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Abstract

In a field experiment with papaya (Carica papaya L.), the effects of three soil cover types (bare soil,
living cover of Canavalia ensiformis, and senescent cover) and three microbial biofertilisers (Bacillus
subtilis, Pseudomonas putida, and Trichoderma viride) on crop growth and yield were evaluated.
Vegetative and reproductive variables were monitored over 187 days, and the data were analysed
using generalised linear mixed models (GLMMSs) and generalised linear models (GLMs). The results
indicated that soil cover was the dominant factor, explaining the largest proportion of variation in
plant growth and final yield (p < 0.001), whereas biofertilisers did not exhibit significant main effects
when applied independently. However, significant interactions between soil cover and biofertiliser
were detected (p < 0.05), demonstrating that inoculant efficacy was strongly context-dependent.
Trichoderma viride increased stem diameter by approximately 7% under living cover only, while
Pseudomonas putida showed a comparative advantage under bare soil conditions, increasing final fruit
weight by approximately 32%. Principal component analysis (PCA) further confirmed that treatment
groupings were primarily driven by soil cover type. These findings provide field-based evidence that
the efficiency of microbial biofertilisers in promoting papaya growth depends on edaphic conditions
shaped by soil cover management. A hierarchical management strategy is therefore proposed, in
which establishing a favourable soil habitat through plant cover is a prerequisite for maximising the
benefits of microbial inoculants in tropical fruit production systems.

Keywords: agroecosystem management; plant-microorganism interactions; soil cover; GLMM;
sustainable fruit production; context-dependent efficacy

1. Introduction

Agricultural intensification has increased reliance on synthetic fertilisers, undermining the
sustainability of production systems through soil degradation, environmental pollution, and elevated
associated emissions [1]. In response, ecological management strategies are increasingly promoted to
sustain productivity while reducing dependence on external inputs, particularly those centred on soil
management as a fundamental component of agroecosystem functioning [2].
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Plant cover, whether living or senescent, functions as a key regulator of the rhizosphere habitat
by modulating soil temperature and moisture, supplying organic matter, stimulating microbial
activity, and enhancing nutrient cycling, thereby delivering multiple ecosystem services [3-5].
Through these integrated mechanisms, cover crops can exert hierarchical control over edaphic
processes that ultimately shape crop responses.

Microbial biofertilisers, including plant growth—promoting rhizobacteria (PGPR) and fungi such
as Bacillus, Pseudomonas, and Trichoderma, can enhance plant nutrition by solubilising nutrients,
producing phytohormones, and stimulating root development [6,7]. However, these beneficial effects
do not always translate into consistent performance under field conditions.

Despite their potential, the adoption of biofertilisers remains limited due to the high variability
of their performance under field conditions, where effects are often inconsistent or even negligible
[8,9]. This discrepancy between outcomes observed in controlled environments and those in real
agricultural systems has reinforced the notion that inoculant efficacy is not an intrinsic trait, but rather
a dependent function of prevailing abiotic and biotic soil conditions, a phenomenon commonly
referred to as context-dependent effectiveness [10-12].

It has been suggested that targeted management of the rhizosphere habitat, particularly through
plant cover, can create a favourable edaphic context that enhances the stability and effectiveness of
microbial biofertilisers [13]. However, the specific interactions between different cover types and
inoculant performance remain insufficiently understood, especially in perennial fruit systems, where
long-term crop-soil dynamics play a critical role in shaping treatment outcomes.

Papaya (Carica papaya L.) cultivation provides an appropriate model system for addressing this
issue due to its economic significance in tropical regions, rapid growth rate, and well-defined
phenological cycle, which enables the assessment of sequential responses from vegetative
establishment to reproductive output under field conditions [14,15].

Therefore, the objective of this study was to assess how soil cover type modulates the response
of Carica papaya L. to different microbial biofertilisers under field conditions. We hypothesised that
(i) soil cover constitutes the determinant factor of crop growth and yield, and (ii) the efficacy of
microbial biofertilisers is strictly context-dependent, becoming evident only under specific
combinations of soil cover and inoculant.

2. Materials and Methods

2.1. Experimental Site and Edaphoclimatic Conditions

The study was conducted from November 2024 to September 2025, in the district of Jaén
(province of Jaén, Cajamarca region, Peru), located in a transitional zone between the northern
highlands and the high jungle. The experimental site lies at an altitude of 720-900 m.a.s.l. within the
middle basin of the Marafién River, an area characterised by undulating to rugged terrain, inter-
Andean valleys, river terraces, and moderate to steep slopes [16]. The local climate is semi-arid, warm
and humid throughout the year, with mean temperatures ranging from 29 to 33 °C and annual
precipitation between 900 and 1200 mm, according to the Peruvian National Meteorological and
Hydrological Service (SENAMHI) [17]. This seasonal pattern strongly influences soil moisture
dynamics throughout the year.

Soils in the study area are highly heterogeneous. At the regional scale, associations of Andosols,
Cambisols, Fluvisols, Regosols, and Leptosols predominate [16]. Within the experimental plot, initial
physicochemical analyses indicated a sandy clay loam soil texture [18,19], with a pH of 8.0, electrical
conductivity of 14.9 mS:m™, 3.4% organic matter, 1.7 mg-g! total nitrogen, 13.87 mg-kg™ available
phosphorus, 206.6 mg-kg? available potassium, and 2.09% equivalent calcium carbonate. This
combination of soil properties confers moderate water-retention capacity and adequate drainage,
making it representative of the edaphic conditions under which tropical crops are commonly
established in the region.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The soil at the study site in the district of Jaén, Cajamarca region, exhibits a sandy clay loam
texture, reflecting a balanced proportion of sand, silt, and clay that is generally favourable for
agricultural production. Based on available soil information and in the absence of a detailed
description of diagnostic horizons, the soil is provisionally classified as an Inceptisol according to the
USDA Soil Taxonomy. This order comprises soils with incipient pedogenic development and limited
horizon differentiation, which are widely distributed in tropical and subtropical agricultural regions
[20]. Under the World Reference Base for Soil Resources (WRB) system, the studied soil is classified
as Cambisol, a reference soil group representing young to moderately developed soils common in
mountainous and cultivated areas of the Andean region of Peru [21].
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Figure 1. Geographic location of the experimental site. Study area: 48.5 x 45.5 m2. UTM coordinates (WGS84): E
=746,342.4; N = 9,372,050.15; altitude = 645 m.a.s.l.

2.2. Experimental Design and Treatments

The experiment was established using a randomised complete block design with three blocks
and nine treatments. Each treatment comprised an experimental plot with 14 papaya plants, yielding
a total of 27 plots and 378 plants across the experiment. Each plant constituted an independent
experimental unit. To minimise edge effects, only the central plants within each plot were used for
data collection. Two experimental factors were evaluated: soil cover (bare soil, living cover of
Canavalia ensiformis, and senescent cover) and microbial biofertilisers (Bacillus subtilis, Pseudomonas
putida, and Trichoderma viride).

