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Abstract

Potato (Solanum tuberosum L.) is a key staple crop in the Peruvian Andes, but its productivity
is threatened by fungal pathogens such as Rhizoctonia solani and Alternaria alternata. In
this study, 71 native bacterial strains (39 from phyllosphere and 32 from rhizosphere) were
isolated from potato plants across five agroecological zones of Peru and characterized for
their plant growth-promoting (PGPR) and antagonistic traits. Actinomycetes demonstrated
broader enzymatic profiles, with 2ACPP4 and 2ACPP8 showing high proteolytic (68.4%,
63.4%), lipolytic (59.5%, 60.6%), chitinolytic (32.7%, 35.5%) and amylolytic activity (76.3%,
71.5%). Strain 5ACPP5 (Streptomyces decoyicus) produced 42.8% chitinase and solubilized
both dicalcium (120.6%) and tricalcium phosphate (122.3%). The highest IAA production
was recorded in Bacillus strain 2BPP8 (95.4 png/mL), while 5SACPP6 was the highest among
Actinomycetes (83.4 pg/mL). Siderophore production was highest in SACPP5 (412.4%)
and 2ACPP4 (406.8%). In vitro antagonism assays showed that 5ACPP5 inhibited R. solani
and A. alternata by 86.4% and 68.9%, respectively, while Bacillus strain BPP4 reached 51.0%
inhibition against A. alternata. In greenhouse trials, strain 4BPP8 significantly increased
fresh tuber weight (11.91 g), while SACPP5 enhanced root biomass and reduced stem canker
severity. Molecular identification confirmed BPP4 as Bacillus halotolerans and SACPP5 as
Streptomyces decoyicus. These strains represent promising candidates for the development
of bioinoculants for sustainable potato cultivation in Andean systems.
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Potato (Solanum tuberosum L.) is one of the most important staple crops worldwide,

This article i an open access article playing a crucial role in food security and agricultural sustainability [1-3]. Originating in

distributed under the terms and the Andean region, particularly in present-day Peru, this tuber crop has been cultivated

conditions of the Creative Commons for thousands of years, contributing significantly to the livelihoods of small-scale farmers
Attribution (CC BY) license. and large agricultural enterprises alike [4,5]. Peru, recognized as the center of origin and
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diversification of potato, hosts an extensive genetic reservoir with over 3000 native varieties,
making it a valuable resource for global breeding programs and sustainable agricultural
development [6-8].

Despite its agronomic and economic significance, potato production is severely con-
strained by various phytopathogenic fungi [9,10], with Rhizoctonia solani and Alternaria
spp. being among the most destructive [11-13]. Rhizoctonia solani causes black scurf and
stem canker, leading to poor tuber formation and significant yield losses [11,14], while
Alternaria complex (A. solani, A. alternata) is a causal agent of early blight, reducing photo-
synthetic efficiency and affecting tuber quality, with A. alternata being the one that often
acts as a secondary or opportunistic pathogen after other diseases [12]. Conventional
disease management strategies rely heavily on synthetic fungicides, which, despite their
effectiveness, pose several challenges, including environmental contamination, pathogen
resistance development, and health risks to farmers and consumers [15,16]. Consequently,
there is an urgent need for eco-friendly, sustainable alternatives to mitigate these fungal
threats [17-19].

In this context, plant growth-promoting rhizobacteria (PGPR) have emerged as promis-
ing biological control agents due to their ability to enhance plant health and suppress phy-
topathogens through multiple mechanisms [20,21]. PGPR include various bacterial genera,
among which Bacillus and Actinomycetes are extensively studied for their dual role in pro-
moting plant growth and exhibiting antagonistic activity against fungal pathogens [22,23].
These bacteria employ a combination of direct and indirect strategies to benefit plants: they
produce phytohormones such as indole-3-acetic acid (IAA) to stimulate root development,
solubilize phosphate to enhance nutrient availability, and secrete siderophores that chelate
iron, limiting pathogen proliferation [24,25]. Additionally, they generate a diverse array
of lytic enzymes and antifungal compounds, providing an effective means of pathogen
suppression [26].

The rhizosphere and phyllosphere of plants represent dynamic microbial niches where
beneficial interactions between bacteria and host plants can be exploited for sustainable
agriculture [27]. The rhizosphere, the soil-root interface, is rich in exudates that selectively
recruit beneficial microbes, while the phyllosphere, the aerial surface of leaves, serves as
a less explored but equally vital reservoir of microbial diversity. Given the heterogeneity
of agricultural environments, isolating and characterizing indigenous microbial strains
adapted to specific agroecological conditions is crucial for developing region-specific
biocontrol solutions [28-30].

This study aims to isolate and characterize Bacillus and Actinomycetes strains from the
rhizosphere and phyllosphere of potato plants cultivated in diverse agroecological zones of
Peru. The primary objectives are to evaluate their plant growth-promoting traits, assess
their antagonistic potential against Rhizoctonia solani and Alternaria alternata, and identify
strains with the highest biocontrol efficacy. By harnessing these indigenous microorganisms,
this research seeks to contribute to the development of microbial-based biocontrol strategies
that reduce dependency on chemical fungicides, enhance crop resilience, and promote
sustainable potato production systems.

2. Materials and Methods
2.1. Sampling Sites and Biological Material

Samples of Solanum tuberosum L. were collected from five agroecological regions across
the central coast and highlands of Peru. A total of 50 phyllosphere (leaf) and 60 rhizosphere
(soil) samples were obtained (details in Supplementary Table S1), ensuring representation
from diverse altitudes and soil conditions. Additionally, potato plants exhibiting symptoms
of fungal infection were collected from El Tambo district, Huancayo province, Junin Region,
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to obtain phytopathogenic isolates for antagonism assays. Samples were transported in
sterile containers and processed within 24 h of collection.

2.2. Isolation and Morphological Characterization of Bacteria

Bacillus spp. were isolated following the protocol by Haddad et al. [31], with mod-
ifications. Ten grams of surface-sterilized potato leaves were homogenized in 90 mL of
phosphate buffer (pH 7) and subjected to a heat treatment at 80 °C for 20 min to select for
spore-forming bacteria. Serial dilutions up to 10~ were plated on TGE agar (Tryptone,
Glucose, Yeast extract) and incubated at 28 °C for 24 to 48 h. Colonies displaying whitish,
mucoid or dry, irregular morphology were selected and purified. Gram staining confirmed
their identity as Gram-positive rods. Actinomycetes were isolated from rhizospheric soil
samples. Ten grams of soil were suspended in 90 mL of sterile 0.85% saline solution, serially
diluted, and spread on Casein Agar supplemented with 50 pug/mL nystatin to inhibit fungal
growth [32]. Plates were incubated at 28 °C for seven days. Colonies with distinct pig-
mentation and powdery texture were selected. Microscopic examination using lactophenol
blue staining allowed identification of aerial and substrate mycelia, aiding in preliminary
taxonomic placement using Bergey’s Manual of Determinative Bacteriology [33].

