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Abstract

Microbial bio-inoculants have been proposed as management tools to enhance crop perfor-
mance under variable environmental conditions; however, their effectiveness is often influ-
enced by site-specific factors. This study evaluated the effects of bio-inoculation on seed
germination and seedling vigor of pea under osmotic stress induced by polyethylene glycol
(PEG 6000), and its interaction with two fertilization levels (75% and 100% of the recom-
mended dose) under field conditions in the Amazonas region of Peru. Under laboratory
conditions, germination percentage remained high across all treatments (93.3-100%) and
was not affected by bio-inoculation or osmotic potential; however, osmotic stress altered
germination dynamics, increasing mean germination time from 1.85-2.09 days at 0 MPa to
2.26-2.43 days at 0.8 MPa, while germination synchrony and seedling vigor decreased as
stress increased. The seedling vigor index reached maximum values at -0.2 MPa (4.47-5.29)
and declined at —0.8 MPa (1.50-2.00), and multivariate analyses showed that variation in
germination responses was mainly associated with germination timing and vigor rather
than seed viability. Under field conditions, no significant effects of fertilization level, micro-
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1. Introduction

Pea (Pisum sativum L.) is a widely cultivated cool-season legume, valued for its high
protein content, its contribution to human nutrition, and its ability to enhance soil fertility
through biological nitrogen fixation [1,2]. Furthermore, it is a key component of sustainable
cropping systems due to its low input requirements and its compatibility with cereal-based
rotations [3]. In developing regions, such as the Andean and Amazonian areas of South
Anmerica, its production is vital for food security, although yields remain vulnerable to en-
vironmental factors and suboptimal nutritional management [4]. In this context, in the Ama-
zonas region, peas are consistently cultivated and consumed, featuring diverse ecotypes
with varying agronomic characteristics [5]. In previous studies, it has been reported that the
use of bioinoculants improves growth, photosynthetic efficiency, and crop yield; further-
more, their application alongside mineral fertilization allows for a reduction in fertilizer use
without affecting yield [6,7]. However, in the Amazonas region, there is still limited evi-
dence regarding their application in local production systems, highlighting the need to gen-
erate specific information for these conditions.

Among abiotic constraints, water limitation is one of the most critical factors affecting
legume establishment, early seedling growth, and final yield [8-11]. Climate change projec-
tions indicate an increasing frequency and intensity of drought events, particularly in rain-
fed agricultural systems, thereby exacerbating climatic risk during sensitive phenological
stages such as germination and early vegetative development [12,13]. In peas and other leg-
umes, drought stress impairs germination kinetics and delays seedling emergence, reduces
biomass accumulation, and ultimately limits yield formation through constraints on water
uptake and early growth processes, while concurrently restricting enzymatic activity, car-
bon assimilation, and overall photosynthetic efficiency [2,14]. Controlled osmotic stress in-
duced by polyethylene glycol (PEG) has therefore been widely adopted as a reliable exper-
imental approach to simulate drought conditions during germination, allowing precise as-
sessment of seed physiological responses under reduced water potential [15,16].

In parallel with water availability, nutrient management— particularly nitrogen fertili-
zation—remains a major determinant of pea productivity. Although peas possess symbiotic
nitrogen-fixing capacity, mineral nitrogen inputs are often required to support early growth
and maximize yield, especially under stress conditions or in soils with limited biological
activity [17]. However, excessive fertilization increases production costs and environmental
impacts, while drought conditions can further reduce nutrient use efficiency by limiting root
activity and nutrient uptake [18-20]. Consequently, strategies that improve plant resilience
while reducing dependence on full fertilizer doses are increasingly prioritized in sustainable
legume production systems.

Another major limitation in pea-based systems is the continued reliance on synthetic fer-
tilizers. Although mineral nitrogen (N) and phosphorus (P) inputs can enhance productivity,
excessive fertilizer use contributes to soil acidification, nutrient imbalances, and negative en-
vironmental externalities, including eutrophication and greenhouse gas emissions [21,22].
Sustainable intensification therefore requires management practices that improve nutrient-use
efficiency while enabling partial substitution of chemical fertilizers without yield penalties. In
this context, bio-inoculation with plant growth-promoting microorganisms (PGPM), includ-
ing Bacillus, Azospirillum, and Trichoderma spp. has emerged as a promising strategy [23-25].
These microorganisms promote crop growth through multiple mechanisms, such as phyto-
hormone production, biological nitrogen fixation, nutrient solubilization, and stress
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mitigation mediated by 1-aminocyclopropane-1-carboxylate (ACC) deaminase activity and
improved osmotic adjustment [26,27].

Bioinoculation in legumes contributes to productive sustainability and the stability of
the soil-plant system [28-30]. In pea, inoculation with Bacillus, Azospirillum, and Trichoderma
spp. has been associated with improvements in germination, nodulation, nutrient uptake,
and stress tolerance through modulation of root architecture and enhanced rhizosphere in-
teraction [31,32]. Beyond direct plant growth promotion, microbial inoculants contribute to
soil ecological stability by stimulating beneficial microbial consortia and increasing enzyme
activities linked to nitrogen and phosphorus cycling [33,34]. In particular, Bacillus spp. have
been shown to alleviate drought stress through ACC deaminase activity, proline accumula-
tion, and osmolyte production, thereby improving seedling establishment under water-lim-
ited conditions [35,36]. Likewise, the co-application of microbial inoculants with reduced
fertilizer rates (or without fertilization) allows maintaining or increasing yield while im-
proving soil functionality under environmental stress conditions [37-39].