Table 1. Experimental treatments in the papaya field trial.

Treatment code Soil cover Biofertiliser Repetitions
T1 Bare soil Bacillus subtilis 3
12 Bare soil Pseudomonas putida 3
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T3 Bare soil Trichoderma viride 3
T4 Living cover (Canavalia ensiformis) Bacillus subtilis 3
T5 Living cover (Canavalia ensiformis) Pseudomonas putida 3
T6 Living cover (Canavalia ensiformis) Trichoderma viride 3
T7 Senescent cover (leaf litter) Bacillus subtilis 3
T8 Senescent cover (leaf litter) Pseudomonas putida 3
T9 Senescent cover (leaf litter) Trichoderma viride 3

2.3. Crop Establishment and Management

2.3.1. Plant Material and Sowing

Certified seeds of the hybrid papaya variety Sinta F1 were obtained and soaked in water for 48
h before sowing. Seeds were sown in polyethylene nursery bags containing a substrate composed of
soil, compost, and biochar in a 3:2:1 ratio, respectively. Germination commenced approximately 10
days after sowing, and seedlings were maintained under regular irrigation until they reached a height
of 15-20 cm within 45 days. Subsequently, papaya seedlings were transplanted to the field at a
spacing of 2.5 m between plants and 3.0 m between furrows.

2.3.2. Establishment and Management of Soil Cover

The senescent cover, composed of cocoa leaf litter and rice straw, was applied one week after
the papaya plants were sown.

The living cover, consisting of Canavalia ensiformis, was also established one week after papaya
plants were sown to prevent excessive growth that could otherwise overtop or suppress the papaya
plants’ growth. Canavalia was sown at 40 cm spacing between papaya plants, in accordance with the
experimental treatments. The senescent cover was applied as a uniform mulch layer approximately
5 cm thick. The living cover was established at an average density of approximately 9 plants'm2 and
was managed through periodic cutting to minimise direct competition with papaya.

2.3.3. Preparation and Application of Biofertilisers

The microbial biofertilisers, supplied by the National Institute of Agrarian Innovation (INIA),
consisted of fermented broth formulations of Bacillus subtilis strain BAC F (NCBI accession:
MT982637), Pseudomonas putida strain P3 (NCBI accession: MT982624), and Trichoderma viride strain
INIA (isolated from the INIA strain bank) [22]. The initial concentration of each formulation was 1 x
108 CFU-mL.

For each application, 1 L of each fermented broth was diluted separately in 200 L of water, with
2 kg of sugar added as a readily available carbon source to stimulate microbial activity. This
procedure yielded an application suspension with a final concentration of approximately 1 x 10¢
CFU-mL™ for each microorganism. Sugar was added uniformly across all inoculated treatments to
enhance microbial activity and, therefore, does not represent a confounding factor in treatment
comparisons.

Two sequential applications were performed: the first at 15 days after transplanting (DAT) and
the second at 90 DAT (approximately three months later). At each inoculation, a uniform volume of
1.5 L of the respective microbial suspension was applied per plant as a soil drench around the root
collar, ensuring effective distribution within the rhizosphere.

2.3.4. Baseline Soil Management and Fertilisation

All plots received uniform agronomic management during the experimental period. Fertigation
was applied every 15 days using urea (2,349 kg), diammonium phosphate (2,833 kg) and potassium
chloride (3,422 kg), which were diluted in a tank with a capacity of 2,500 L of water, in accordance
with local technical recommendations for papaya cultivation. This baseline management was
implemented to ensure that the differences observed among the evaluated variables were attributable
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https://doi.org/10.20944/preprints202602.2033.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 February 2026 d0i:10.20944/preprints202602.2033.v1

5 of 18

exclusively to the soil cover and biofertilisation treatments, and not to variations in nutrient
availability.

2.4. Response Variables and Monitoring

2.4.1. Vegetative Growth and Development Variables

Plant height and stem diameter were measured monthly for 7 months (November 2024 to May
2025) following papaya plant sowing. Plant height was recorded using a measuring tape, and stem
diameter was measured with a Mitutoyo digital vernier calliper.

Leaf number was recorded monthly for 5 months (November 2024 to March 2025), as lower
leaves were pruned after March to improve canopy aeration and crop management.

2.4.2. Reproductive and Yield Variables

The number of flowers was recorded monthly over six months (December 2024 to May 2025).
The number of fruits was assessed monthly over five months (January 2025 to May 2025). Yield was
evaluated from May to September 2025. Fruits were harvested at marketable physiological maturity
and weighed individually, and yields were quantified for each experimental treatment.

2.5. Data Analysis

Growth data evaluated at each sampling period were analysed using generalised linear mixed
models (GLMMs), whereas final yield variables were analysed using generalised linear models
(GLMs). In both cases, parameter estimation was performed using the glmmTMB package [23].
Statistical model selection was based on the Akaike information criterion (AIC) using the MuMIn
package [24]. Model validation was conducted using the DHARMa package [25], assessing the
assumptions of residual uniformity, absence of dispersion, homogeneity of variances, and absence of
outliers. Subsequently, estimated marginal means were calculated using the emmeans package [26].
Statistical significance was evaluated at o = 0.05, and multiple comparisons were adjusted using the
False Discovery Rate (FDR) correction method, which controls the expected proportion of false
positives while maintaining adequate statistical power under multiple testing conditions [27].

Additionally, principal component analysis (PCA) was performed using the FactoMineR package
[28] after standardising the variables. The number of retained components was determined based on
the Kaiser criterion (eigenvalues > 1) [29] and visual inspection of the sedimentation plot [30].
Component scores were plotted in a Cartesian plane, with variables and treatments simultaneously
projected in a biplot, enabling examination of multivariate associations and identification of
treatments associated with high or low values of the response variables.

All analyses were conducted using R software (version 4.5.0) [31] together with the RStudio
development environment [32] for data processing and analysis. Both tools are freely available; R is
open-source, and RStudio provides an environment that facilitates project management and the use
of specialised packages for statistical analysis and data visualisation.

Variables evaluated at multiple time points were analysed using generalised linear mixed
models (GLMMs), with plant and evaluation time included as random effects. Final yield variables
were analysed using generalised linear models (GLMs). Model selection was based on Akaike’s
Information Criterion (AIC), and the significance of fixed effects was assessed using likelihood ratio
tests.

