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Introduction

Peach production [Prunus persica (L.) Batsch] in Brazil is 
concentrated primarily in the South and Southeast regions, 
with the states of Rio Grande do Sul and São Paulo as the 
main producers [1]. Although the country ranks among the 
top 20 global producers, the average national yield (13.37 
Mg ha− 1) is considered low compared to world benchmarks 
such as Jordan (27.78 Mg ha− 1) and Chile (21.89 Mg ha− 1) 
[2]. This low yield, particularly in Rio Grande do Sul (11.97 
Mg ha− 1) [1], is frequently associated with the quality of 
propagation material, seedling production, and traditional 
nursery systems [3–6].

Historically, in southern Brazil, rootstocks have been 
produced from seeds obtained from pits discarded by the 
canning industry [7], generating highly heterozygous mate-
rial [6–8]. This varietal mixture results in high genetic and 
vigor variability, leading to uneven development patterns 
and variable tolerance to biotic and abiotic stresses [9–12]. 
Consequently, the use of genotypes selected for this pur-
pose is essential, meeting criteria for stability [9], growth 
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Abstract
The production of high-quality Prunus seedling rootstocks in soilless systems requires optimizing the interaction between 
genetics, nutrient availability, and rhizosphere microbiology. This study evaluated the morphophysiological response of 
four peach rootstock genotypes (‘Capdeboscq’, “Okinawa Roxo”, “NR0060408”, and “NR0160305”) to inoculation with 
Trichoderma asperellum and a microbial consortium (Bacillus amyloliquefaciens + Trichoderma harzianum), under con-
trasting doses of controlled-release fertilizer (0 and 4 g dm− 3 of CRF). Longitudinal analysis (0-120 days) demonstrated 
that nutrient availability is the primary limiting factor; microbial bioinputs did not compensate for the absence of fer-
tilization due to the metabolic cost of symbiosis. However, under nutrient sufficiency (4 g dm− 3), strong synergism was 
observed. The new selections (“NR0060408” and “NR0160305”) exhibited high phenotypic plasticity, maximizing the 
conversion of biostimulation into shoot biomass and outperforming the “Okinawa Roxo” genotype, which displayed a 
conservative growth strategy. The Bacillus-Trichoderma consortium was superior to single inoculation in responsive geno-
types, potentiating seedling leaf area and height. Furthermore, inoculation promoted the “stay-green” effect, maintaining 
chlorophyll index stability until the end of the cycle. It is concluded that the use of bioinputs, especially in a consortium, 
acts as a metabolic catalyst in responsive genotypes, but their efficacy depends on adequate basal nutritional management.
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uniformity, and nutritional efficiency [8, 13]. In this context, 
the search for improved genotypes for rootstock function 
must be continuous, especially due to the limited number 
of Prunus rootstock cultivars registered in Brazil [14]. 
Although scion cultivars such as ‘Capdeboscq’ and ‘Ald-
righi’ remain as traditional references [15, 16], current alter-
natives include ‘Okinawa’, ‘Flordaguard’, and selections 
such as “Okinawa Roxo” [8, 10, 17, 18]. Such materials 
stand out for important traits such as vigor, nematode resis-
tance [4, 19, 20], and, fundamentally, their specific nutri-
tional demands throughout the growth phase [17, 21–23].

Despite genetic advances, comprehensive literature on 
the nutritional requirements, physiological responses, and 
growth patterns of these genotypes in modern container-
ized seedling production systems is still incipient in Brazil 
[17, 21, 24, 25]. This gap is significant, given that Brazil-
ian liming and fertilization manuals [26, 27] focus on soil 
management in established orchards, rather than on specific 
nutritional practices for the rootstock production phase and 
seedlings in nurseries. Therefore, it is crucial to establish 
optimal nutritional ranges that optimize growth and increase 
nutrient absorption efficiency [21, 22, 24]. Recent studies 
seek to determine nutrient doses that potentiate uptake and 
positively impact photosynthetic pigment levels, such as 
chlorophyll, influencing growth and dry matter partitioning 
[13, 21–24, 28–30].