Despite growing evidence of microbial benefits under controlled conditions, results
from field studies remain inconsistent, particularly when bio-inoculation is combined with
varying fertilization regimes [40-42]. While some studies report improved emergence,
growth, and yield under reduced fertilizer inputs, others suggest that favorable environ-
mental conditions may mask microbial effects, especially during germination when water
availability is tightly regulated [12,43]. Moreover, most studies focus either on laboratory-
based germination assays or on field performance, with limited integration of both scales
within a single experimental framework. This gap constrains the translation of early physi-
ological responses into agronomically meaningful outcomes.

In the Amazonian region of Peru, where climatic variability, episodic water stress, and
heterogeneous soil fertility frequently constrain legume production, integrated evaluations
of bio-inoculation under both controlled and field conditions are particularly relevant. As-
sessing whether microbial inoculants can enhance drought resilience during early develop-
ment and support yield formation under reduced fertilization offers a promising pathway
toward more resilient and resource-efficient pea-based production systems.

Therefore, the objectives of this study were (i) to evaluate the effects of bio-inocula-
tion on pea seed germination and seedling biomass under simulated drought stress in-
duced by PEG 6000 under controlled conditions, and (ii) to assess the interaction between
bio-inoculation and two fertilization levels (75% and 100% of the recommended dose) on
emergence, growth, and yield of pea under field conditions in the Amazonas region of
Peru. By integrating laboratory and field experiments, this study aims to provide both
mechanistic and agronomic insights into the potential of microbial inoculants to enhance
stress resilience while reducing fertilizer requirements in pea production systems.

2. Materials and Methods
2.1. Study Area

The study was conducted in two phases: laboratory assays for germination analysis
and field trials. Laboratory experiments were carried out at the Laboratorio de Suelos y
Aguas (LABISAG), Universidad Nacional Toribio Rodriguez de Mendoza de Amazonas
(UNTRM), Chachapoyas, Peru. Field trials were established in two contrasting sites of the
Amazonas region: Lamud (—6.1444° S, -77.9326° W; 2422 m.a.s.1., Luya Province) and Moli-
nopampa (-6.2084° S, =77.6737° W; 2442 m.a.s.1., Chachapoyas Province) (Figure 1).
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Figure 1. Geographical location of the laboratory facilities and field experiment sites included in the
study, showing the spatial distribution of both germination analyses and field evaluations located

in the Amazonas region, Peru.

2.2. Plant Material

Seeds of pea cultivar ‘INIA-102 Usui’ (99% varietal purity, 98% germination, 13% seed
moisture) were used. This cultivar is widely cultivated in the Peruvian highlands for its
yield potential, adaptability to variable environments, and disease tolerance [44].

2.3. Germination Experiment Design

The germination experiment was established using a Randomized Complete Block De-
sign (RCBD) with a two-factor arrangement and three replicates. The first factor consisted
of three bioinoculants (Table 1), and the second factor comprised five osmotic potential lev-
els (0, -0.2, -0.4, 0.6, and -0.8 MPa). These levels were generated using polyethylene glycol
6000 (PEG 6000) and calculated according to the Michel and Kaufmann equation [45,46].

Table 1. Commercial bio-inoculants used in the study and their active microorganisms with corre-

sponding concentrations.

Bio-Inoculant Active Microorganism Concentration Units
Amysub Bacillus subtilis, B. amyloliquefaciens >1 x 10° CFU/g
Rizoplant Lactobacillus spp. 1.1x10° CFU/mL

Saccharomyces spp. 2.2 x 10 CFU/mL
Rhodopseudomonas spp. 2.3 x107 CFU/mL
Streptomyces spp. 2.3 x10° CFU/mL
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Trichops

Azotobacter spp. 3.0 x 108 CFU/mL

Azospirillum brasilense 6.5 x10° CFU/mL

Bacillus spp. 6.0 x 107 CFU/mL

Trichoderma spp. 2.5 %107 CFU/mL

Trichoderma harzianum, T. viride, T. asperellum >1.5 x 1010 conidia/g

Thirty seeds per treatment were placed in sterile plastic germination boxes (20 x 12 x 5
cm) lined with two layers of filter paper. This seed quantity is justified by similar numbers
reported in germination tests [47], ensuring a reliable evaluation of germination parameters.
Each box was initially moistened with 20 mL of PEG solution, and an additional 15 mL was
replenished on day 3. Boxes were incubated at 28 °C under a 12/12 h light/dark photoperiod.
Daily observations were made to monitor radicle emergence following the International
Rules for Seed Testing [48]. To quantify germination performance and seed vigor, the fol-
lowing indices were calculated: germination percentage (%, GP), mean germination Time
(days, MGT) and germination synchrony (SYN). These metrics were derived via the equa-
tions described and implemented in the GerminaR R package [49].

Seedling morphometric measurements were collected at the end of the germination
experiment at 7 days after sowing to assess early-stage biomass accumulation and physio-
logical performance. The seedling vigor index (SVI) was used to assess early plant develop-
ment under stress conditions by combining seed germination capacity and seedling growth
performance [50]. The SVI was calculated using the formula:

SVI =W, x GP

where W, is the mean root weight, expressed in grams (g), and GP represents the aver-
age germination percentage of the seeds, expressed as a percentage (%).

