and electrical conductivity of 3.3 mS m™ (Table 2). Notably, organically managed, lower
altitude sample (M3), exhibited the highest pH value (6.2, close to neutral) but the lowest OM content (4.7%).
This apparent paradox can be explained by microbial population dynamics: A less acidic pH enhances nutrient
availability, which in turn stimulates the proliferation of microorganisms, particularly bacteria (Rousk et al.,
2009). This is reflected in the higher culturable bacterial density recorded in this soil (Figure 3). Consequently,
the lower OM content in M3 does not necessarily indicate a fertility deficiency, but rather a higher
mineralization rate driven by an active and dense microbial community.

Unlike observations in rhizospheres from conventional lowland crops, where population densities typically
allow for bacterial isolation at dilutions 1077 or higher (Yasin et al., 2022), the recovery in this study was only viable
up to a 10™* dilution (Figure 2). This significantly reduced microbial load may serve as a biological indicator of the
severe ecological degradation affecting High Andean soils, likely exacerbated by the intensive monoculture of
Lepidium meyenii (Custodio et al., 2021). Such conditions suggest a depletion of available ecological niches, where
extreme environmental pressure and soil exhaustion limit the expansion of culturable populations.

Conversely, the isolates showed the highest plant growth-promoting rhizobacteria (PGPR) potential
originated exclusively from active rhizosphere samples (Table 3). This reinforces the “rhizosphere effect”,
confirming the central role of root exudates in the selection of functional communities (Chen and Liu, 2024).
Furthermore, the functional superiority of the Pseudomonas group over the Bacillus group (Figure 4) is
consistent with international reports highlighting the remarkable psychrotolerant adaptation of Pseudomonas
spp. These bacteria maintain high metabolic efficiency in high altitude ecosystems characterized by low
temperatures and fluctuating UV radiation (Adhikari et al., 2021).

In Peru, research on rhizobacteria associated with L. meyenii remains limited, with notable exceptions such
as the work of Zufiga-Davila et al. (2011), who reported classical genera like Pseudomonas and Bacillus, and
the metagenomic insights provided by Custodio et al. (2021). Our study expands this spectrum by identifying
genera previously underreported for this crop, revealing a broader microbial diversity and unexplored
biotechnological potential in high-Andean soils. Molecular identification confirmed that strain Ps47 was closely
related to Pseudochrobactrum asaccharolyticum, while Ps59 was identified as Pseudomonas koreensis, Ps76
as Pantoea agglomerans, and Bac18 as Peribacillus frigoritolerans. Additionally, isolates Ps28 and Ps9 were
confirmed as members of the Pseudomonas genus. While 16S rRNA sequencing provides a robust preliminary
identification, further polyphasic taxonomic studies or whole-genome sequencing (WGS) will be essential to
definitively confirm the species-level assignment.

The principal component analysis (PCA) allowed for a spatial visualization of how these strains are
functionally grouped in relation to soil properties (Figure 5). The orthogonal distribution of plant growth
promoting (PGP) traits and physicochemical characteristics suggests that the expression of growth-promoting
capabilities is not directly depend on bulk soil conditions, but rather reflects the adaptation of bacteria to
specific niches. In this context, isolates from sample M3 clustered on the right from the biplot. Correspondingly,
strains Ps47 (P. asaccharolyticum), Ps59 (P. koreensis), and Ps28 (Pseudomonas sp.) were located in the upper
quadrant, associated with the strongest PGPR activities, confirming their membership in cluster B (Figure 4),
which represents the highest performing isolates.

A key observation was that catalase activity correlated more closely with bacterial resistance markers than
with growth promotion (Figure 5B). This suggests a metabolic trade-off where microorganisms in high-altitude
ecosystems (such as M2 at 4339 m a.s.l.) may prioritize enzymatic defense mechanisms to mitigate oxidative
stress induced by intense UV radiation (Sartorio et al., 2020) over PGP functions. Remarkably, isolate Ps47 (P.
asaccharolyticum) maintained high PGP activity despite these extreme conditions, highlighting its exceptional
functional resilience.