3. Results

3.1. Temporal Dynamics of Vegetative Development

Stem diameter growth in Carica papaya L. exhibited pronounced temporal variation, with
significant differences among treatments primarily observed during the early stages of development

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.2033.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 February 2026 do0i:10.20944/preprints202602.2033.v1

6 of 18

(Figure 2). During the initial period (7-36 days after intervention), the greatest increases in diameter
were recorded in treatments with living and senescent cover, whereas treatments without cover (bare
soil) generally showed lower growth rates. Between 36 and 67 days, differences among treatments
diminished, although some covered treatments maintained higher values than uncovered treatments.
From 67 days onward, stem diameter growth tended to become progressively homogenised, and no
significant differences were detected between treatments from 98 to 187 days, indicating stabilisation
of radial stem growth.

A similar pattern was observed for longitudinal growth (Figure 3). During the early
developmental stages (7-36 and 36-67 days), significant differences among treatments were
observed, with greater increases primarily associated with living cover treatments. However, from
67 days onward, longitudinal growth was statistically homogeneous among treatments, with
occasional differences of low magnitude during intermediate periods and complete convergence
toward the end of the evaluation period.
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T01, T02, and TO03 corresponded to plots without cover, inoculated with the microbial
biofertilisers Bacillus subtilis, Pseudomonas putida, and Trichoderma viride, respectively. T04, T05, and
T06 included living cover with Canauvalia ensiformis combined with the same biofertilisers in the
indicated order. T07, T08, and T09 incorporated senescent cover (leaf litter) together with the
microbial biofertilisers in the same order.
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Figure 3. Longitudinal growth of Carica papaya L. across different evaluation periods. Different letters among
treatments indicate significant differences within each evaluation period at a significance level of 0.05, based on

the FDR multiple comparison correction.

3.2. Leaf Development and Reproductive Transition

The number of flowers exhibited temporal fluctuations throughout the evaluation period (Figure
4). During the initial flowering stage (36-67 days) and the intermediate stage (98-126 days),
treatments associated with soil cover showed greater increases compared with other treatments,
whereas during the adjacent periods (67-98 days and 126-157 days), flower production increase was
largely homogeneous across treatments. In the final period (157-187 days), a generalised decline in
flower number was observed across all treatments, indicating a similar magnitude of flower loss
regardless of the management strategy applied.

Regarding the number of leaves (Figure 5), a heterogeneous response pattern was observed
during the early stages of vegetative development. During the initial periods (7-36 and 36-67 days),
the largest increases in the number of leaves were primarily associated with treatments with living
cover, whereas treatments without cover tended to exhibit the lowest values. In later stages (67-126
days), differences among treatments persisted at specific time points, although no consistent pattern
was observed toward the end of the evaluation period.
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Figure 4. Increase in the number of flowers of Carica papaya L. across different evaluation periods. Different
letters among treatments indicate significant differences within each evaluation period at a significance level of

0.05, based on the FDR multiple comparison correction.
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3.3. Global Significance Analysis of the Evaluated Factors

Analysis using generalised linear mixed models (GLMMs) identified significant effects of the
evaluated factors on the growth variables of Carica papaya L. throughout the experimental period. Soil
cover, microbial biofertiliser, and time had different effects across the analysed variables.

Significant three-way interactions (cover x biofertilizer x time) were detected for stem diameter,
length, number of leaves, and number of flowers (p <0.05), indicating that crop responses varied over
time depending on the combination of these factors. In contrast, the number of fruits did not exhibit
a significant three-way interaction (p > 0.05); however, it showed a significant interaction between
cover and time (p < 0.05) as well as a significant main effect of microbial biofertilizer (p < 0.05), as
detailed in Table 2.

The inclusion of random effects associated with plant and time improved model fit primarily for
the number of fruits, whereas for the remaining variables, the variability attributable to these random
effects was low relative to the fixed effects.

For variables evaluated at the final measurement (stem diameter, plant length, number of leaves,
number of flowers, number of fruits, and fruit weight), analysis of variance (ANOVA) indicated that
soil cover had a significant effect on all analysed variables (p < 0.05), whereas microbial biofertiliser,
when considered independently, showed no significant effects (p > 0.05). However, the interaction
between soil cover and microbial biofertiliser was significant for stem diameter and number of leaves
(p <0.05) and showed marginal trends for plant length and fruit weight (p <0.1), as detailed in Table
3.

Table 2. ANOVA of longitudinal growth of Carica papaya L.

Stem diameter Plant  Number of Number of Number of
Factors .
(cm) length (cm) flowers fruits leaves
Fixed effects (p-values)

Block 0.00 0.00 0.17 0.00 0.00
Cover 0.00 0.01 0.64 0.00 0.00
Biofertiliser 0.12 0.00 0.51 0.04 0.18
Days 0.00 0.69 0.00 0.00 0.00
Cover * Biofertiliser 0.00 0.00 0.00 0.41 0.00
Cover * Days 0.24 0.30 0.28 0.04 0.00

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Biofertiliser * Days 0.27 0.00 0.81 0.68 0.15
Cover * Biofertiliser * Days 0.00 0.03 0.01 0.19 0.00
Distribution selection
Distribution T T T Normal T
Link Identity Identity  Identity = Identity  Identity
Akaike Information Criterion (AIC) 17983 17237 9790 9315 9147
Random effects ()
Plant 0.00 0.00 0.00 0.68 0.00
Intercept
Days 0.00 0.00 - 1.00 0.00

*C-M-P: Conway-Maxwell-Poisson distribution.

3.4. Multivariate Validation Using Principal Component Analysis

Principal component analysis (PCA) explained 82% of the total variance in the dataset across the
first two components (Figure 6). The first principal component consistently accounted for the growth
and production variables evaluated, including leaf number, stem diameter, plant length, fruit
number, flower number, and fruit weight.

The projection of treatments onto the factorial plane (Figure 6B) revealed a clear separation
between plots with soil cover and those without cover. Treatments without cover (T01-T03) clustered
in the region associated with relatively low values of the number of leaves, stem diameter, plant
length, and number of fruits. In contrast, treatments with living cover (T04-T06) and senescent cover
(T07-T09) clustered in the region associated with higher values of these variables, as well as higher
numbers of flowers and greater fruit weight, regardless of the microbial biofertilizer applied.
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Carica papaya L. to axis formation. ® Biplot of plant and fruit traits of Carica papaya L. T01, T02, and TO03
correspond to plots without cover, inoculated with the microbial biofertilisers Bacillus subtilis, Pseudomonas
putida, and Trichoderma viride, respectively. T04, T05, and T06 include living cover with Canavalia ensiformis
combined with the same biofertilisers in the indicated order. T07, T08, and T09 incorporate senescent cover (leaf

litter) together with the aforementioned biofertilisers in the same order.

3.5. Fruit Production and Weighted Yield

The number of fruits of Carica papaya L. showed a differentiated response throughout the
experimental period depending on soil cover type (Figure 7A). Between 67 and 157 days after
intervention, treatments with living and senescent cover exhibited significantly greater increases in
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the number of fruits compared with plots without cover. In contrast, during the final evaluation
period (157-187 days), increases in the number of fruits were statistically homogeneous across the
three soil cover types evaluated.