2.4. Field Trials and Management

Field trials were carried out in Lamud from March to June of 2024, and in Moli-
nopampa from June to September of 2024.A RCBD was used with three replicates per treat-
ment. Each plot measured 8.1 m? with row spacing of 0.70 m and intra-row spacing of 0.10
m (0.05 m sowing depth). Planting density was 142,857 plants/ha. The crop was grown using
a trellis system for support [44].

Soils differed markedly between sites, with Ldmud characterized by alkaline pH and
low phosphorus, and Molinopampa by acidic pH with higher phosphorus and potassium
availability (Table 2). Limud soils were alkaline (pH 8.38), with low phosphorus availability
(3.04 mg/kg), moderate potassium (338.9 mg/kg), and relatively lower organic matter
(3.99%). In contrast, Molinopampa soils were acidic (pH 5.45), with higher phosphorus
(16.61 mg/kg), elevated potassium (461.2 mg/kg), and higher organic matter content (4.83%).
Electrical conductivity was also greater in Molinopampa (0.34 dS/m) compared to Ldmud
(0.16 dS/m). Such soil variability reflects the edaphic heterogeneity typical of the Peruvian
inter-Andean valleys, where fertility constraints and pH extremes can significantly influ-
ence pea productivity.

Table 2. Soil parameters at the two experimental sites according to soil test reports.

Parameter Lamud Molinopampa
pH 8.38 5.45
Electrical conductivity (dS/m) 0.16 0.34
Phosphorus (mg/kg) 3.04 16.61
Potassium (mg/kg) 338.89 461.16
Carbon content (%) 2.32 2.80
Organic matter (%) 3.99 4.83
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Temperature (°C)

Temperature (°C)

50

Nitrogen (%) 0.20 0.24

Climatic conditions during the experimental period were monitored at both sites [51].
The average maximum temperature was slightly higher in Lamud (23.9 °C) compared to
Molinopampa (23.7 °C). Similarly, Lamud had a slightly higher average minimum temper-
ature (13.3 °C) than Molinopampa (13.1 °C). Relative humidity also showed a wider range
in Lamud, from 40.6% to 92.3%, while in Molinopampa it ranged from 58.4% to 84.9%.
Lamud received significantly more precipitation during the crop cycle (229.4 mm) than Mo-
linopampa (46.5 mm) (Figure 2).
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Figure 2. Meteorological conditions of the field experimental sites during the 2024 growing season. (a)
Climatic conditions for the Lamud site and (b) climatic conditions for the Molinopampa site. Data
obtained from the Nasa Power Project (Prediction of Worldwide Energy Resources) based on satellite
observations and atmospheric models. Red long-dashed lines represent Maximum Temperature (Tmax,
°C); blue dotted lines represent Minimum Temperature (Tmin, °C); and sky-blue two-dashed lines rep-
resent Relative Humidity (HR, %). Blue bars with 40% transparency indicate daily Precipitation (pp,
mm) using the secondary Y-axis. blue bars.

Pest control consisted of a single application of cypermethrin (Aphis spp. in LAmud; crick-
ets in Molinopampa), while fungicides were avoided to prevent interference with inoculant
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activity. Fertilization treatments included 100% and 75% of the recommended dose (150 kg
N/ha, 45.8 kg P20s/ha, 120 kg KoO/ha). The 100% fertilization level was used as the control
treatment because it represents conventional farmer practice, where high fertilizer rates are
applied, generating economic losses and environmental pollution [52]. Fertilization was ap-
plied 20 days after planting (DAP), using urea and diammonium phosphate in localized holes
5-10 cm from the plants to optimize nutrient uptake and minimize losses. Crop management
practices included manual weeding at 30 and 45 DAP and hilling at 45 DAP.

Evaluated variables in the first stage included germination percentage (GRP, %), mean
germination time (MGT), synchronization index (SYN), and seedling vigor index (SVI);
whereas in the field stage, evaluated variables encompassed days to 50% flowering (NDF),
plant height at flowering (PLH, cm), number of pods per plant (PTN), average pod weight
(PTW, g), and total green pod yield (YLD, kg/ha).

2.5. Statistical Analysis

All statistical analyses and graphical outputs were performed using R software, ver-
sion 4.5.2 [53]. Germination indices were calculated using the GerminaR 2.1.6 package [49].
A linear mixed-effects model was fitted to evaluate treatment effects, providing greater ro-
bustness to potential deviations from normality and homoscedasticity [54].

For germination variables, the following model was used:

Yl]k=.u+Bk+IL+P]+(IXP)l]+gl]k

where Yjj, represents the observed value of the germination variable, u the overall
mean, By the random effect of block, I; the fixed effect of inoculant type, P; the fixed
effect of PEG level, (I X P);; the interaction effect between inoculant and PEG and &
the residual error.

For field variables, the model was defined as:

Yi]'kl=M+Bl+1i+F}'+Sk+(IXF)ij+£ijkl

where Y;j); represents the observed value of the agronomic variable, u the overall mean,
B, the random effect of block, I; the fixed effect of inoculant type, F; the fixed effect of fer-
tilization level, S the fixed effect of site, (I X F);; the interaction effect between inoculant
and fertilization and ¢&;jy, the residual error.

Analysis of variance (ANOVA) was applied to the fitted models, and post hoc compar-
isons were conducted using Tukey’s Honest Significant Difference (HSD) test at a signifi-
cance level of o < (.05, using the emmeans 2.0.0 package [55].

Principal component analysis (PCA) was employed to explore multivariate relation-
ships among germination variables across different levels of PEG-induced osmotic stress, as
well as among agronomic variables evaluated under different inoculant types and doses.
PCA was performed using the FactoMineR 2.12 R package [56]. Detailed information about
the statistical analysis is provided in the Supplementary File ESM 1.