Furthermore, a close correlation was identified between phosphate solubilization capacity and
fluorescence emission (Figure 5B). This synergy is likely driven by the secretion of organic acids, that act as
chelating agents for metal cations (Al*3, Fe*3, and Ca*?), thereby increasing nutrient bioavailability (Rawat et al.,
2020). In genera such as Pseudomonas, this activity is often coupled with the synthesis of fluorescent
siderophores, suggesting an integrated resource-acquisition mechanism essential for surviving the restrictive
environment of high-Andean soils.
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The isolate Ps47, identified as P. asaccharolyticum, represents a finding of particular biotechnological
relevance. This species has recently been described internationally for its ability to mitigate oxidative stress in
crops under heavy metals toxicity by activating antioxidant defense systems (Waheed et al., 2024). To our
knowledge, this study provides the first evidence of an association between the genus Pseudochrobactrum and
L. meyenii cultivation. The identification of the Ps47 not only expands the taxonomic catalog of Andean
rhizobacteria but also suggests an unexplored ecological niche where this microorganism may play a crucial
role in plant adaptation to the extreme conditions of the High Andean.

On the other hand, P. koreensis (Ps59) is recognized as a potent biological control agent, with reported
antagonistic activity against phytopathogens such as Cephalosporium maydis and Fusarium spp. (Rafikova et
al., 2016; Ghazy and EI-Nahrawy, 2020). This biocontrol potential is consistent with the high siderophore
production observed in our functional characterization (Figure 4). In addition to its PGP traits (Kang et al.,
2019), recent genomic studies have identified genes in P. koreensis that are critical for adapting to oxidative,
osmotic, and thermal stress (Ayangbenro et al., 2024).

The isolate Ps76, identified as P. agglomerans, serves as a multifunctional PGPR. Genomic analyses have
confirmed that this species harbors key sequences for phosphate solubilization, siderophore synthesis, N
metabolism, and indole-3-acetic acid production (Kumar et al., 2022). Furthermore, P. agglomerans possesses
genetic markers for heavy metal tolerance and adaptation to adverse environmental conditions (Luziatelli et
al., 2020). This metabolic versatility explains why sample M3 maintained a high bacterial population density
despite its lower OM content, as P. agglomerans efficiently colonizes and thrives in niches with high nutrient
turnover.

The functional diversity of the identified isolates reveals an adaptive specialization geared towards
mitigating the extreme environmental stressors of the Puna region. Notably, genera such as
Pseudochrobactrum, Pseudomonas and Pantoea not only exhibit PGP traits but also possess robust genetic and
metabolic mechanisms to counteract oxidative stress. This remarkable metabolic plasticity aligns with reports
identifying As as a predominant anthropogenic contaminant in Junin’s agricultural soils, where concentrations
often exceed background levels (Pizarro et al., 2025). Such localized microbial adaptation is consistent with
evidence demonstrating that native rhizobacteria play a critical role in enhancing plant biochemical resilience
and growth under challenging environmental conditions (Chompa et al.,, 2024). Under this scenario, the
persistence of these genera and their ability to reach high population densities suggests coevolution with
metalloids and other soil stressors. Thus, the presence of these bacteria would not only benefit maca nutrition
but also act as a biological barrier against heavy metal phytotoxicity, a critical factor for food security in the
central Andes.

Furthermore, the cell viability maintained for up to 48 h is a key trait for rhizosphere competition, allowing
the inoculum to establish itself effectively in limiting and degraded ecological niches, such as post-maca
cultivation soils. The observation of sustained growth confirms the potential of these isolates for the
development of high-cell-density biofertilizers.

In conclusion, our results suggest that isolates Ps47 (P. asaccharolyticum), Ps59 (P. koreensis), Ps28
(Pseudomonas sp.), and Ps76 (P. agglomerans) are high-value biotechnological candidates for the development
of bioinoculants in agroecosystems with extreme climates. Their ability to integrate plant growth promotion
with oxidative stress response mechanisms positions the native microbiota as a strategic pillar for the climate
resilience of L. meyenii. These findings underscore the potential of these microorganisms for the design of
biofertilizers specifically formulated for the critical conditions of the central Andes, offering a sustainable
alternative for soil conservation and agricultural productivity in high-altitude areas.

CONCLUSIONS

This study successfully identified and characterized a diverse rhizosphere microbiota associated with Lepidium
meyenii in high-Andean environments, encompassing both established genera like Pseudomonas and less
frequently reported genera. A particularly noteworthy finding is the presence of Pseudochrobactrum
asaccharolyticum (Ps47) associated with this crop, a strain that exhibited exceptional functional resilience.
Multivariate analysis demonstrated that soil physicochemical properties and plant growth-promoting traits are
independently distributed. Collectively, these findings confirm that the maca rhizosphere serves as a reservoir
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for microorganisms with significant biotechnological potential. These isolates are prime candidates for the
development of inoculants specifically adapted to extreme altitudes, expanding the know spectrum of plant
growth-promoting rhizobacteria genera and providing a sustainable strategy for enhancing agricultural
productivity and resilience in High Andean ecosystems.
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