Aligned with the pursuit of greater nutritional efficiency, 
the use of beneficial microorganisms emerges as a comple-
mentary strategy. Species of the genus Trichoderma (Trich-
oderma spp.) are widely studied for their dual function as 
biocontrol agents and, crucially, as plant growth promoters 
[31, 32]. Fungal interactions result in biomass gains [32] 
and improvements in morphological attributes [24], due 
to the capacity of Trichoderma spp. to promote ion uptake 
(mitigating genetic variations in absorption), optimize car-
bohydrate metabolism, and mediate phytohormone syn-
thesis [31, 33, 34]. The maximum efficacy of Trichoderma 
spp. is, however, intrinsically linked to nutrient availability 
in the rhizosphere environment [35]. Adequate ranges of 
Nitrogen, Phosphorus, Potassium, and micronutrients are 
fundamental to optimize colonization, enzymatic activity, 
and phytohormone synthesis promoted by the fungus [32, 
36, 37]. This dependence justifies the integration of Tricho-
derma into controlled nutritional management. In the Bra-
zilian context, T. asperellum is widely recommended for its 
proven efficacy as a plant growth promoter and biocontrol 
agent in soil and substrate [37, 38]. Previous results in P. 
persica [24] have already indicated that the T. asperel-
lum strain CCT 2165 can increase chlorophyll content and 
growth in rootstocks, reinforcing its viability. Complemen-
tarily, inoculation strategies can explore the synergistic 
potential of microbial consortia, such as the combination 

of T. harzianum and Bacillus amyloliquefaciens. This inter-
action is based on complementary modes of action: while 
B. amyloliquefaciens stimulates growth via indole-3-acetic 
acid (IAA) production, mobilizes nutrients (favoring phos-
phate and zinc solubilization), and acts in phytopathogen 
suppression [39], T. harzianum acts as a robust development 
modulator, promoting increased IAA and gibberellins (GA) 
in Prunus, which results in better root and shoot structuring 
[40]. Therefore, the co-inoculation of these microorganisms 
could theoretically outperform single-strain applications by 
simultaneously optimizing nutrient availability in the soil 
solution and the plant’s capacity to intercept these resources.

Although the individual and synergistic potential of 
these microorganisms is recognized, the literature is incipi-
ent regarding studies evaluating the performance of differ-
ent peach rootstock genotypes under the triple interaction 
of genotype, controlled fertilization (different CRF doses), 
and the inoculation of these microorganisms (Trichoderma 
asperellum; Bacillus amyloliquefaciens + T. harzianum) via 
commercial bioinputs. Similarly, the need to test promising 
materials such as peach rootstocks is even more evident due 
to the low number of rootstocks registered in Brazil, which 
restricts management options in nurseries and requires the 
search for more efficient alternatives. Thus, understand-
ing this genotype-nutrition-biological interaction is essen-
tial to optimize nursery protocols and ensure high-quality 
seedlings. In this context, the tested hypotheses were: (i) 
The morphophysiological performance of rootstocks will 
be modulated by the triple interaction, with new rootstock 
selections (“NR0060408” and “NR0160305”) presenting 
the best indicators, outperforming traditional genotypes, 
especially under nutritional sufficiency (4 g dm− 3 of CRF) 
combined with inoculation; and (ii) The application of the 
bioinput based on B. amyloliquefaciens + T. harzianum, due 
to their synergistic mechanisms (IAA production and nutri-
ent solubilization), will result in growth and chlorophyll 
content increments superior to inoculation with T. asper-
ellum and the Control treatment (without microorganism 
inoculation). Therefore, the objective of this work was to 
evaluate the morphophysiological response (growth and 
chlorophyll indices) of four peach rootstock genotypes 
(Prunus persica L. Batsch) to inoculation with bioinputs 
based on T. asperellum and B. amyloliquefaciens + T. har-
zianum, under different controlled fertilization scenarios (0 
and 4 g dm− 3 of CRF).

1 3

  220   Page 2 of 15



Synergism Between Controlled-Release Fertilization and Microbial Bioinputs Modulates the…

Materials and Methods

Experimental Material

The experiment was conducted between September 2023 
and February 2024 at the Universidade Federal de Pelotas 
(UFPel) Campus Capão do Leão (31º48’03” S, 52º24’41” 
W). Peach (Prunus persica) rootstocks propagated by seeds 
from the cultivar Capdeboscq and selections Okinawa 
Roxo, NR0060408 (‘Capdeboscq’ × ‘Nemaguard’), and 
NR0160305 (‘Nemaguard’ × ‘Capdeboscq’) were used. 
Selections NR0060408 and NR0160305 were obtained 
through controlled crosses performed at UFPel between 
peach rootstocks with the aim of developing genetic mate-
rials adapted to the edaphoclimatic conditions of Southern 
Brazil and resistant to nematodes, aiming at expanding com-
mercial areas and increasing seedling production efficiency. 
The choice of these materials considered attributes relevant 
to nursery performance, such as growth uniformity and effi-
cient nutrient uptake capacity, as reported by Menegatti et 
al. [17], Souza et al. [21], and Paraginski et al. [24, 25].