2.3. Phenotypic Characterization

To evaluate environmental adaptability, bacterial isolates were tested for growth at
different temperatures (4, 10, 15, and 20 °C) and pH (4, 5, 7, and 9) conditions. Growth was
recorded visually and by optical density after 24 to 48 h of incubation under each condition,
following Calvo and Zufiiga’s [34] protocol.

2.4. Lytic Enzyme Characterization

Lytic enzyme activity was assessed by qualitative plate assays. Chitinase production
was evaluated using colloidal chitin agar, where hydrolysis halos were measured after
five days of incubation at 28 °C [35]. Lipase activity was tested on Peptone Tween Agar
(PTA), with opalescent halos indicating positive results after 48 h [36]. Proteolytic activity
was observed on Skim Milk Agar, where clear zones around colonies indicated casein
degradation [37]. Amylase activity was determined using Starch Agar incubated at 37 °C
for 48 h, followed by iodine staining [38]. Cellulase production was evaluated on Minimal
Medium with carboxymethyl cellulose (CMC), incubated for ten days at 37 °C, and halos
were visualized after Congo red staining [39].

2.5. PGPR Activity Assays

Indole-3-acetic acid (IAA) production was evaluated using the colorimetric Salkowski
method. Bacillus strains were cultured in Nutrient Broth supplemented with L-tryptophan,
while Actinomycetes were grown in ISP-2 medium, also supplemented with L-tryptophan.
IAA production was quantified spectrophotometrically for ten days for Bacillus and seven
to ten days for Actinomyecetes [40]. Phosphate solubilization was assessed on Pikovskaya
agar, measuring the ratio of halo to colony diameter to estimate solubilization efficiency [41].
Siderophore production was determined using Chrome Azurol S (CAS) agar, where a color
change to yellow around the colonies indicated positive activity [42]. As a positive control,
Bacillus 15 MB and Streptomyces spp. strains were used for the Bacillus and Actinomycete
groups, respectively.

2.6. In Vitro Germination Assays

The germination-promoting effect of selected bacterial strains was evaluated on cherry
tomato and true potato seeds. Seeds were surface sterilized with 70% ethanol for 1 min
followed by 3% sodium hypochlorite for 3 min, then rinsed with sterile distilled water.
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Bacterial suspensions were prepared by culturing strains in nutrient broth for 24 h at
28 °C and adjusting the concentration to 10°~10” CFU/mL using a spectrophotometer at
OD600 [34]. Seeds were immersed in the bacterial suspension for 15 min and sown on
water agar (0.75%) in sterile Petri dishes. Each treatment included 25 seeds per plate with
three replicates. Plates were incubated at 23 °C in the dark for seven days. Germination
percentage was recorded daily and compared to untreated controls.

2.7. Antagonistic Activity Assays

The strains of R. solani and A. alternata used in this study were isolated from symp-
tomatic potato plants collected in Huancayo city, Junin region, which were surface disin-
fected and plated on potato dextrose agar (PDA), identified morphologically and molecu-
larly using ITS sequencing. Cultures were incubated at 22 °C for seven days. Pure isolates
of Rhizoctonia solani and Alternaria alternata were obtained via hyphal tip transfer. For dual
culture assays, each bacterial isolate was streaked on one edge of a PDA plate while a fungal
plug was placed on the opposite side. Plates were incubated at 25 °C, and radial growth
inhibition was measured. The percentage inhibition was calculated using the formula:
% inhibition = [(RO — R1)/R0] x 100, where R0 is the radius of fungal growth in the control
and R1 is the radius in presence of bacteria [43].

2.8. Greenhouse Evaluation

The biocontrol efficacy of the most promising bacterial strains was further tested in
greenhouse conditions. The nine strains were chosen based on their performance across
multiple in vitro traits (e.g., IAA production, phosphate solubilization, siderophore and
enzyme production) and their antagonistic activity in dual-culture assays. Bacterial inocula
were prepared at 1 x 107 CFU mL~!. True potato seed (TPS) from cv. Canchay x Ccompis
was sown 0.5 cm deep in seedling trays (cell volume 2.7 cm?). After 25-30 days, emer-
gence reached 95% at the four true-leaf stage, and three seedlings were transplanted per
3 L bag. Plants were then inoculated with 1 mL per plant of each bacterial strain at
1 x 108 CFU mL~!. The positive control received wheat grains colonized by Rhizoctonia
mycelium, whereas the negative control received water only (no bacteria), and a chemical
control (Benomyl-treated) was included. After one month, plant height and chlorophyll
content were measured, plants were re-inoculated with the bacterial strains, and seven
days later, wheat grains colonized by R. solani mycelium were applied at the plant collar.
Fungal growth on the plants was monitored, and canker formation on stems was recorded
seven days thereafter; plants were then harvested to determine fresh and dry weight of
tuberlets (minitubers) and stem canker length.

2.9. Molecular Identification

Genomic DNA from selected bacterial strains was extracted using GeneJET Genomic
DNA Purification Kit (Thermo Scientific, Waltham, MA, USA). The 16S rRNA gene was
amplified using universal primers fD1 and rD1. The PCR protocol consisted of 30 cycles
with denaturation at 93 °C for 45 s, annealing at 62 °C for 45 s, extension at 72 °C for 2 min,
and a final extension at 72 °C for 10 min. Amplified products were visualized on a 1.5%
agarose gel. PCR products were purified using the Gene]ET PCR Purification Kit (Thermo
Scientific, MA, USA) and sent for sequencing to Macrogen Inc. (Seoul, Republic of Korea).
Sequences were aligned using MUSCLE, and identity was confirmed through BLAST v 2.11,
analysis against the NCBI 165 rRNA gene database. Phylogenetic trees were constructed
using MEGA11 software with the Tamura-Nei model and maximum likelihood method,
including 1000 bootstrap replications.
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2.10. Statistical Analysis

Statistical analyses were performed using agricolae package in RStudio. One-way
ANOVA followed by Tukey’s HSD test (p < 0.05) was used to determine significant treat-
ment differences. Graphs and figures were prepared using GraphPad Prism version 10.4.

3. Results
3.1. Isolation and Morphological Characterization of Bacterial Strains

A total of seventy-one bacterial strains were isolated from Solanum tuberosum plants
collected from five agroecological regions of Peru, comprising both highland and coastal
zones. These included thirty-nine isolates from phyllospheric samples and thirty-two from
rhizospheric soil (Table S1). The isolation strategy targeted spore-forming Bacillus spp. and
Actinomycetes, using TGE and Casein Agar, respectively, following heat or saline dilution
pretreatments. The diversity of ecological origins, ranging from Huancavelica and Puno to
Lima, Hudnuco, and Cajamarca, contributed to the richness of the microbial collection.