When the number of fruit increments was analysed according to the type of microbial
biofertilizer applied (Figure 7B), no significant differences were detected among treatments
throughout the experimental period.

12
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Days after the intervention Biofertilisers

Figure 7. Increase in the number of fruits of Carica papaya L. across different evaluation periods and biofertilisers.
BS: Bare soil (without cover); SC: Senescent cover; LC: Living cover; Bs: Bacillus subtilis; Pp: Pseudomonas putida;
Tv: Trichoderma viride. ® Comparison of the number of fruit increments within each evaluation period;
comparison of the number of fruit increments among the three microbial biofertiliser types. Different letters

indicate significant differences at the 5% significance level using the FDR correction method.

Post hoc multiple comparisons following ANOVA revealed significant differences among
specific treatments, even when interactions between living cover and microbial biofertilizer were not
significant in the overall model (Table 4). At the final measurement, treatments with soil cover
generally exhibited higher values for stem diameter, plant length, number of flowers, number of
fruits, number of leaves, and yield compared with treatments without cover.

Within the soil-cover treatments, specific differences associated with the type of microbial
biofertiliser were observed; however, these treatments clustered statistically, with comparable values
among themselves and consistently higher than those of plots without cover. In contrast, treatments
without cover exhibited the lowest values for most evaluated variables, whereas some treatments
showed intermediate responses between the two groups (Table 4).

Table 4. Adjusted means of plant and fruit traits of Carica papaya L.

Factors Stem diameter Plantlenght Number of Number of Number of Fruit weight

(cm) (cm) flowers fruits leaves (kg)

TO1 (BS — Bs) 156.86d 195.00c 49.62¢ 36.76¢cd 38.03d 309.87¢

T02 (BS - Pp) 170.85bc 198.52bc 54.34ab 37.66bcd 43.9ab 408.13abc
T03 (BS - Tv) 165.05cd 193.68c 53.42b 36.36d 38.93cd 336.93bc
T04 (LC - Bs) 171.12bc 204.4ab 54.69ab 46.23a 44.18ab 485.19a

T05 (LC - Pp) 171.12bc 209.35a 55.07ab 41.06abcd 42.03bc 413.56abc
T06 (LV - Tv) 182.23a 204.56ab 57.15ab 42.32ab 45.11ab 432.24ab
T07 (SC - Bs) 175.97ab 208.70a 54.77ab 42.07abc 45.77ab 379.84abc
T08 (SC - Pp) 172.23bc 204.36ab 56.07ab 41.68abc 44.93ab 413.16abc
T09 (SC - Tv) 172.1abc 212.03a 57.89a 43.81a 46.52a 444 .88ab
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BS: Bare soil (without cover); LC: Living cover (Canavalia ensiformis); SC: Senescent cover (leaf litter); Bs: Bacillus
subtilis; Pp: Pseudomonas putida; Tv: Trichoderma viride. Different letters indicate significant differences at the 5%
significance level using the FDR correction method.

3.6. Interactions Between Living Cover and Microbial Biofertilizer

Simple effects analysis revealed differential responses of microbial biofertilisers across soil cover
types (Figure 8). In plots with senescent cover, the three evaluated microbial biofertilisers showed
similar responses across the agronomic variables analysed. In plots with living cover, specific
differences among biofertilisers were observed, with greater stem diameter associated with
treatments inoculated with Trichoderma viride. In the absence of cover, treatments inoculated with
Pseudomonas putida were associated with higher values of stem diameter, number of flowers, and
number of leaves, as well as greater fruit weight, although the latter did not reach statistical

significance.
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Figure 8. Estimated means of morphological and productive traits of papaya. Comparisons are based on simple
effects, where different letters (a, b) indicate significant differences in morphological and productive traits among
microbial biofertilisers within each soil cover type. Bar colours represent microbial biofertiliser types: red =

Bacillus subtilis, green = Pseudomonas putida, and blue = Trichoderma viride.

4. Discussion

The results of this study demonstrate that soil cover management is the primary structuring
factor influencing the response of Carica papaya L. under field conditions, consistently outweighing
the isolated effects of microbial biofertilisers. Although the evaluated microbial biofertilisers
exhibited specific effects, their efficacy was strongly dependent on the edaphic context created by soil
cover, which explains the variability observed among treatments and evaluation periods. This
finding is consistent with recent evidence indicating that the effectiveness of microbial biofertilisers
in real agricultural systems is largely mediated by the physical, chemical, and biological conditions
of the soil rather than by the intrinsic properties of the applied inoculants. In this context, the present
study provides field-based experimental evidence supporting a hierarchical approach to
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agroecosystem management, in which soil habitat modification is a prerequisite for maximising the
benefits of microbial biofertilisers in tropical fruit crops.

4.1. Soil Cover as a Structuring Factor of the Production System

The overall analysis showed that, among the fixed factors evaluated, microbial biofertilisation
had a limited effect on most variables, whereas soil cover exerted a significant influence on most
variables. Likewise, the interaction between these factors, evaluated both globally and across
evaluation periods, significantly affected stem diameter and plant length, as well as increases in the
number of leaves and flowers, except for the number of fruits. Collectively, these results indicate that
soil cover is the primary regulator of the agronomic performance of Carica papaya L. under the
conditions of the present study.

Soil cover may function as an edaphic regulator by reducing water losses through evaporation
and maintaining higher moisture levels in the surface soil profile, thereby promoting vegetative crop
development [33]. In contrast, biofertilisers play a modulatory role in the rhizosphere by enhancing
nutrient bioavailability, inducing phytohormone synthesis, and strengthening plant-microorganism
interactions [7]. However, their performance under field conditions is often variable, highlighting the
need for standardised formulation and application protocols [34].

4.2. Temporal and Individual Variability: Interpretation of Random Effects

Regarding random effects, both plant identity and evaluation time significantly affected the
number of flowers, whereas other variables were less influenced by these factors. This pattern
suggests that the observed variability reflects, on the one hand, individual differences among plants
and, on the other, environmental fluctuations along the growth cycle, including temperature,
humidity, and nutrient availability. Kumar et al. [35] indicate that these factors can modulate
phenotypic expression in papaya, although genetic variability remains a key determinant of fruit
yield and quality.

4.3. Final Yield: Hierarchy of Effects Between Soil Cover and Biofertilisation

In the variables evaluated at the end of the production cycle (stem diameter, plant length,
number of flowers, number of fruits, number of leaves, and fruit weight), soil cover was confirmed
as the main factor explaining plant responses. Microbial biofertilisation applied in isolation had
limited effects, primarily influencing stem diameter and leaf number, and produced only marginal
effects on plant length and fruit weight when interacting with soil cover. These results are consistent
with those reported by Gaat et al. [33], who observed that straw mulch significantly enhanced plant
growth even under irrigated conditions, suggesting that soil cover improves water-use efficiency by
reducing evaporation and preserving soil moisture. Similar effects have been documented in other
agricultural systems [36,37].