Ripe fruits were harvested manually between January 
10 and February 15, 2023, from mother plants belonging to 
the Prunus spp. rootstock germplasm collection of UFPel, 
maintained under field conditions and located at 31º48’08” 
S, 52º30’24” W, at an altitude of 40 m. After harvest, pits 

were extracted manually, washed in running water, and 
dried in the shade for 30 days. Subsequently, they were 
stored in Kraft paper bags under refrigeration at 4 ± 2  °C 
until the beginning of the stratification process.

In May 2023, the pits were individually cracked using a 
bench vise for seed extraction, which were placed in Petri 
dishes (90 × 15 mm) containing two sheets of germination 
paper moistened with 2 mL of fungicide solution (1.5 g L− 1 
of Sialex® 500 + 2.5 g L− 1 of Orthocide® 500). The seeds 
remained under stratification for 80 days under refrigeration 
(4 ± 2 °C) in the dark.

After the stratification period, germinated seeds were 
sown in 72-cell polystyrene trays (114 cm3 per cell) con-
taining commercial substrate Carolina Soil®, composed of 
Sphagnum peat, expanded vermiculite, dolomitic limestone, 
agricultural gypsum, and traces of N-P-K fertilizer. Addition-
ally, the substrate possessed the following characteristics: 
pH = 5.5 ± 0.5; Electrical conductivity = 0.7 ± 0.3 mS cm− 1; 
Density = 145  kg m− 3; Water holding capacity = 55.0%. 
To complement nutritional availability, the substrate was 
supplemented with 4 g dm− 3 of controlled-release fertilizer 
Osmocote® 14-14-14 (N-P-K) and 4  g dm− 3 of dolomitic 
agricultural limestone (CaO = 26.50%; Mg = 15.00%; Total 
relative neutralizing power = 76.16%).

When seedlings reached approximately 20 cm in height, 
they were transplanted into perforated plastic bags with a 
capacity of 1.7 dm3, filled with the aforementioned com-
mercial substrate, supplemented exclusively with 4 g dm− 3 
of dolomitic agricultural limestone, aiming to adjust the 
substrate pH to values close to 6.0, a range considered suit-
able for the development of peach rootstocks. This stan-
dardization aimed to ensure substrate chemical stability and 
allow for the precise application of nutritional and biologi-
cal treatments throughout the experiment.

Experimental Design

The experiment was conducted in a completely random-
ized design, in a 4 × 2 × 3 factorial arrangement. The factors 
included four peach rootstock genotypes (‘Capdeboscq’, 
“Okinawa Roxo”, “NR0060408”, “NR0160305”), two 
doses of controlled-release fertilizer (0 and 4  g dm− 3 of 
CRF), and three bioinput treatments (No Bioinput = Con-
trol, Tríppel® = T. asperellum, Torpeno® = B. amylolique-
faciens + T. harzianum), totaling 24 treatments, with five 
replicates of one plant each. Detailed information regarding 
the experimental matrix, as well as the chemical and biolog-
ical specifications of the inputs, is summarized in Table 1. 
For the fertilized treatments, the CRF (Basacote® Plus 9 M) 
was homogeneously incorporated into the substrate before 
transplanting the rootstocks into the plastic bags.