Morphological examination of Bacillus strains revealed consistent features across iso-
lates. For instance, strain BPP4 formed irregular colonies with undulate margins, opaque
cream-colored surfaces, and elevated profiles, ranging in size from 3.97 to 5.87 mm. Simi-
larly, 4BPP6 showed curled, opaque, flat colonies of cream color and a diameter between
3.80 and 4.56 mm. Strain 4BPPS8 exhibited a comparable curled morphology with slightly
larger colonies (5.64-5.91 mm). In contrast, 2BPP8 produced small (1.66-2.75 mm), shiny
colonies with entire margins and a crateriform elevation (Figure 1). These colony character-
istics align with the known morphological variability of Bacillus species, and Gram staining
confirmed their rod-shaped, Gram-positive nature (Figure S1).

Actinomycete isolates displayed distinctive features. Colonies were predominantly
circular or irregular, dry and powdery, with shades ranging from white to beige, gray,
and even cherry-red. For example, strain 5SACPP5 formed white, circular colonies with
entire margins, a powdery surface, and flat elevation, measuring 3.11-3.57 mm. Strain
2ACPP4 presented cream-colored, circular colonies with dentate borders and dimensions
between 4.67-5.34 mm (Figure 2). Microscopic evaluation using lactophenol blue staining
revealed dense aerial mycelium and branching vegetative filaments, consistent with the
genus Streptomyces. A microculture of 5SACPP5 under 400 x magnification showed coiled
spore chains, a defining trait of this group (Figure S2).

3.2. Phenotypic Characterization: Growth at Different Temperatures and pH

The evaluation of bacterial growth under varying temperature conditions revealed
moderate psychrotolerance among selected isolates, particularly within the Bacillus group.
At 4 °C, strain 4BPP6 demonstrated the highest adaptability, forming colonies that reached
a diameter of 8.30 mm after ten days of incubation. This result indicates that although
metabolic activity was considerably reduced at near-freezing temperatures, strain 4BPP6
retained sufficient physiological plasticity to maintain limited growth. Other Bacillus strains,
including BPP4 and 2BPPS, exhibited smaller but measurable colony development at 4 °C,
with diameters ranging from 4 to 8 mm, suggesting that sporadic low-temperature growth
is possible within this group. In contrast, Actinomycetes isolates showed no significant
development at 4 °C, with minimal development (2-4 mm) observed in strains such as
2ACPP8 and 5ACPP5, consistent with their general classification as mesophilic organisms
(Figure 3).

At 10 °C, growth rates improved notably for several strains. Bacillus strain 3BPP7
achieved a colony diameter of 10.43 mm, while 4BPP8 and 2BPP8 also demonstrated
moderate expansion. Among Actinomycetes, growth at 10 °C remained minimal (<8 mm),
reaffirming their preference for warmer conditions (Figure 3).
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At 15 °C, most isolates exhibited enhanced growth, with Bacillus strains such as 3BPP7,
4BPP6, and 4BPP8 reaching diameters greater than 8 mm. Similarly, Actinomycete strains
like 2ACPP2, ACPP3, and 5ACPPS5 displayed moderate but sustained colony development,
indicating that 15 °C is near the lower thermal threshold for effective actinomycete pro-
liferation. Optimal growth was observed at 28 °C across all bacterial groups, with colony
diameters exceeding 8 mm, even reaching some strain sizes greater than 15 mm (Figure 3).

The pH tolerance assay revealed notable plasticity among the isolates. At a highly
acidic pH of 4, growth was severely restricted in Actinomycetes group, and only strains
2ACPP2 and ACPP3 showed limited colony development, suggesting a basal level of acid
tolerance within specific members of this group. In contrast, all Bacillus isolates succeeded
in establishing visible colonies at pH 4 with size greater than 6 mm (Figure 4).

Figure 1. Morphology of bacterial colonies of Bacillus species in Glucose, Tryptone and Yeast Extract
(TGE) medium.
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Figure 2. Morphology of bacterial colonies of Actinomycetes in casein starch (CA) medium.
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Figure 3. Growth of Bacillus and Actinomycetes strains at 4 different temperatures for 10 days.
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Figure 4. Growth of Bacillus and Actinomycetes strains at 4 different pHs for 10 days.
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At pH 5, an improvement in bacterial growth was evident. All evaluated Bacillus
strains, including BPP4, 3BPP7, and 4BPP8, exhibited vigorous colony development with
diameters ranging between 8.90 mm and 12.50 mm and 4BPP8 reached the highest size
with a diameter of 29.3 mm at 10 days of growth. In Actinomycetes group, ACPP2, ACPP3
and 2ACPP2 obtained diameters of approximately 15 mm on average (Figure 4).

At neutral pH (7), all strains achieved their maximum growth potential. Colonies of
Bacillus strains 4BPP8 and 3BPP7, as well as Actinomycete strains 2ACPP2 and 5ACPP5,
expanded beyond 12 mm in diameter. It is important to note that strain 2ACPP2 had twice
the diameter of the other bacterial strains of both groups (Figure 4).

At alkaline pH 9, moderate growth persisted across most strains, albeit with a slight
reduction in colony diameter compared to pH 7. Notably, Bacillus strains 4BPP8 and 3BPP?7,
along with Actinomycetes 2ACPP2 and ACPP2, displayed good adaptability, suggesting
potential utility in soils with higher pH levels, such as those found in arid or saline
agricultural areas (Figure 4).

3.3. Lytic Enzyme Activity

The lytic enzyme activity of all selected strains was assessed to determine their poten-
tial roles in pathogen suppression and organic matter degradation. Among Bacillus strains,
protease activity was observed in most isolates, with the highest activity recorded in strain
4BPP6 (63.28%), followed by 4BPP4 (58.87%) and 3BPP7 (54.30%). In contrast, strain BPP4
exhibited relatively low protease activity (17.83%) despite being one of the most promising
PGPR strains overall (Table 1).

Table 1. Enzymatic activity percentage of Bacillus and Actinomycetes strains.