4.4. Multivariate Validation: Structural Coherence of Treatments

Principal component analysis confirmed that both soil cover and microbial biofertilisers
influenced the phenotypic characteristics of Carica papaya L.; however, the most consistent and robust
separation was observed between plots with and without soil cover. Treatments without cover (T01-
T03) were associated with lower growth and yield values, whereas treatments with living or
senescent cover (T04-T09) clustered with higher values across the evaluated variables. These findings
are consistent with those reported by Patel and Ramdevputra [36], who documented significant
improvements in vegetative parameters under cover systems, even when combined with different
fertilisation strategies. Taken together, the PCA results reinforce the hypothesis that soil cover
constitutes the primary structural axis of the production system.

4.5. Temporal Windows of Response and Early Crop Establishment
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The temporal patterns observed for stem diameter and plant length indicate that treatment
effects are not uniform across the phenological cycle but instead emerge during specific windows of
heightened sensitivity, particularly in the early stages of cultivation. Soil cover-induced modification
of the edaphic microhabitat enhances water retention and moderates soil temperature, thereby
creating favourable conditions for root establishment and nutrient uptake [38,39]. During these initial
stages, intensified root growth and cell division stimulate the release of root exudates, such as organic
compounds, which function as chemical signals that promote microbial recruitment and facilitate
nutrient mobilisation in the rhizosphere [40—43].

Under this scenario, the combination of soil cover and inoculation with Trichoderma viride
promoted enhanced initial growth, particularly in stem diameter and plant length. This response is
likely associated with phosphorus solubilisation mechanisms and the synthesis of phytohormones
such as auxins [44,45]. Living cover extends beyond its physical role in thermal regulation; studies
by Lombardi et al. [46] have demonstrated that root exudates actively attract Trichoderma spp. and
serve as a readily available energy substrate. This continuous input of labile carbon favours fungal
proliferation and increases its biological effectiveness. In contrast, senescent cover provides a more
chemically complex carbon source, which limits its immediate availability and may constrain the
short-term performance of the microbial biofertiliser.

4.6. Attenuation of Effects and Stabilisation of the Edaphic System

In later stages of development, differences among treatments tended to diminish, coinciding
with the development of a deeper and more efficient root system that could explore larger soil
volumes. This pattern suggests a progressive balance between the native soil microbiota and the
inoculated microorganisms [47,48], a phenomenon widely documented in studies on biological soil
management [49].

4.7. Context Dependency: Interpretation of Key Interactions

The central finding of this study is not the absence of a main effect of microbial biofertilisers, but
rather the presence of significant interactions between soil cover type and microbial biofertilisation.
These interactions demonstrate that the effectiveness of microbial biofertilisers is strongly context-
dependent [13]. Under living cover, Trichoderma viride showed a significant advantage in stem
growth, likely promoted by the continuous supply of root exudates from Canavalia ensiformis, which
serve as readily available energy substrates supporting its metabolic activity [50,51]. In contrast,
Pseudomonas putida exhibited a superior response in soils without cover, possibly due to its greater
metabolic versatility and higher tolerance to abiotic stress [52]. In the absence of the physical and
microclimatic protection provided by soil cover, plant performance may rely on stress-tolerant
bacteria that enhance nutrient acquisition under suboptimal conditions [53]. Finally, under senescent
cover, the abundance of structural carbon derived from leaf litter may have induced a microbial
saturation effect, thereby attenuating functional differences among the microbial biofertilisers [54].

4.8. Agronomic Implications and Management Hierarchy

The results indicate that the implementation of cover crops is a priority and decisive strategy for
maximising papaya yields. The application of microbial biofertilisers in the absence of a favourable
soil environment is both inefficient and economically risky [55]. Once an adequate habitat has been
established through soil cover, the selection of microbial biofertilisers can provide specific and
incremental benefits. This approach redefines the sequence of agroecological management,
positioning the soil as a primary environmental filter that conditions the effectiveness of biofertilisers
by regulating microclimatic conditions and resource availability [56,57]. Accordingly, this hierarchy
of effects should be considered the central axis for the development of technical recommendations
and policy guidelines aimed at sustainable agriculture based on ecological processes.

4.9. Limitations
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Despite the statistical robustness of the experimental design, based on generalised linear mixed
models (GLMM), several limitations should be acknowledged. First, the results are specific to sandy
clay loam soils with slightly alkaline pH, and therefore may not be directly transferable to other
edaphic contexts. Under different soil conditions, the competitive dynamics between microbial
biofertilisers and native microbial communities may vary substantially. Second, the absence of direct
measurements of soil microbial activity and root exudate composition required that the underlying
biochemical mechanisms be inferred from existing literature rather than empirically verified. Future
research should incorporate direct assessments of microbial community structure and function,
including metagenomic or metatranscriptomic approaches, to determine whether the applied
microbial biofertilisers establish persistent colonisation or merely induce transient stimulation effects.

5. Conclusions

This study demonstrates that soil cover is the dominant factor regulating the growth,
production, and yield of Carica papaya L. under field conditions, widely surpassing the isolated effects
of the applied microbial biofertilisers. Crop performance followed a distinct hierarchy of effects, in
which the establishment of a favourable edaphic habitat through soil cover was crucial for enhancing
the agronomic performance of the system.

Both living (Canavalia ensiformis) and senescent (leaf litter) soil coverings consistently increased
stem diameter and plant length, as well as the number of leaves, flowers, and fruits, and overall
weighted yield compared with bare soil. These effects were most pronounced during the early stages
of cultivation, when the root system is highly sensitive to soil conditions and to the availability of
water and nutrients.

Microbial biofertilisers did not exhibit a significant main effect on final yield; however, their
effectiveness was conditional on both the type of soil cover and the stage of the crop cycle. Under
living cover, Trichoderma viride promoted greater early vegetative growth, whereas Pseudomonas
putida showed a comparatively better response in soils without cover. In contrast, under senescent
cover, the three microbial inoculants evaluated displayed comparable performance.

These results provide empirical evidence of the context-dependent nature of biofertiliser
efficacy, confirming that their performance is not an intrinsic property of the inoculant itself, but
rather an emergent outcome of its interaction with the soil-plant-management system.
Consequently, the key question for agronomic decision-making is not which biofertiliser is inherently
superior, but under which soil and management conditions its potential can be effectively expressed.

From an applied perspective, these results indicate that the implementation of soil covers should
be considered a priority and structural strategy in papaya production systems, whereas microbial
biofertilisers use should be deployed as a complementary and context-specific tool. This hierarchical
approach of agronomic management reduces production risk and enhances the efficiency and
predictability of biologically based practices under field conditions.