3. Results

3.1. Germination Analysis

Early germination responses under osmotic stress provide a sensitive indicator of seed
physiological performance and potential field establishment under water-limited condi-
tions. Germination responses of pea seeds subjected to PEG-induced osmotic stress are pre-
sented in Figure 3.
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Figure 3. Germination indices of pea seeds bio-inoculated with different microbial treatments and
subjected to PEG-induced osmotic stress (MPa). Each panel represents a germination parameter
evaluated using 30 seeds per treatment: (a) germination percentage (GRP, %), (b) mean germination time
(MGT, days), (c) germination synchrony (SYN), and (d) seedling vigor index (SVI). Data are presented as
mean + standard error. Uppercase letters indicate statistically significant differences among osmotic
potential levels, while lowercase letters denote differences among bio-inoculant treatments. Mean

separations were performed using Tukey’s test (p < 0.05; total observations, 1 = 45).

Germination percentage remained consistently high across all osmotic potentials and
microbial inoculant treatments (Figure 3a). Mean germination values ranged from 93.3% to
100%, and neither osmotic potential nor inoculant type exerted a statistically significant ef-
fect on final germination percentage (p > 0.05). Mean germination time (MGT) was signifi-
cantly influenced by osmotic potential (p < 0.05; Figure 3b). At the most negative water po-
tential (-0.8 MPa), MGT ranged from 2.26 to 2.43 days, whereas progressively shorter ger-
mination times were observed as osmotic stress decreased, reaching 1.85-2.09 days at 0 MPa.
Inoculant effects were not detected at 0.8 MPa; however, significant differences among mi-
crobial treatments were observed at —0.6, —0.4, —0.2, and 0 MPa. At 0 MPa, seeds treated with
Trichops exhibited the shortest mean germination time (1.85 days).

The germination synchrony (SYN) increased significantly with decreasing osmotic
stress (p < 0.05; Figure 3c). Values ranged from 0.50-0.58 at 0.8 MPa and increased to 0.61-
0.79 at 0 MPa. Significant differences among inoculant treatments were detected at all os-
motic potentials, with Trichops generally showing lower synchronization values compared
with Amysub and Rizoplant. Seedling vigor index (SVI) was strongly affected by osmotic
potential (p < 0.05; Figure 3d). At —0.8 MPa, SVI values ranged from 1.50 to 2.00, increasing
markedly at less negative potentials and peaking at —0.2 MPa (4.47-5.29). High vigor values
were maintained at 0 MPa (3.96-4.19). No statistically significant differences among inocu-
lant treatments were detected within individual PEG levels.

https://doi.org/10.3390/agriengineering8040155



AgriEngineering 2026, 8, 155

9 of 20

3.2. Multivariate Analysis of Germination Under Drought Simulated Stress

To capture the joint variation among germination traits under osmotic stress, a multi-
variate analysis was applied. Principal component analysis (PCA, Figure 4) was conducted
using germination percentage (GRP, %), mean germination time (MGT, days), synchroniza-
tion index (SYN, dimensionless), and seedling vigor index (SVI, dimensionless).

The first two principal components accounted for 85.03% of the total variance in the
dataset (Figure 4a). Principal component 1 (PC1) explained 70.19% of the total variance and
was primarily associated with mean germination time (MGT), which exhibited a strong neg-
ative loading on this axis. Germination percentage (GRP) and seedling vigor index (SVI)
contributed positively along PC1, whereas their associations with PC2 were comparatively
weaker. Principal component 2 (PC2), explaining 14.84% of the variance, was mainly driven
by the germination synchrony (SYN), which showed a strong positive loading on this axis.

The PCA for the variables revealed a separation of treatments according to osmotic po-
tential (Figure 4a). Observations corresponding to 0.8 MPa were predominantly distributed
on the positive side of PC1, reflecting their association with longer germination times. In con-
trast, treatments at —0.2 MPa and 0 MPa clustered toward the negative region of PC1 and the
positive region of PC2, consistent with higher seedling vigor and synchronization values.

a PCA graph of variables b

PCA graph of individuals
1
: [
1 e
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PO 7t AT - s
¢ o le_04
Trichops : ° 02" e -06
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Figure 4. Principal component analysis (PCA) of germination indices in bio-inoculated pea seeds sub-
jected to PEG-induced osmotic stress. (a) PCA of germination indices variables: germination percentage
(GRP, %), mean germination time (MGT, days), germination synchrony (SYN, dimensionless), and seed-
ling vigor index (SVI, dimensionless). (b) PCA biplot of individuals. Circles represent the mean of indi-
vidual treatment combinations (Inoculant x PEG), while squares indicate the centroids for each PEG os-
motic potential level and inoculant type. Colors represent the different PEG levels from 0 to —0.8 MPa.
The proximity between inoculant labels (Rizoplant, Amysub, Trichops) and germination variables indi-

cates the specific influence of each bio-inoculant on seed performance under stress.

The PCA of individuals (Figure 4b) indicated that osmotic stress level was the primary
factor structuring germination responses. Treatments at -0.8 MPa were associated with
higher mean germination time, reflecting delayed germination under severe stress, whereas
the highest synchronization and vigor index was observed at 0.2 MPa, indicating more
coordinated germination at moderate osmotic potential. Although no clear separation
among bio-inoculant treatments was detected, seeds inoculated with Rizoplant tended to be
positioned closer to regions associated with higher seedling vigor, suggesting compara-
tively improved germination development without forming distinct clusters.
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The orientation of the vectors further revealed an inverse relationship between mean
germination time and seedling vigor index, with shorter germination times corresponding
to higher vigor, confirming that osmotic potential exerted a greater influence on germina-
tion behavior than bio-inoculation.