Strain Proteolytic Activity (%)  Lipolytic Activity (%)  Chitinolytic Activity (%) Amylolytic Activity (%)
Bacillus
BPP4 17.83 £ 0.90 25.41 +0.27 0 70.81 £0.16
2BPP8 3247 £0.46 40.2 £0.05 0 68.65 £ 0.39
3BPP7 54.3 £0.43 3043 £0.18 0 60.64 + 0.42
4BPP4 58.87 £+ 0.58 29.14 +0.24 0 60.67 £+ 0.27
4BPP6 63.28 £0.35 23.26 £0.27 0 0
4BPP8 21.62 £0.19 32.74 £0.26 0 42.72 £0.22
Actinomycetes
ACPP2 65.5+04 48.7 £ 0.38 14.6 +0.32 78.7 £0.19
ACPP3 63.3 £ 0.08 57.51 £0.03 22.4 £0.07 78.59 + 0.44
2ACPP2 57.36 + 0.27 52.32 +0.44 27.69 £+ 0.27 75.09 £ 0.04
2ACPP4 68.4 +0.34 59.53 £0.27 32.65 £ 0.05 76.32 +0.12
2ACPPS8 63.44 £0.19 60.57 £0.25 35.48 £0.39 7147 £0.1
3ACPP3 27.79 £+ 0.08 37.72+0.23 39.8+0.24 63.63 £0.3
4ACPP7 45.57 £ 0.36 56.68 £+ 0.35 24.95 £ 0.04 67.68 +0.12
5ACPP5 0 55.30 £ 0.39 42.78 £0.2 74.36 +0.22
5ACPP6 21.41 £0.31 48.49 £+ 0.27 0 66.66 £+ 0.27

In the Actinomycete group, 2ACPP4 had the highest proteolytic activity with 68.4%,
followed by strain ACPP2 with 65.5%, and SACPP6 obtained the lowest proteolytic activity
with 21.41%. Strain 5ACPP5 did not show proteolytic activity (Table 1).

Lipase activity varied across Bacillus isolates, with 2BPP8 demonstrating the highest
lipolytic activity (40.2%), and BPP4 showing moderate activity (25.41%). In the Actino-
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mycetes group, 2ACPP8 obtained 60.57%, followed by strain 2ACPP4 with 59.53%, and
3ACPP3 obtained the lowest lipolytic activity with 37.72%, but on average with higher
values than Bacillus strains. None of the Bacillus isolates exhibited chitinase activity, which
limits their capacity to hydrolyze fungal cell walls directly via chitin degradation. In
contrast, almost all Actinomycetes strains showed chitinase activity except for 5ACPP6
(Table 1).

Amylase production was notably high in BPP4, which achieved the greatest starch
degradation zone by BPP4 (70.81%), followed by 2BPP8 (68.65%), and surprisingly, strain
4BPP6 does not exhibit amylolytic activity. Actinomycetes strains obtained higher values
than Bacillus in amylase production, highlighting ACPP2 and ACPP3 (Table 1).

Actinomycete isolates exhibited a broader enzymatic profile. The strain 5ACPP5,
which showed excellent biocontrol and growth-promotion potential in subsequent assays,
presented strong amylase activity (74.36%) and was the most effective chitinase producer
(42.78%) among all Actinomycetes. Although 5ACPP5 lacked protease activity, it showed
moderate lipase production (55.30%), indicating a distinctive enzymatic balance. In contrast,
2ACPP4 and 2ACPP8 were among the most enzymatically versatile strains, with high
activities for proteases (68.4% and 63.44%, respectively), lipases (59.53% and 60.57%),
chitinases (32.65% and 35.48%), and amylases (76.32% and 71.47%) (Table 1).

3.4. Plant Growth-Promoting Traits

Indole-3-acetic acid (IAA) production varied significantly between the two groups.
Among Bacillus strains, 2BPP8 exhibited the highest production, reaching 95.44 ug/mL
after 48 h, and 40.56 ug/mL after 168 h, outperforming the positive control (29.89 pug/mL).
Moderate levels of IAA production were also observed in 4BPP4 and 4BPP8. In contrast,
Actinomycete strains such as 5ACPP5, 5ACPP6, 4ACPP7, and 2ACPP2 produced even
higher IAA concentrations than their positive control. Particularly, SACPP6 showed the
highest IAA production among Actinomycetes (83.44 pug/mL at 96 h and 53.22 ug/mL at
168 h), suggesting a strong auxin-mediated growth-promoting potential (Table 2).

Phosphate solubilization tests revealed a marked contrast between the two groups.
None of the evaluated Bacillus strains were able to solubilize either dicalcium phosphate or
tricalcium phosphate during the 30-day assay period. However, among Actinomycetes,
only strain 5SACPP5 successfully solubilized both phosphate forms, achieving 120.6% solu-
bilization efficiency for dicalcium phosphate and 122.34% for tricalcium phosphate at day
30. Although lower than the positive control, these results demonstrate a clear advantage of
Actinomycetes, particularly 5ACPP5, in phosphate bioavailability enhancement (Table 3).

Table 2. Quantitative assessment of Indoleacetic Acid production (ug/mL) up to 168 h in Bacillus and
Actinomycetes strains.

Strains Hours
0 24 48 72 96 120 168
Bacillus
BPP4 0 46.56 34.11 27.44 37.67 46.11 9
2BPP8 0 53.44 95.44 48.78 60.33 61.44 40.56
3BPP7 0 2411 18.33 23.22 17.44 38.56 9.22
4BPP4 0 50.33 47 29.67 59.22 67 17.44
4BPP6 0 46.11 39.44 32.11 33.89 47.44 21.89
4BPP8 0 72.33 39.44 55.44 70.11 66.11 17.67
Cct 0 47.22 26.78 15.89 36.56 47.44 29.89
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Table 2. Cont.

Strains Hours
0 24 48 72 96 120 168
Actinomycetes
ACPP2 0 0 0 0 24.33 11.67 13.44
ACPP3 0 0 12.11 13.89 23.22 19.44 17.89
2ACPP2 0 30.56 36.56 44.33 53.89 48.78 47.89
2ACPP4 0 15.44 25.22 28.78 35.89 22.78 10.33
2ACPP8 0 16.33 19.67 23 32.33 25.67 7.44
3ACPP3 0 6.11 722 17.67 19.89 12.11 0
4ACPP7 0 13.22 13.22 23.44 48.78 4433 47.67
5ACPP5 0 12.33 23 30.11 54.56 57.22 50.11
5ACPP6 0 28.56 16.11 43.22 83.44 67 53.22
(o 0 47.22 26.78 15.89 36.56 47.44 29.89
Table 3. Phosphate solubilization efficiency (%) of strain 5SACPP5 compared to the positive control
(C*) in liquid NBRIP medium supplemented with bi-calcium and tri-calcium phosphate.
Strains/Days Bi-Calcium Phosphate
0 7 13 19 23 30
5ACPP5 0 116.68 116.79 118.28 119.56 120.6
Cct 0 223.34 32712 328.29 333 337.04
Tri-calcium phosphate
5ACPP5 0 0 0 109.44 119.28 122.34
Cc* 0 156.55 205.59 302.84 319.65 322.43
Siderophore production was observed in all tested strains, but with distinct mag-
nitudes between groups. In the Bacillus group, strain 4BPP8 produced the largest iron
solubilization halo, reaching 254.55% efficiency after five days, surpassing the positive con-
trol (202.22%). But the group of Actinomycetes showed generally higher iron solubilization
efficiency. Strain SACPP5 was the most effective, achieving 412.43% efficiency, followed by
2ACPP4 (406.76%) and ACPP3 (270.03%), highlighting their superior capability to mobilize
iron under limited availability conditions (Table 4).
Table 4. Percentage of iron solubilization efficiency for 120 h.
Strains Hours
0 24 48 72 120
Bacillus
BPP4 0 0 139.55 143.72 159.98
2BPP8 0 0 115.01 120.61 141.01
4BPP4 0 0 132.48 150.99 169.86
4BPP6 0 0 128.85 122.13 117.43
4BPP8 0 0 192.21 223.29 254.55
3BPP7 0 0 133.43 149.75 175.83
Cc* 0 0 155.09 167.3 202.22
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Table 4. Cont.
Strains Hours
0 24 48 72 120
Actinomycetes
ACPP2 0 0 0 141.88 166.55
ACPP3 0 228.92 241.58 247.5 270.03
2ACPP4 0 340.71 356.81 364.11 406.76
2ACPP8 0 278.68 273.73 296.06 282.27
5ACPP5 0 356.15 379.86 397.24 412.43
5ACPP6 0 251.56 269.83 298.36 314.89
2ACPP2 0 0 116.44 184.31 165.11
3ACPP3 0 0 111.25 176.17 189.88
4ACPP7 0 0 107.31 212.05 227.26
c* 0 0 155.09 167.3 202.22