Overall, this study provides both a conceptual and practical framework for the design of
agroecological management strategies in papaya, highlighting the need to integrate soil conservation
practices with the rational and context-dependent use of microbial biofertilisers to achieve more
efficient, resilient, and sustainable production systems.

Author Contributions: Conceptualisation, ].C.R. y R.S.; methodology, C.U.S., N.H. y A.C-C,; software, U.A.P.;
validation, U.A.P.; formal analysis, U.A.P.; investigation, ].C.R. y R.S; resources, R.S. y ].C.R; data curation,
U.A.P. y RS,; writing—original draft preparation, ].C.R., C.U.S.,, N.H. y A.C-C.; writing—review and editing,
RS, N.H,, C.U.S. y A.C-C,; visualisation, U.A.P.; supervision, R.S. y J].C.R; project administration, R.S.; funding

acquisition, R.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the INIA project “Mejoramiento de los servicios de investi-gaciéon y
transferencia tecnoldgica en el manejo y recuperacion de suelos agricolas degradados y aguas para riego en la
pequefia y mediana agricultura en los departamentos de Lima, Ancash, San Martin, Cajamarca, Lambayeque,

Junin, Ayacucho, Arequipa, Puno y Ucayali” CUI 2487112.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.2033.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 February 2026 d0i:10.20944/preprints202602.2033.v1

15 of 18

Data Availability Statement: The raw data supporting the conclusions of this article will be made available by

the authors on request.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Shanmugam, V.; Kumar, V.; Peramaiyan, P.; Sundaram, R.M. Continental Variations in Fertilizer Use and
Efficiency Call for Judicious Fertilization to Ensure Agricultural Sustainability and Environmental Safety.
Next Research 2025, 2, 100476, d0i:10.1016/j.nexres.2025.100476.

2. Wu,J;Cao, Y,; Chen, Z,; Wu, F. Mixed Triticum Aestivum and Vicia Sativa Cover Crops and Biofertilizers
Improve Growth of Continuous Cropping Apium Graveolens by Altering Soil Chemistry and Rhizosphere
Bacterial Communities. Ind. Crops Prod. 2025, 237, 122106, d0i:10.1016/j.indcrop.2025.122106.

3. Kader, M.A;; Singha, A.; Begum, M.A.; Jewel, A.; Khan, F.H.; Khan, N.I. Mulching as Water-Saving
Technique in Dryland Agriculture: Review Article. Bulletin of the National Research Centre 2019 43:1 2019, 43,
147-, d0i:10.1186/s42269-019-0186-7.

4. Kocira, A.; Staniak, M.; Tomaszewska, M.; Kornas, R.; Cymerman, J.; Panasiewicz, K.; Lipiriska, H. Legume
Cover Crops as One of the Elements of Strategic Weed Management and Soil Quality Improvement. A
Review. Agriculture 2020, Vol. 10, Page 394 2020, 10, 394, doi:10.3390/agriculture10090394.

5. Ding, K; Chen, L.; Zhang, Y.; Ge, S.; Zhang, Y.; Lu, M,; Shen, Z,; Tong, Z.; Zhang, ]J. Long-Term Cover
Crops Boost Multi-Nutrient Cycling and Subsurface Soil Carbon Sequestration by Alleviating Microbial
Carbon  Limitation in a  Subtropical Forest. Catena  (Amst). 2024, 244, 108252,
doi:10.1016/j.catena.2024.108252.

6. Daniel, A.L; Fadaka, A.O.; Gokul, A.; Bakare, O.O.; Aina, O.; Fisher, S.; Burt, A.F.; Mavumengwana, V.;
Keyster, M.; Klein, A. Biofertilizer: The Future of Food Security and Food Safety. Microorganisms 2022, Vol.
10, Page 1220 2022, 10, 1220, d0i:10.3390/microorganisms10061220.

7. Timofeeva, A.M.; Galyamova, M.R,; Sedykh, S.E. Plant Growth-Promoting Soil Bacteria: Nitrogen Fixation,
Phosphate Solubilization, Siderophore Production, and Other Biological Activities. Plants 2023, Vol. 12, Page
4074 2023, 12, 4074, doi:10.3390/plants12244074.

8.  Liu, X,; Le Roux, X; Salles, ]J.F. The Legacy of Microbial Inoculants in Agroecosystems and Potential for
Tackling Climate Change Challenges. iScience 2022, 25, 103821, doi:10.1016/j.isci.2022.103821.

9.  Maria Diaz-Rodriguez, A.; Parra Cota, F.I; Alberto, L.; Chavez, C.; Fernando, L.; Ortega, G.; Alvarado, L.E,;
Santoyo, G.; De Los Santos-Villalobos, S.; Borlaug-Inifap, N.E.; et al. Microbial Inoculants in Sustainable
Agriculture: Advancements, Challenges, and Future Directions. Plants 2025, Vol. 14, Page 191 2025, 14, 191,
doi:10.3390/plants14020191.

10. Rudgers, J.A.; Afkhami, M.E.; Bell-Dereske, L.; Chung, Y.A.; Crawford, K.M.; Kivlin, S.N.; Mann, M.A ;
Nufiez, M.A. Climate Disruption of Plant-Microbe Interactions. Annu. Rev. Ecol. Evol. Syst. 2020, 51, 561—
586, doi:10.1146/annurev-ecolsys-011720-090819.

11.  Neuhoff, D.; Neumann, G.; Weinmann, M. Testing Plant Growth Promoting Microorganisms in the Field -
a Proposal for Standards. Front. Plant Sci. 2023, 14, 1324665, d0i:10.3389/fpls.2023.1324665.

12. Wang, Z.; Fu, X,; Kuramae, E.E. Insight into Farming Native Microbiome by Bioinoculant in Soil-Plant
System. Microbiol. Res. 2024, 285, 127776, doi:10.1016/j.micres.2024.127776.

13. Lahijanian, S.; Schmidt, J.; Feuerstein, U.; Polle, A. Effects of Cover Crops and Microbial Inoculants in
Different Farming Systems on Soil Microbial Communities and Yield of Maize. Biology and Fertility of Soils
2025 61:7 2025, 61, 1165-1182, doi:10.1007/s00374-025-01929-x.

14. Kumar, V,; Singh, V.K,; RANI Radha Foundation, T.; Vigyan Kendra, K. Influence of Nitrogen, Potassium
and Their Interaction on Growth and Phenology of Papaya Cv. Pusa Dwarf. ]. Crop and Weed 13.