3.3. Field Trial Bio-Inoculation—Fertilization Interaction

Field evaluation is necessary to determine whether responses observed under controlled
conditions are maintained under agronomic environments where multiple factors act simul-
taneously. Agronomic responses were therefore evaluated across two contrasting field loca-
tions to assess potential bio-inoculation—fertilization interactions. Estimated marginal means
for all agronomic variables are presented in Table 3.

Table 3. Estimated marginal means (+SE) of plant height, flowering time, pod weight, number of pods
per plant, and yield of pea as affected by inoculant type and fertilization level across study sites.

Site Inoculant  Fertilization Plant Height (cm) Flowering (days) Pod Weight (g) Pods Per Plant Yield (kg ha™)

Lamud Control 100% dose 43.04 +2.89 bB 56.12 + 0.56 bB 9.32+£2.31bB 2.33+0.51 bB 1331.26 + 329.43 bB
Amysub 75% dose 41.93 +2.89 bB 56.70 + 0.56 bB 12.92+2.31bB 2.33+0.51 bB 1846.05 + 329.43 bB

Rizoplant 75% dose 42.04 +2.89 bB 57.12+0.56 bB 12.53 +2.31 bB 243 +0.51 bB 1790.39 + 329.43 bB

Trichops 75% dose 46.29 +2.89 bB 56.12 +0.56 bB 4.89+2.31bB 2.10+0.51 bB 697.98 +329.43 bB

Amysub Unfertilized 42.75+2.89 bB 57.37 £ 0.56 bB 6.68 +£2.31 bB 2.14 +0.51 bB 953.76 + 329.43 bB

Rizoplant Unfertilized 38.52 +2.89 bB 57.29 +0.56 bB 6.98 +£2.31 bB 2.51+0.51 bB 996.61 +329.43 bB

Trichops Unfertilized 39.77 +2.89 bB 56.12 +0.56 bB 10.70 +2.31 bB 2.08 £0.51 bB 1527.92 + 329.43 bB

Molinopampa Control 100% dose 105.09 £2.89 aA 66.71+0.56aA  65.83+231aA 12.67+051aA  9403.91 +£329.43 aA
Amysub 75% dose 103.98 £2.89 aA 67.30£0.56 aA  69.43+231aA 12.67+0.51aA  9918.70 + 329.43 aA

Rizoplant 75% dose 104.09 +2.89 aA 67.71£0.56 aA  69.04+231aA 12.78+0.51aA  9863.05+329.43 aA

Trichops 75% dose 108.34 £ 2.89 aA 66.71£0.56 aA  61.40+231aA 1244+051aA  8770.64 +329.43 aA

Amysub Unfertilized  104.79 +2.89 aA 6796 +0.56 aA  63.19+231aA 1249+0.51aA  9026.41+329.43 aA

Rizoplant  Unfertilized ~ 100.57 +2.89 aA 67.88+0.56aA  63.49+231aA 12.86+0.51aA  9069.27 +329.43 aA

Trichops Unfertilized  101.82 +2.89 aA 66.71+0.56 aA  67.20+2.31aA 1242+0.51aA  9600.58 + 329.43 aA

Note: Values are presented as mean + standard deviation (n = 3). Different lowercase letters in the
same column indicate significant differences between treatments (inoculants and fertilization levels)
within each site according to Tukey’s HSD test (p < 0.05). Different uppercase letters indicate signif-

icant differences between the different study sites for the same treatment (p < 0.05).

Plant height exhibited strong site-dependent variation. In Lamud, plant height ranged
from 38.52 cm (Rizoplant, unfertilized) to 46.29 cm (Trichops, 75% dose), with no significant
differences detected among inoculant treatments within fertilization levels. In contrast,
plants grown in Molinopampa were substantially taller, with heights ranging from 100.57
cm (Rizoplant, unfertilized) to 108.34 cm (Trichops, 75% dose), regardless of inoculation or
fertilization regime. Flowering time was also primarily influenced by site. In Lamud, flow-
ering occurred between 56.12 and 57.37 days after sowing, whereas in Molinopampa flow-
ering was delayed, occurring between 66.71 and 67.96 days. No significant effects of inocu-
lant type or fertilization level were detected within either site.

Pod weight displayed environmental effects. In Lamud, pod weights ranged from 4.89
to 12.92 g across treatments, while substantially higher pod weights were observed in Mo-
linopampa, ranging from 61.40 to 69.43 g. Similarly, the number of pods per plant was mark-
edly lower in Lamud (2.08-2.51 pods per plant) compared with Molinopampa (12.42-12.86
pods per plant), with no detectable treatment effects within sites. Green pod yield showed
the strongest site-driven contrast. In Lamud, yield ranged from 697.98 to 1846.05 kg/ha
across treatments, whereas Molinopampa yields were consistently higher, ranging from
8770.64 to 9918.70 kg/ha. Within each site, neither inoculant type nor fertilization level pro-
duced statistically significant differences in yield.
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Dim 2 (29.73%)

0.54

0.04

-0.51

To ensure proper data interpretation and to describe the greatest proportion of vari-
ation in agronomic traits with minimal information loss, a principal component analysis
(PCA) was performed to characterize the response of the treatments (Figure 5).
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Figure 5. Principal component analysis (PCA) of agronomic characteristics of pea plants grown from
bio-inoculated seeds under different inoculant types and fertilization doses during the 2024 field sea-
son. (a) PCA of agronomic variables: plant height (°PLH, cm), number of days to flowering (NDF, days),
pod weight (PTW, g), pods per plant (PTN), and green pod yield (YLD, kg/ha). (b) PCA of individuals
represented by treatment combinations of inoculant type (e.g., Amysub, Rizoplant, Trichops, and con-

trol) with different fertilization levels (100% dose, 75% dose, and unfertilized).