3.5. In Vitro Germination Assays

In tomato seeds, high germination rates were recorded for Bacillus strains, particularly
4BPP8 (98.00%) and BPP4 (95.33%) by day 4, both exceeding the negative control (94.00%)
and outperforming all Actinomycete treatments. The strain 4BPP6 also showed strong
germination stimulation, reinforcing the consistency of this group in solanaceous crops.
Among Actinomycetes, moderate improvements were observed with 2ACPP8 (74.67%)
and 5ACPPS5 (73.33%), although performance remained lower than that of Bacillus strains
(Figure 5a).
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Figure 5. Germination percentage of seeds of (a) tomato and (b) potato, after inoculation with Bacillus
and Actinomycetes strains, evaluated over 4 days.

Potato seeds exhibited slower germination dynamics; however, marked improvements
were observed in treatments with Bacillus. Strains 4BPP6 and BPP4 achieved germination
rates of 78.67% and 76.67%, respectively, at 96 h. These values substantially exceeded
the negative control (65.33%) and especially the positive control (30.00%), indicating the
efficiency of bacterial inoculation even in physiologically dormant seeds. Among Acti-
nomycetes, 2ACPP4 (60.00%) and ACPP2 (59.33%) presented the best performance, with
5ACPPS5 reaching 50.00% (Figure 5b).
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3.6. Antagonistic Activity Against Rhizoctonia solani and Alternaria alternata

The antagonistic capacity of selected bacterial strains was evaluated through dual
culture assays against two fungal pathogens of potato: Rhizoctonia solani and Alternaria
alternata. A total of 16 strains were selected based on their promising PGPR traits and
enzymatic profiles, comprising eight Bacillus isolates (including positive control) and
eight Actinomycetes. The extent of mycelial growth inhibition was recorded after 96 h
and expressed as percentage reduction in fungal radial growth compared to the control
(Figure 6).

b

@
S

§ -
80— 2
b 2 60 B e
bccd -E c ™ - be
60— cde cde cde - =
def def def def £ d d
ef ef f S
9 24
h =] e
40— 9 =
" =
E f
S 20
20 £
=
L 0 T T T 1 T 1
B o 0 B D gV gD Y o P oY S\ P o @ !t%'\h&x%'b"}'}b%'h'\%qbg
AR R RLCRRLRA LSRR LR R R R R PR R LS
A LL AL 8 LA L L L L L S L S S ST A A L
TE PR ELE I I I T I TEELEFEE LTI N

Figure 6. Mean percentage of in vitro mycelial growth inhibition of Bacillus and Actinomycetes strains
plus the positive control (15 MB) against (a) Rhizoctonia solani and (b) Alternaria alternata evaluated
over 7 days. Treatments with different letters are statistically different from each other (p < 0.05).

In assays against Rhizoctonia solani, significant inhibition was observed among
Actinomycetes strains. The highest antagonistic effect was recorded for 5ACPP5 (86.45%),
followed by 2ACPP8 (69.01%) and ACPP2 (61.31%). These strains also exhibited high IAA
production and moderate chitinase activity, suggesting a potential synergistic role between
metabolic traits and biocontrol efficacy. Among Bacillus, 4BPP6 and 4BPP8 demonstrated
the most effective inhibition of R. solani (55.10% and 54.24%, respectively), accompanied by
strong protease activity (Figure 7).

Against Alternaria alternata, lower inhibition percentages were recorded overall, reflect-
ing potential variability in sensitivity between the fungal targets. Among Bacillus strains,
BPP4 (50.99%), 3BPP7 (55.59%) and 4BPP4 (54.28%) showed the best results, even higher
than almost all Actinomycetes strains, except SACPP5, which showed the highest percentage
of inhibition (68.91%). These values align with prior observations indicating differential
susceptibility of fungal species to bacterial antagonism, potentially linked to the presence
or absence of specific hydrolytic enzymes such as chitinases (Figure 7).

3.7. Greenhouse Evaluation of Biocontrol Potential

The biocontrol efficacy of selected bacterial strains against Rhizoctonia solani was
evaluated under greenhouse conditions using true seeds of Solanum tuberosum (cv. Can-
chay x Ccompis). A total of nine strains were tested, including Bacillus isolates (BPP4,
4BPP6, 4BPP8) and Actinomycetes (ACPP2, ACPP3, 2ACPP4, 2ACPP8, 5ACPP5, 5ACPP6),
alongside two controls: Benomyl (chemical fungicide, positive control) and sterile water
(negative control).
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Figure 7. In vitro mycelial growth inhibition activity of strain 5ACPP5 against Rhizoctonia solani at
the top and Alternaria alternata at the bottom.

Growth performance varied across treatments. The negative control recorded the
highest fresh foliar biomass (5.06 g), followed closely by the Benomyl treatment (3.83 g).
Most bacterial treatments exhibited intermediate values, with the Actinomycete strain
ACPP3 presenting the lowest foliar biomass (0.98 g). Regarding dry foliar weight, the
best-performing strain was 2ACPP8 (0.74 g), statistically similar to all treatments except
ACPP3 (0.29 g), which again recorded the lowest value (Figure 8a).

Root development results revealed significant differences. The strain SACPP5 achieved
a high fresh root weight (2.74 g), closely matching the negative control (2.77 g), while the
lowest value was observed for BPP4 (0.62 g). In terms of dry root biomass, ACPP2 led with
0.38 g, followed by negative control (0.31 g) and 5ACPP5 (0.29 g). Root length was highest
in plants inoculated with ACPP2 (29 cm), whereas BPP4 and ACPP3 showed a shorter
mean length of 22.5 cm and 21.6 cm, respectively (Figure 8b).