15. Srikantharajah, N.; Pakeerathan, K.; Mikunthan, G. Fungicide-Free Management of Papaya Anthracnose
(Colletotrichum Gloeosporioides Penz.) Disease Using Combined Bio-Rationales and Bee Wax in Organic
Agriculture. Biology and Life Sciences Forum 2021, Vol. 4, Page 16 2020, 4, 16, doi:10.3390/iecps2020-08906.

16. Wilfredo, I; Rojas, P.; German, I.; Alcantara Bofiéon, H. ESTUDIO DE SUELOS Y CAPACIDAD DE USO
MAYOR DEL DEPARTAMENTO DE CAJAMARCA. 2010.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.2033.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 February 2026 d0i:10.20944/preprints202602.2033.v1

16 of 18

17. SENAMHI - Mapa Climatico Del Peru Available online: https://www.senamhi.gob.pe/?p=mapa-climatico-
del-peru (accessed on 5 February 2026).

18. Nachtergaele, F. Soil Taxonomy—a Basic System of Soil Classification for Making and Interpreting Soil
Surveys: Second Edition, by Soil Survey Staff, 1999, USDA-NRCS, Agriculture Handbook Number 436,
Hardbound. Geoderma 2001, 99, 336-337, d0i:10.1016/s0016-7061(00)00097-5.

19. Salgado Veramendi, N.; Ottos Diaz, E. Manual Técnico: Interpretacion de Andlisis de Suelos, Cdlculos de Encalado
y Fertilizacién Para Los Cultivos de Café y Cacao; Instituto Nacional de Innovacion Agraria (INIA), 2025; ISBN
978-9972-44-182-0.

20. Keys to Soil Taxonomy | Natural Resources Conservation Service Available online:
https://www.nrcs.usda.gov/resources/guides-and-instructions/keys-to-soil-taxonomy (accessed on 5
February 2026).

21. TUSS Working Group WRB (2015) World Reference Base for Soil Resources 2014, Update 2015 International
Soil Classification System for Naming Soils and Creating Legends for Soil Maps. World Soil Resources
Reports, 106, FAO, Rome, 203  p. - References - Scie... Available  online:
https://www.scirp.org/reference/referencespapers?referenceid=3126224 (accessed on 5 February 2026).

22. Solérzano-Acosta, R.A.; Quispe, K.R. Assessing the Role of Field Isolated Pseudomonas and Bacillus as
Growth-Promoting Rizobacteria on Avocado (Persea Americana) Seedlings. Journal of Sustainable
Agriculture and Environment 2024, 3, 12114, doi:10.1002/sae2.12114.

23. Brooks, M.E.; Kristensen, K.; van Benthem, K.J.; Magnusson, A.; Berg, C.W.; Nielsen, A.; Skaug, H.J.;
Machler, M.; Bolker, B.M. GImmTMB Balances Speed and Flexibility among Packages for Zero-Inflated
Generalized Linear Mixed Modeling. R Journal 2017, 9, 378-400, doi:10.32614/rj-2017-066.

24. Barton, K. Multi-Model Inference [R Package MuMIn Version 1.48.11]. CRAN: Contributed Packages 2025,
doi:10.32614/CRAN.package. MuMIn.

25. Package “DHARMa” Title Residual Diagnostics for Hierarchical (Multi-Level / Mixed) Regression Models.
2025.

26. Estimated Marginal Means, Aka Least-Squares Means ¢ Emmeans Available online:
https://rvlenth.github.io/emmeans/ (accessed on 5 February 2026).

27. Benjamini, Y.; Hochberg, Y. On the Adaptive Control of the False Discovery Rate in Multiple Testing with
Independent  Statistics.  Journal of Educational and Behavioral —Statistics 2000, 25, 60-83,
doi:10.3102/10769986025001060.

28. Lg,S.; Josse, J.; Husson, F. FactoMineR: An R Package for Multivariate Analysis. ]. Stat. Softw. 2008, 25, 1-
18, doi:10.18637/jss.v025.i01.

29. Kaiser, H.F. The Application of Electronic Computers to Factor Analysis. Educ. Psychol. Meas. 1960, 20, 141—
151, d0i:10.1177/001316446002000116.

30. Cattell, R.B. The Scree Test for the Number of Factors. Multivariate Behav. Res. 1966, 1, 245-276,
do0i:10.1207/s15327906mbr0102_10.

31. RCore Team. (2025) R A Language and Environment for Statistical Computing. R Foundation for Statistical
Computing. - References - Scientific Research Publishing Available online:
https://www scirp.org/reference/referencespapers?referenceid=3967248 (accessed on 5 February 2026).

32. Posit | The Open-Source Data Science Company Available online: https://posit.co/homepage-b/ (accessed
on 5 February 2026).

33. Gaat, B.S,; Kumar, M.; Naresh, R.; Kumar, S.; Kapil; Kumar, N.; Rani, S.; Kumar, R. Effect of Irrigation
Levels and Straw Mulching on Yield and Water Use Efficiency of Papaya under Drip Irrigation System.
International Journal of Environment and Climate Change 2023, 13, 693-701, doi:10.9734/ijecc/2023/v13i102705.

34. Backer, R.; Rokem, ].S,; llangumaran, G.; Lamont, ].; Praslickova, D.; Ricci, E.; Subramanian, S.; Smith, D.L.
Plant Growth-Promoting Rhizobacteria: Context, Mechanisms of Action, and Roadmap to
Commercialization of Biostimulants for Sustainable Agriculture. Front. Plant Sci. 2018, 871, 402666,
doi:10.3389/fpls.2018.01473.

35. Kumar, M.; Prakash, S.; Kumar, A.; Singh, B.; Gangwar, L.K.; Vaishali; Veersain; Maurya, U.; Singh, R.;
Gaurav, U.R. Genetic Potential of Papaya Genotypes: Insights from Agronomic Descriptors and Parameter
Estimation. Plant Science Today 2025, 12, doi:10.14719/pst.4734.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.2033.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 February 2026 d0i:10.20944/preprints202602.2033.v1

17 of 18

36. Patel, V.; Ramdevputra, M. Effect of Different Mulches and Liquid Organic: Inorganic Formulations on
Flowering and Growth of Papaya (Carica Papaya L.) Cv. GJP-1. Int. ]. Chem. Stud. 2021, 9, 765-768,
doi:10.22271/chemi.2021.v9.i2k.11912.

37. Coelho, E.F.; Santos, D.L.; Lima, L.W.F. de; Castricini, A.; Barros, D.L.; Filgueiras, R.; da Cunha, F.F. Water
Regimes on Soil Covered with Plastic Film Mulch and Relationships with Soil Water Availability, Yield,
and Water Use Efficiency of Papaya Trees. Agric. Water Manag. 2022, 269, 107709,
doi:10.1016/j.agwat.2022.107709.

38. Kader, M.A,; Senge, M.; Mojid, M.A.; Ito, K. Recent Advances in Mulching Materials and Methods for
Modifying Soil Environment. Soil Tillage Res. 2017, 168, 155-166, d0i:10.1016/j.stil.2017.01.001.