The first two components explained 80.51% of the total variance. In PC1, which ac-
counted for 50.78% of the total variance, the variables with the highest contribution were
yield (28.09%), pod weight per plant (28.09%), plant height (18.78%), and number of pods
per plant (18.69%), indicating that this component represents a productivity and growth
gradient. In PC2, which explained 29.73% of the total variance, the variable with the highest
contribution was the number of days to flowering (40.74%), indicating that this component
describes a phenological gradient.

The PCA of individuals showed a separation mainly along PC1, where treatments with
75% fertilization inoculated with Amysub and Rizoplant clustered toward positive values,
indicating higher expression of productivity and growth variables. In contrast, Trichops at
75% and several treatments without fertilization were located toward negative or more dis-
persed values, reflecting a lower and more variable response. The control with 100% fertili-
zation was positioned near the origin, indicating an intermediate performance.

4. Discussion

Understanding how microbial bio-inoculation interacts with environmental conditions
to influence seed performance and crop productivity is essential for optimizing pea produc-
tion. In the present study, the effects of bio-inoculation were examined using a sequential
laboratory-field framework that allowed the evaluation of early physiological responses
alongside agronomic outcomes. Laboratory assays under PEG-induced osmotic stress were
used to characterize germination dynamics and early seedling vigor, while subsequent field
trials assessed the interaction between bio-inoculation and fertilization level on plant
growth and yield under two contrasting environments in the Amazon region of Peru. The
combined results demonstrate that environmental conditions regulate germination behavior
and field performance, often overriding direct bio-inoculation effects. These experiments

https://doi.org/10.3390/agriengineering8040155



AgriEngineering 2026, 8, 155

12 of 20

highlight the context-dependent nature of microbial bio-inoculant responses and provide
a framework for interpreting their functional role across controlled and field conditions.

4.1. Bio-Inoculation on Germination Under Simulated Drought Stress

Under PEG-induced osmotic stress, pea seeds maintained high final germination per-
centages across all treatments, indicating an intrinsic germination capacity even under re-
duced water availability (Figure 3a). This result may be explained by the fact that germina-
tion, defined as radicle protrusion, requires the seed to reach a minimum imbibition thresh-
old that enables the reactivation of embryo metabolism, which can occur even under re-
stricted water potentials when stress is not extreme [57].

However, at an osmotic potential of 0.8 MPa, mean germination time (MGT) increased
compared with less restrictive water potentials, reflecting a delay in germination under se-
vere osmotic stress (Figure 3b). This delay in germination may be explained by the fact that
water uptake by seeds is governed by differences in water potential between the seed and
the germination medium; thus, under severe osmotic stress conditions, imbibition becomes
slower and the rehydration required for the embryo to resume active metabolism is delayed,
prolonging the time to radicle emergence [58,59].

Seedling vigor index (SVI) decreased markedly at 0.8 MPa, while higher vigor re-
sponses were observed at osmotic potentials between —0.2 MPa and 0 MPa (Figure 3d). This
reduction in vigor reflects not only a delay in germination but also a limitation in post-ger-
minative growth. From a physiological perspective, severe water stress reduces the cellular
turgor required for root elongation and increases the accumulation of reactive oxygen spe-
cies (ROS), which can damage lipid membranes and affect cell division in the meristematic
tissues of the developing seedling [60,61].

Multivariate analysis further supported these patterns, showing a clear tendency to-
ward improved SVI and reduced MGT at -0.2 MPa. Although no statistically significant
differences were detected among bio-inoculant treatments, a consistent trend toward en-
hanced germination performance and seedling vigor was observed in seeds treated with
Rizoplant, particularly under moderate osmotic stress conditions (Figure 4b).

Under controlled PEG-induced stress, bio-inoculation did not alter final germination per-
centage, but multivariate analyses revealed subtle shifts in germination timing and seedling
vigor, particularly under moderate osmotic stress [62,63]. This differential response can be ex-
plained by the fact that the final germination percentage is primarily determined by the intrin-
sic viability of the seed and by reaching a critical imbibition threshold, whereas vigor param-
eters reflect more sensitive physiological processes, such as the rate of metabolic activation
and the efficiency of reserve mobilization [64]. Plant growth-promoting microorganisms
such as Rizoplant may influence these early processes through the production of phytohor-
mones such as gibberellins and auxins, which accelerate cell elongation and amylolytic ac-
tivity, as well as through the synthesis of osmolytes and antioxidant enzymes that mitigate
oxidative damage induced by water stress [65,66]. These results are consistent with previous
studies reporting that microbial effects during germination are often expressed through
changes in germination kinetics and early growth rather than in seed viability [12,67].