Tubers also responded positively to bacterial inoculation. The strain 4BPP8 produced
the highest fresh (11.91 g) and dry (1.51 g) tuber weights, followed by 5SACPP5 and BPP4,
which displayed statistically comparable values to those under chemical control. These
three strains also achieved the highest number of tubers per plant, with BPP4 recording
the top value of 6.2 tubers, suggesting a strong effect on reproductive development. In
contrast, strains SACPP6 and ACPP3 produced the fewest tubers (3.0) and showed limited
performance across most measured parameters (Figure 8).

Pathogenicity suppression was evaluated based on the presence and severity of
stem canker caused by Rhizoctonia solani. Visual assessments confirmed that both BPP4
and 5ACPP5 significantly reduced lesion formation and damage severity, perform-
ing comparably to the Benomyl treatment. These observations further validated their
in vitro antagonistic behavior and suggest consistent biocontrol efficacy across different
experimental conditions.
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Figure 8. Effect of inoculated strains on growth-related variables: (a) shoot dry weight, (b) root dry
weight, (c) tuber dry weight, (d) number of tubers. Different letters indicate significant differences
between treatments (p < 0.05).

3.8. Molecular Identification and Phylogenetic Analysis

All strains exhibited high sequence similarity (>98%) to known species, allowing for
confident taxonomic assignment.

Among Bacillus isolates, strain BPP4 showed 100% identity with Bacillus halotolerans
(NR_115931.1), and 3BPP7 and 4BPP4 also matched this species with complete identity.
The strain 2BPP8 was identified as Paenibacillus terrae (99.36%), while 4BPP6 corresponded
to Bacillus pumilus (99.85%), and 4BPPS8 to Bacillus stercoris (99.70%). These results validate
the phenotypic differentiation observed among isolates and confirm their placement within
the Bacillaceae family (Figure 9).

For Actinomycetes, the strain SACPP5—the most effective antagonist and PGPR
candidate—was identified as Streptomyces decoyicus (99.85% identity; NR_043374.1). Ad-
ditional Actinomycete strains matched other Streptomyces species, including S. sampsonii,
S. paludis, S. scopuliridis, and S. humidus. These taxa are well-documented for their antibiotic
and siderophore production, supporting their potential roles in plant-microbe interactions
and disease suppression (Figure 9).

The resulting dendrogram clearly separated Bacillus and Streptomyces lineages into
distinct clades, with high bootstrap support validating the taxonomic structure. Strains
BPP4 and 5ACPP5 clustered with reference strains of their respective species, reinforcing
their correct molecular identification.
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Figure 9. Phylogenetic tree showing the relationships of the novel strains with Bacillus and
Actinomycetes strains. Colors represent different phylogenetic clades.

4. Discussion

4.1. Diversity and Adaptation of Native PGPR Isolated from Potato Agroecosystems

The isolation of seventy-one bacterial strains from potato plants cultivated across five
agroecological regions of Peru confirms the remarkable microbial diversity present in both
the rhizosphere and phyllosphere microhabitats of Solanum tuberosum. This richness is
likely shaped by the wide environmental gradients in the Peruvian Andes and coast, which
impose selective pressures that promote the emergence of ecologically adapted bacterial
communities [44,45]. Similar microbial diversity in potato-associated bacteria has been
reported by Sessitsch et al. [46] and Garcia-Serquen et al. [45], who demonstrated that

rhizobacterial populations differ significantly across elevation gradients and soil types in
potato-growing systems of the Andes [45,47,48].

Morphological and microscopic analyses in the present study confirmed the successful
isolation of spore-forming Bacillus species and filamentous Actinomycetes, predominantly
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Streptomyces. Strains such as BPP4 and 4BPP6 presented typical Bacillus-like colony features,
creamy, opaque colonies with undulate margins [49], while Actinomycetes such as 5SACPP5
exhibited dry, powdery, pigmented colonies and branched aerial mycelia consistent with
the Streptomyces genus [50]. These traits are congruent with descriptions by Zhang et al. [51],
who characterized potato-associated Streptomyces strains from Tibetan Plateau soils and
found similar phenotypic diversity.

The phenotypic characterization under different temperature conditions revealed
moderate psychrotolerance, particularly among Bacillus isolates. At 4 °C, strain 4BPP6
(Bacillus pumilus) achieved the highest growth, and other Bacillus strains such as BPP4 and
2BPPS8 exhibited limited but measurable development. In contrast, Actinomycetes showed
minimal growth at 4 °C, with only slight colony formation by strains such as 2ACPP8 and
5ACPP5. These findings align with prior studies suggesting that Bacillus spp. are better
adapted to cold stress compared to Actinomycetes [52]. At 10 °C and 15 °C, improved
growth was observed, especially in strains 3BPP7 and 4BPP8, demonstrating mesophilic
adaptation [53] typical of PGPR adapted to Andean climates [54].

The pH tolerance assays demonstrated a broad adaptability among the isolates. While
Actinomycetes showed restricted growth at pH 4, all Bacillus strains successfully established
visible colonies greater than 6 mm in diameter under acidic conditions. At pH 5 and neutral
pH 7, optimal colony expansion occurred across groups, with remarkable performance
from strains such as 4BPP8 and 2ACPP2, the latter displaying nearly double the growth
diameter compared to other strains at pH 7. Growth was moderately reduced at alkaline
pH 9, although Bacillus strains 4BPP8 and 3BPP7, along with Actinomycetes 2ACPP2 and
ACPP2, maintained good adaptability. This broad pH tolerance is a desirable trait for
bioinoculants intended for application in Peruvian soils, which often exhibit variable pH
profiles due to climatic and edaphic heterogeneity [46,55,56].

Adaptation to local conditions is essential for PGPR efficacy under field deployment.
The ability of strains such as Bacillus halotolerans BPP4 and Streptomyces decoyicus 5SACPP5
to survive and remain metabolically active across a broad range of environmental param-
eters supports their candidacy as robust bioinoculants. Notably, B. halotolerans has been
associated with high salt tolerance, antagonistic activity, and phytohormone production in
previous studies [57-59]. Likewise, S. decoyicus and other Streptomyces spp. are recognized
for their roles in soil health, pathogen suppression, and antibiotic biosynthesis, making
them valuable components of plant-microbe consortia [60-62].