39. Demo, A.H.; Asefa Bogale, G. Enhancing Crop Yield and Conserving Soil Moisture through Mulching
Practices in Dryland Agriculture. Frontiers in Agronomy 2024, 6, 1361697, doi:10.3389/fagro.2024.1361697.

40. Zhao, M.; Zhao, J.; Yuan, J.; Hale, L.; Wen, T.; Huang, Q.; Vivanco, ].M.; Zhou, J.; Kowalchuk, G.A.; Shen,
Q. Root Exudates Drive Soil-Microbe-Nutrient Feedbacks in Response to Plant Growth. Plant Cell Environ.
2021, 44, 613-628, doi:10.1111/pce.13928.

41. Gao, Y.;Wang, H,; Yang, F.; Dai, X.; Meng, S.; Hu, M.; Kou, L.; Fu, X. Relationships between Root Exudation
and Root Morphological and Architectural Traits Vary with Growing Season. Tree Physiol. 2024, 44,
doi:10.1093/treephys/tpad118.

42. Santangeli, M.; Steininger-Mairinger, T.; Vetterlein, D.; Hann, S.; Oburger, E. Maize (Zea Mays L.) Root
Exudation Profiles Change in Quality and Quantity during Plant Development — A Field Study. Plant
Science 2024, 338, 111896, doi:10.1016/j.plantsci.2023.111896.

43. Hafner, B.D.; Pietz, O.; King, W.L.; Scharfetter, ].B.; Bauerle, T.L. Early Developmental Shifts in Root
Exudation Profiles of Five Zea Mays L. Genotypes. Plant Science 2025, 354, 112439,
doi:10.1016/j.plantsci.2025.112439.

44. Saravanakumar, K.; Shanmuga Arasu, V.; Kathiresan, K. Effect of Trichoderma on Soil Phosphate
Solubilization and Growth Improvement of Avicennia Marina. Aquat. Bot. 2013, 104, 101-105,
doi:10.1016/j.aquabot.2012.09.001.

45. Hoyos-Carvajal, L.; Orduz, S.; Bissett, ]. Growth Stimulation in Bean (Phaseolus Vulgaris L.) by
Trichoderma. Biological Control 2009, 51, 409-416, doi:10.1016/j.biocontrol.2009.07.018.

46. Lombardi, N.; Vitale, S.; Turr A, D.; Reverberi, M.; Fanelli, C.; Vinale, F.; Marra, R.; Ruocco, M.; Pascale, A.;
D’Errico, G.; et al. Root Exudates of Stressed Plants Stimulate and Attract Trichoderma Soil Fungi.
https://doi.org/10.1094/MPMI-12-17-0310-R 2018, 31, 982-994, doi:10.1094/MPMI-12-17-0310-R.

47. Azarbad, H.; Junker, R.R. Biological and Experimental Factors That Define the Effectiveness of Microbial
Inoculation on Plant Traits: A Meta-Analysis. ISME Communications 2024, 4, doi:10.1093/ismeco/ycae122.

48. Rigobelo, E.C.; de Andrade, L.A.; Santos, C.H.B.; Frezarin, E.T.; Sales, L.R.; de Carvalho, L.A.L.; Guariz
Pinheiro, D.; Nicodemo, D.; Babalola, O.O.; Verdi, M.C.Q.; et al. Effects of Trichoderma Harzianum and
Bacillus Subtilis on the Root and Soil Microbiomes of the Soybean Plant INTACTA RR2 PRO™. Front. Plant
Sci. 2024, 15, 1403160, doi:10.3389/fpls.2024.1403160.

49. Cazzaniga, S.G.; van den Elsen, S.; Lombaers, C.; Kroonen, M.; Visser, J.; Postma, J.; Mommer, L.; Helder,
J. On the Legacy of Cover Crop-Specific Microbial Footprints. Soil Biol. Biochem. 2023, 184, 109080,
doi:10.1016/j.s0ilbio.2023.109080.

50. Fernandez, E.; Trillas, M.L; Segarra, G. Increased Rhizosphere Populations of Trichoderma Asperellum
Strain T34 Caused by Secretion Pattern of Root Exudates in Tomato Plants Inoculated with Botrytis Cinerea.
Plant Pathol. 2017, 66, 1110-1116, doi:10.1111/ppa.12668.

51. Camli-Saunders, D.; Villouta, C. Root Exudates in Controlled Environment Agriculture: Composition,
Function, and Future Directions. Front. Plant Sci. 2025, 16, 1567707, d0i:10.3389/fpls.2025.1567707.

52. Breitkreuz, C.; Reitz, T.; Schulz, E.; Tarkka, M.T. Drought and Plant Community Composition Affect the
Metabolic and Genotypic Diversity of Pseudomonas Strains in Grassland Soils. Microorganisms 2021, 9,
1677, d0i:10.3390/microorganisms9081677.

53. Mehmood, N.; Saeed, M.; Zafarullah, S.; Hyder, S.; Rizvi, Z.F.; Gondal, A.S.; Jamil, N.; Igbal, R.; Ali, B;
Ercisli, S.; et al. Multifaceted Impacts of Plant-Beneficial Pseudomonas Spp. in Managing Various Plant
Diseases and Crop Yield Improvement. ACS Omega 2023, 8, 22296-22315, d0i:10.1021/acsomega.3c00870.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.2033.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 February 2026 d0i:10.20944/preprints202602.2033.v1

18 of 18

54. Veen, G.F. (Ciska); Snoek, B.L.; Bakx-Schotman, T.; Wardle, D.A.; van der Putten, W.H. Relationships
between Fungal Community Composition in Decomposing Leaf Litter and Home-Field Advantage Effects.
Funct. Ecol. 2019, 33, 1524-1535, doi:10.1111/1365-2435.13351.

55. Khare, E.; Arora, N.K. Effects of Soil Environment on Field Efficacy of Microbial Inoculants. Plant Microbes
Symbiosis: Applied Facets 2015, 353-381, d0i:10.1007/978-81-322-2068-8_19.

56. Liu, M.; Zheng, J.; Li, Q.; Liang, F.; Mu, X,; Pei, D.; Jia, H.; Wang, Z. Effects of Film Mulching on Soil
Microbial Diversity and Community Structure in the Maize Root Zone under Drip Irrigation in Northwest
China. Agronomy 2024, Vol. 14, Page 1139 2024, 14, 1139, d0i:10.3390/agronomy14061139.

57. Zhou, J; Deng, Y.; Luo, F.; He, Z.; Tu, Q.; Zhi, X. Functional Molecular Ecological Networks. mBio 2010, 1,
doi:10.1128/mBio.00169-10.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or

products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.2033.v1
http://creativecommons.org/licenses/by/4.0/