PEG-induced osmotic stress is widely employed to simulate drought conditions be-
cause it lowers water potential without entering seed tissues, enabling a controlled assess-
ment of germination responses to water limitation [63,68]. In the present study, most germi-
nation indices were not significantly affected by osmotic potential or bio-inoculation, with
the exception of the seedling vigor index (SVI), which showed sensitivity to both water
availability and treatment interactions. This limited response may be explained by relatively
uniform seed imbibition under controlled hydration conditions, which can mask subtle bio-
inoculation effects on final germination percentage by promoting synchronous water up-
take across treatments. This limited response in germination percentage can be explained
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by the fact that under PEG-controlled hydration conditions, all seeds reach a sufficient
level of imbibition to trigger radicle protrusion, regardless of treatment, since PEG does
not penetrate the seed coat and the available water, although limited at more negative
potentials, still allows completion of the germination process [69,70]. In this context, the
effects of bioinoculants are not expressed in final viability but in finer metabolic processes,
such as the rate of enzymatic activation and the efficiency of reserve utilization, which are
captured by vigor indices such as SVI and MGT.

This pattern partially contrasts with observations synthesized by [12], who high-
lighted that drought stress in legumes more frequently affects early physiological and
metabolic processes than final germination outcomes. Similar responses have been re-
ported in other legume species, where drought primarily delays metabolic activation, re-
serve mobilization, and early seedling growth processes, while overall germination ca-
pacity is largely maintained [67]. In agreement with these findings, germination dynamics
in the present study were markedly influenced by the intensity of osmotic stress, reinforc-
ing the sensitivity of early developmental processes to water availability in pea, given that
cell elongation and mitotic division in meristems are highly dependent on turgor and ad-
equate energy supply derived from reserve mobilization [71], and supporting the use of
vigor-based indices as indicators of drought response during germination [63].

4.2. Bio-Inoculation and Fertilization Effects on Pea Yield Components Under Field Conditions

Field evaluations revealed that agronomic performance was primarily determined by
site-specific environmental conditions, with minimal influence from bio-inoculation or
fertilization level within each location (Table 3). In Lamud and Molinopampa, marked
differences were observed in plant height, time to flowering, pod weight, number of pods per
plant, and yield, whereas no significant differences were detected at the treatment level within
each site. Consequently, an exploratory data analysis was conducted following the protocol
of [72], employing principal component analysis (PCA) and cluster analysis to identify
patterns of variation and potential groupings in the response of field variables to the
treatments. In the PCA, yield, pod weight per plant, plant height, and number of pods per
plant clustered within the same component, indicating that treatments that increased one
of these variables tended to simultaneously enhance the others. This demonstrates that
plant responses to the evaluated treatments were integrated, jointly affecting growth and
productivity, as reported by [73], who found that yield components in pea exhibit genetic
correlations influenced by both direct and indirect effects.

The number of days to flowering segregated into a component distinct from the
productive variables in the principal component analysis, indicating that flowering earliness
was not associated with yield or growth components in this study. This phenological
independence suggests that treatments that enhanced productivity did so without altering the
duration to flowering, which is advantageous from an agronomic perspective. Studies in
common bean have shown that, in principal component analyses, dimensions grouping
phenology can be differentiated from those associated with productive traits, supporting the
existence of a phenological dimension independent of productivity [74].

Treatments combining reduced fertilization with inoculation of Amysub and Rizoplant
showed a greater simultaneous expression of productive variables, clustering in the positive
region of the first component. In contrast, the control with full fertilization was positioned
at an intermediate point, while treatments without fertilization exhibited a more dispersed
and lower-magnitude response. This distribution suggests that the combination of reduced
fertilization with these bio-inoculants was more effective in enhancing growth and yield in
an integrated manner, even surpassing management with full fertilization without
inoculation. These results are consistent with those reported by [39], who observed that
microbial inoculation under reduced fertilization conditions improves nutrient availability
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and rhizosphere microbiome functionality, thereby enhancing productive performance. The
greater dispersion of treatments without fertilization reflects a less consistent response in
the absence of inputs, emphasizing the relevance of the interaction between fertilization and
bio-inoculation in modulating phenotypic variability in crops.

The pronounced differences in vegetative growth between sites are consistent with
previous reports documenting strong environmental modulation of plant height in field pea
[75]. Multi-environment trials have shown that plant height can vary widely, from less than
40 cm to nearly 150 cm, depending on temperature, soil characteristics, nutrient availability,
and water status [76]. Similarly, flowering time was strongly site-dependent, with earlier
flowering observed in Lamud, in agreement with studies demonstrating accelerated
phenology under warmer or drier conditions [75]. Such shifts in phenology reflect adaptive
responses to local climatic constraints and can have downstream effects on biomass
accumulation and yield formation. Yield components were likewise driven predominantly
by environmental conditions. The higher pod weight and greater number of pods per plant
observed in Molinopampa align with previous findings identifying these traits as the most
responsive determinants of yield in Pisum sativum [77]. Comparable environment-driven
responses in pea productivity have been reported under variable hydrothermal conditions,
where nutrient uptake efficiency and foliar fertilization interacted with climatic variability
to influence plant performance and yield stability [78]. Similar results were found by [73],
who emphasized pod weight as a key contributor to yield formation in pea. In this context,
the high yields recorded in Molinopampa, exceeding 10 t/ha, are comparable to values
reported under optimized agronomic management and biostimulant application in field
conditions [44].