4.2. Enzymatic and Functional Traits Supporting Biocontrol Activity

The enzymatic profiles of the bacterial strains revealed important functional differences
between Bacillus isolates and Actinomycetes, with direct implications for their potential use
as biocontrol agents and soil health promoters. Among Bacillus strains, protease activity
was widely observed, with strain 4BPP6 (Bacillus pumilus) exhibiting the highest activity,
followed by 4BPP4 and 3BPP7. Conversely, BPP4 (Bacillus halotolerans), despite being one
of the top-performing PGPR strains, showed relatively low protease production. These
observations are consistent with previous reports that identified protease secretion as
a primary biocontrol mechanism in Bacillus spp., especially in the suppression of fungal
pathogens such as Rhizoctonia solani [63-65]. In contrast, Actinomycetes displayed a broader
and more balanced enzymatic repertoire. Strain 2ACPP4 exhibited the highest protease
activity among Actinomycetes, with ACPP2 also showing high activity levels. Interestingly,
strain SACPP5 (Streptomyces decoyicus), despite its strong antagonistic capacity, lacked
detectable protease activity, suggesting that other mechanisms, such as chitinase production
and secondary metabolite secretion, might underpin its biocontrol performance [66-68].
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Lipase production was more pronounced in Actinomycetes than in Bacillus strains.
While Bacillus strain 2BPP8 showed the highest lipase activity among its group, Acti-
nomycete strains 2ACPP8 and 2ACPP4 achieved substantially higher values in their
group. This enhanced lipolytic capacity may contribute to membrane disruption of phy-
topathogenic fungi and improve competition for ecological niches [69].

Chitinase activity, critical for direct fungal cell wall degradation, was absent in all
Bacillus isolates, whereas almost all Actinomycetes displayed detectable chitinase produc-
tion, with 5SACPP5 being the most active producer. This finding highlights the superior
mycolytic potential of Actinomycetes, a trait that has been extensively documented for
Streptomyces spp. in biological control strategies [70-72].

Amylase activity, associated with starch hydrolysis and carbon acquisition in the
rhizosphere, was notable in both groups but was generally higher among Actinomycetes.
Strain BPP4 achieved the highest amylase activity among Bacillus isolates, followed by
2BPP8. Among Actinomycetes, strains ACPP2 and ACPP3 showed particularly high
amylase production, reinforcing the broader catabolic versatility of this group [73,74].

Overall, the enzymatic profiles suggest that while Bacillus strains, particularly 4BPP6
and 4BPP4, excel in protease-mediated antagonism, Actinomycete strains such as 2ACPP4,
2ACPP8, and 5ACPPS5 offer a more comprehensive enzymatic arsenal. This multifaceted
functionality positions actinomycetes as highly competitive candidates for integrated
biological control programs aimed at managing soil-borne fungal pathogens [75,76].

4.3. Plant Growth-Promoting Capacity and Germination Enhancement

The strains evaluated in this study exhibited a range of plant growth-promoting
(PGP) traits that are fundamental to early plant development and yield performance.
Among these, the production of indole-3-acetic acid (IAA), phosphate solubilization, and
siderophore synthesis represent core mechanisms through which PGPR enhance plant
nutrition and root architecture [22,77].

The ability of Bacillus strains such as BPP4 and 2BPP8 to synthesize high levels of
IAA suggests a direct influence on root elongation and seedling vigour [34,78]. This aligns
with prior findings by Idris et al. [79], who demonstrated that IAA-producing Bacillus
amyloliquefaciens FZB42 significantly promoted root development in Arabidopsis and wheat
by modulating endogenous auxin signaling pathways. Moreover, the Actinomycete strain
5ACPP5, though showing lower IAA levels (~40 pg/mL), maintained consistent PGP
effects, reflecting a possible synergistic role of other metabolic pathways [75]. Despite high
IAA production by these strains, their greenhouse performance in terms of root biomass
was intermediate among tested strains. This may be due to strain-specific adaptation,
microbial survival, or other PGPR characteristics as iron solubilization [80].

None of the strains showed phosphate solubilization, except 5ACPP5 from the
Actinomycetes group. These findings emphasised the role of some Actinomycetes and
Streptomyces spp. in the mobilisation of insoluble phosphates in a low-input agricultural
system [81,82]. Phosphate availability is a key constraint in Andean soils due to fixation by
aluminum and iron oxides, making these traits particularly relevant for Peruvian potato
production systems.

Siderophore production, detected in both Bacillus and Streptomyces strains, adds a
competitive advantage in iron-limited soils and indirectly contributes to pathogen sup-
pression through nutrient sequestration. In particular, the strong CAS-positive reactions
observed in BPP4 and 5ACPP5 are in line with studies by Dimkpa et al. [83], who found that
siderophore-producing PGPR enhance nutrient uptake efficiency and systemic resistance
in crops.
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The observed PGP traits translated into improved germination rates in both tomato
and potato seeds under in vitro conditions. Strains such as 4BPP8 and BPP4 reached
germination rates over 90%, outperforming even the positive control and all Actinomycetes
strains. These effects are comparable to those reported by Song et al. [84], who showed
that Bacillus subtilis strain HS5B5 mitigated the inhibitory effects of NaCl stress on maize
seed germination and seedling growth. For potato seeds, which tend to germinate slowly,
strains BPP4 and 4BPP6 increased germination to over 76%, confirming their effectiveness
even in species with physiological dormancy, better than that obtained with Actinomycetes
strains. The ability of these native PGPR strains to simultaneously produce phytohormones,
mobilize phosphorus, and chelate iron reflects their multifactorial mechanisms in promoting
early plant development [85].

4.4. In Vitro and In Vivo Biocontrol Performance Against Fungal Pathogens

The dual antagonistic capacity of selected PGPR strains against Rhizoctonia solani and
Alternaria alternata was demonstrated through in vitro and greenhouse assays. These results
provide evidence of their biocontrol potential, particularly in systems where chemical
fungicides are either ineffective or unsustainable. Furthermore, this bacterial trait allows
promotion of sustainable agriculture free from the use of pesticides.

BPP4 and 4BPPS8 displayed moderate inhibition rates in dual culture against R. solani
and A. alternata among the Bacillus isolates. These values are comparable to the antagonistic
performance of Bacillus velezensis and Bacillus subtilis strains reported by Chowdhury
et al. [65], which inhibited various soil-borne pathogens through the combined action
of lipopeptides and volatile compounds. The high efficacy of 4BPP8 may be attributed
to the synergistic expression of protease, lipase, and siderophore pathways, which are
well-documented mechanisms in Bacillus spp. for pathogen suppression [65,86,87].

In the case of Actinomycetes, strain SACPP5 (Streptomyces decoyicus) demonstrated the
most consistent biocontrol performance across both pathogens, with the highest inhibition
values against R. solani and A. alternata. These results align with those of Zhong et al. [88],
who reported that Streptomyces olivoreticuli strain ZZ-21 shows potential as a biopesticide
against tobacco target spot disease by inhibiting Rhizoctonia solani growth and altering
its plasma membrane integrity. The presence of chitinase activity in 5ACPP5, combined
with its ability to solubilize phosphate and produce siderophores, further supports its
multifunctional role in pathogen suppression and nutrient cycling [67].

Greenhouse evaluations confirmed that strains BPP4, 5ACPP5, and 4BPP8 were not
only effective in reducing stem canker symptoms caused by R. solani, but also contributed
to improved plant biomass and tuber yield [78]. Similar outcomes were described by Ali
et al. [89], who showed that Bacillus spp. volatiles show strong antimicrobial activity against
Rhizoctonia solani and Xanthomonas oryzae pv. oryzae in rice, with synthetic VOCs showing
similar activity, and upregulating plant defense-related genes and antioxidant enzymes
in rice plants. The comparable performance of these native strains to the commercial
fungicide Benomy]l reinforces their potential as natural alternatives within integrated pest
management strategies [76].

In addition to direct pathogen inhibition, the PGPR strains may induce systemic
resistance in the host plant. For example, Streptomyces species have been shown to trigger
defense-related genes and prime host immunity through their secreted metabolites, as
demonstrated by Vergnes et al. [90]. Although this mechanism was not evaluated in the
current study, the strong biocontrol phenotypes observed suggest the possible involvement
of both direct and indirect modes of action [52].

Together, the in vitro and in vivo data highlight the potential of Bacillus halotolerans
BPP4 and Streptomyces decoyicus 5ACPP5 as components of biocontrol consortia for the man-
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agement of fungal diseases in potato. Their consistent efficacy across systems, combined
with their PGPR traits, underscores their value in developing low-input, environmentally
sustainable crop protection solutions [27].

4.5. Taxonomic Identity and Biotechnological Potential of Selected Strains

The molecular identification of key bacterial isolates through 16S rRNA gene se-
quencing confirmed the taxonomic placement of the most effective strains within genera
well-documented for their biocontrol and plant growth-promoting properties. Strain BPP4
exhibited 100% sequence identity with Bacillus halotolerans, a species increasingly recog-
nized for its ecological plasticity and multifunctional agricultural applications [57,58].
Similarly, strain SACPP5 showed 99.85% similarity to Streptomyces decoyicus, positioning it
within a genus renowned for its secondary metabolite diversity and symbiotic interactions
in the rhizosphere [40,88].

The identification of BPP4 as B. halotolerans aligns with recent studies that highlighted
the potential of Bacillus halotolerans strains as effective biocontrol agents and plant growth
promoters. These endophytic bacteria exhibit strong antifungal activity against pathogens
like Botrytis cinerea, reducing disease severity in various fruits [91,92]. B. halotolerans strains
possess numerous secondary metabolite biosynthetic gene clusters, producing compounds
such as lipopeptides, bacillaene, and mojavensin A, which contribute to their antimicrobial
properties [91]. Additionally, these bacteria can induce systemic resistance in plants by
upregulating defense-related genes [58]. Some strains demonstrate remarkable stress toler-
ance, thriving in high salinity and alkaline conditions [93]. The application of B. halotolerans,
either individually or in consortia, has been shown to enhance plant growth parameters
in various species, including Arabidopsis and tomato [58,91]. These findings suggest that
B. halotolerans strains are promising candidates for sustainable agriculture practices.

In the case of 5ACPPS5, its identification as Streptomyces decoyicus adds to the expanding
interest in the genus Streptomyces as a reservoir of novel bioactive compounds. Streptomyces
species show significant potential as biocontrol agents against various plant pathogens,
particularly fungal diseases like rice blast caused by Magnaporthe oryzae [94]. These bacteria
produce diverse bioactive compounds that inhibit phytopathogens [95,96]. Studies have
demonstrated Streptomyces effectiveness in reducing rice blast disease by up to 88.3% under
greenhouse conditions [94]. They also show promise against Fusarium species, with field
trials reporting reductions in Fusarium wilts by 0-55% [97]. The chitinolytic activity of
Streptomyces strains plays a crucial role in biocontrol, and their plant growth promotion
traits are beneficial [97]. However, the efficacy of Streptomyces as biocontrol agents can be
influenced by environmental conditions and application methods [96]. Further research is
needed to optimize isolation, formulation, and application techniques to fully exploit their
potential in sustainable agriculture [96].

Altogether, the taxonomic confirmation of Bacillus halotolerans BPP4 and Streptomyces
decoyicus 5ACPP5, combined with their functional performance, highlights their biotech-
nological potential as bioinoculants. Their native origin, environmental adaptability, and
multifunctional traits offer a strategic advantage for use in the development of local-
ized, sustainable solutions to improve potato health and productivity in the Peruvian
Andes [54,98,99].

5. Conclusions

This study demonstrated that potato-associated microbiomes from contrasting Peru-
vian agroecological zones harbor PGPR with robust and complementary functional traits.
From a total of 71 isolates, obtained from rhizosphere (32) and phyllosphere (39) environ-
ments, strains belonging to Bacillus halotolerans (BPP4) and Streptomyces decoyicus (SACPP5)
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emerged as the most promising candidates due to their dual capacity for promoting plant
growth and suppressing fungal pathogens. Actinomycetes showed broader hydrolytic
repertoires, with 5ACPP5 expressing the highest chitinase activity among its group (42.78%)
and the strongest siderophore signal (412.43%), and uniquely solubilizing both di- and
tri-calcium phosphate (120.6% and 122.34% efficiency at day 30). Within Bacillus, 2BPP8
reached the highest IAA level (95.44 pg mL~! at 48 h), whereas 4BPP8 combined high
siderophore efficiency (254.55% at 120 h) with strong germination promotion (tomato 98.0%;
potato 78.67%). In vitro antagonism confirmed the biocontrol potential of 5ACPP5 against
Rhizoctonia solani (86.45% inhibition) and Alternaria alternata (68.91%), while Bacillus
strains were consistently effective against A. alternata (e.g., BPP4, 50.99%). Greenhouse
validation corroborated these trends: 4BPP8 maximized tuber fresh weight (11.91 g plant™!)
and 5ACPP5 enhanced root biomass and reduced stem canker severity to levels compa-
rable to the chemical control. Collectively, these results indicate that B. halotolerans BPP4,
B. stercoris 4BPP8, and S. decoyicus 5ACPP5 are promising bioinoculant components for
potato, with complementary mechanisms, auxin biosynthesis, siderophore-mediated iron
acquisition, phosphate solubilization, and mycolytic enzyme activity, likely underpinning
their efficacy. Because some strong in vitro traits (e.g., high IAA in BPP4) did not always
translate into superior greenhouse performance for all variables, next steps should pri-
oritize formulation and delivery optimization, persistence and colonization studies, and
multi-location field trials under farmer-relevant conditions. The native origin and environ-
mental plasticity of these strains support their suitability for Andean production systems
and provide a credible foundation for developing locally adapted, low-input biocontrol
and biofertilization strategies for sustainable potato cultivation.
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