Although bio-inoculation did not result in statistically significant differences in
germination parameters or yield components when analyzed individually, several
consistent patterns across laboratory and field evaluations indicate that bio-inoculants
exerted context-dependent and indirect effects rather than uniform responses [42]. In field
conditions, the influence of bio-inoculants was strongly modulated by environmental and
edaphic factors [79]. The absence of clear treatment separation in the PCA and the lack of
significant inoculant x fertilization interactions indicate that nutrient availability and site-
specific conditions were the dominant drivers of crop performance [20,73]. However, the
consistent tendency for treatments inoculated with Rizoplant and Amysub to associate
with improved yield-related traits under reduced fertilization suggests that bio-inoculants
may partially compensate for suboptimal nutrient inputs rather than enhance
productivity under optimal conditions [42,80]. This aligns with reports showing that plant
growth—promoting microorganisms frequently confer benefits under moderate stress or
nutrient limitation, where microbial-mediated improvements in nutrient acquisition, root
development, or stress mitigation become functionally relevant.

The limited response to bio-inoculation observed in this study may be linked to
constraints on microbial establishment and persistence [41]. Extreme soil pH conditions
at both sites, combined with low soil moisture during early crop establishment, likely
restricted rhizosphere colonization and microbial activity, as suggested by the absence or
scarcity of nodulation [37,79]. This interpretation is supported by previous studies
demonstrating that extreme pH negatively affects the persistence of rhizobacteria in soil
[81] and that low water availability reduces the viability of inoculated microbial
populations [82]. Under such conditions, introduced microorganisms may fail to reach
population thresholds necessary to exert measurable effects on plant growth, reinforcing
the notion that successful bio-inoculation depends on compatibility between microbial
traits, soil chemical properties, and environmental conditions [41]. Together, these
findings support the interpretation that bio-inoculants function as conditional modifiers
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of plant performance, whose effects emerge primarily when environmental constraints
allow effective plant-microbe interactions.

4.3. Limitations and Future Perspectives

Despite the integrated laboratory—field approach adopted in this study, several limi-
tations should be acknowledged. At the laboratory level, the pre-imbibition of seeds prior
to PEG application may have reduced variability in water uptake, masking subtle bio-
inoculation effects on germination indices by promoting more uniform germination
across treatments. In addition, applying osmotic stress after pre-imbibition, rather than
directly imposing it on dry seeds, may have reduced the sensitivity of the experimental
design. In future studies, it is recommended to apply osmotic stress treatments directly,
without prior imbibition, and to explore a wider range of stress intensities to improve the
detection of inoculant-dependent responses during germination.

Under field conditions, the evaluation was limited by low and irregular precipitation
at both sites, with particularly dry soil conditions during the early establishment of the
crop in Lamud. Although this represents a realistic stress scenario, such conditions may
have limited microbial survival, rhizosphere colonization, and metabolic activity, reduc-
ing the likelihood of detecting consistent bio-inoculation effects. Likewise, soil moisture
was not directly monitored using sensors; instead, environmental conditions were in-
ferred from meteorological models, which may reduce the precision in assessing plant
responses to water availability and water stress. These results highlight the strong influ-
ence of environmental context on inoculant performance and underscore the importance
of site-specific evaluations.

Another limitation of the field experiments is the lack of direct comparability be-
tween the laboratory and field phases, as different treatments were evaluated in each, pre-
venting the establishment of correlations between germination indicators and agronomic
variables and limiting cross-scale inference. Additionally, the absence of a no-fertilization
treatment prevented the evaluation of the potential compensatory effect of bio-inoculation
under reduced fertilization conditions. Likewise, the selection of Lamud and Moli-
nopampa, characterized by extreme and contrasting soil conditions, may have restricted
microbial colonization and the expression of bio-inoculation effects, limiting the assess-
ment of their impact on germination and crop agronomic performance. For future studies,
it is recommended to select sites with more favorable and representative soil conditions
to more accurately evaluate inoculant effects and their potential compensatory benefits.

Furthermore, the absence of a non-inoculated, non-fertilized control (T0), together
with the lack of direct measurements of microbial persistence and root colonization, lim-
ited the ability to mechanistically link inoculant application to the observed plant re-
sponses. Future research should incorporate microbial tracking techniques such as PCR
or plate counting, as well as soil moisture monitoring and the inclusion of physiological
indicators of plant stress, to better understand plant-microorganism—environment inter-
actions. Although the multivariate analysis did not show significant differences at the
treatment level, an exploratory data analysis was conducted to examine underlying pat-
terns. Finally, although a formal economic analysis was not conducted due to the absence
of significant yield differences, future multi-season trials incorporating cost-benefit eval-
uations would be valuable to determine the practical viability of bio-inoculation strategies
under different environmental and fertilization conditions.

5. Conclusions

Pea performance from germination to field production was primarily regulated by
water availability and site-specific environmental conditions, while the effects of micro-
bial bio-inoculation were context dependent. Under PEG-induced osmotic stress,
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germination percentages remained high across inoculant treatments, with drought effects
expressed mainly through delayed germination dynamics and reduced seedling vigor ra-
ther than reduced viability. Field evaluations showed that growth, phenology, yield com-
ponents, and final yield were predominantly controlled by environmental conditions,
with pod weight and number of pods per plant as the main contributors to productivity.
Although bio-inoculation did not present statistically significant effects across fertilization
regimes, the application of Rizoplant under reduced fertilization (75% of the recom-
mended dose) was associated with improved yield-related traits, indicating a compensa-
tory effect under suboptimal nutrient inputs. These results support the role of selected
bio-inoculants as complementary tools in pea production systems when applied under
site-adapted and resource-efficient management strategies.
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