Table 1  Experimental matrix and technical characterization of the 
nutritional and biological inputs used in the production of peach root-
stocks
I. Experimental designa

Genotypes ‘Capdeboscq’, “Okinawa 
Roxo”, “NR0060408”, 
“NR0160305”

4 levels 
of genetic 
material

CRF Doses 0 and 4 g dm− 3 (Basacote® 
Plus 9 M)

2 nutri-
tional 
scenarios

Bioinputs Control (No Bioinput), 
Tríppel®, Torpeno®

3 micro-
bial man-
agement 
levels

II. Chemical Composition
Macronutrients (%) N = 16.0; P2O5 = 8.0; K2O = 12.0; 

S = 5.0; Mg = 1.2
Micronutrients (%) B = 0.02; Cu: 0.05; Fe = 0.40; 

Mn = 0.06; Mo = 0.015; Zn = 0.02
III. Biological specs
Bioinput 1 (Tríppel®) Trichoderma asperellum (CCT 

2165) – 1 × 105 CFU mL− 1

Bioinput 2 (Torpeno®) B. amyloliquefaciens (CPQBA 
040-11DRM 01/04) – 1 × 107 CFU 
g− 1; T. harzianum (CPQBA 040-
11DRM 09) – 1 × 107 CFU g− 1

aThe combination of factors resulted in 24 distinct treatments (e.g., 
T1: ‘Capdeboscq’ + 0 g dm-3 + Control; T24: “NR0160305” + 4 g 
dm-3 + Torpeno®). CFU: Colony Forming Units. All bioinputs were 
applied at 0 and 40 days after transplanting
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Statistical Analysis

All data were analyzed using R software v4.5.0 [42]. The 
experimental design was completely randomized in a 
4 × 2 × 3 factorial arrangement, comprising four rootstock 
genotypes (G), two controlled-release fertilizer doses (C), 
and three bioinput treatments (B), with five replicates. The 
significance level (α) adopted for all statistical tests was 
0.05. Data preparation was performed using the tidyverse 
package [43]. To meet the assumptions of generalized mod-
els, count variables (Number of Leaves, NL) were con-
verted to integers (NF_int). Positive continuous variables 
presenting zero values (Plant Height, Leaf Area, Chloro-
phylls) were corrected by adding a minimum value (0.001), 
allowing the fitting of models with Gamma distribution. For 
linear growth and physiological trajectories (Figs. 1 and 2, 
and 3), data points represent the treatment means at each 
evaluation time (0 to 120 DAT) to enhance visual clarity, 
while LOESS smoothing curves were fitted using the full 
raw dataset to preserve statistical confidence intervals. The 
statistical analysis was divided into three main approaches:

1) Longitudinal Analysis (0–120 DAT) with Mixed Mod-
els (LMM/GLMM)

To evaluate the plant development trajectory over time 
(0, 20, 40, 60, 80, 100, and 120 DAT), Linear Mixed Mod-
els (LMM) or Generalized Linear Mixed Models (GLMM) 
were fitted using the lme4 package [44]. This approach was 
chosen for its ability to model the dependence structure 
of repeated measures on the same experimental unit. The 
selection of error distribution and link function was specific 
to each response variable: Stem Diameter (SD) – LMM 
with Gaussian distribution (identity link function), via lmer 
function; Number of Leaves (NL) – GLMM with Negative 
Binomial distribution (log link function), via glmer.nb func-
tion, to correct for overdispersion (variance greater than 
the mean) in count data; Other Variables (PH, LA, Chl a, 
b, a + b) – GLMM with Gamma distribution (log link func-
tion), via glmer function, suitable for skewed positive con-
tinuous data.

The full mathematical model included the fixed effects of 
Genotype (G), CRF (C), Bioinput (B), the continuous effect 
of Time (T, Days After Transplanting), and all their inter-
actions. Time was modeled as a second-degree polynomial 
(T + T2) to capture non-linear growth patterns. The unique 
plant identification (Plant_ID) was included as a random 
intercept effect (1/Planta_ID). The general model can be 
described as:

g (E [Yijklm]) = ηijklm + um

where: 𝑔(·) is the link function (logarithmic for Gamma/
Negative Binomial; identity for Gaussian); η ijklm 
is the linear predictor of fixed effects, modeled as: 

The selection of 0 and 4  g dm− 3 CRF doses aimed to 
evaluate bioinput performance in two contrasting scenarios: 
a substrate without fertilization, to verify the microorgan-
isms’ capacity to promote plant growth in the absence of 
additional nutrients; and another with adequate nutrient sup-
ply, allowing the analysis of plant response to inoculation 
under conditions of adequate nutritional availability. The 
4 g dm− 3 dose was selected based on previous studies indi-
cating positive growth responses of peach rootstocks under 
CRF fertilization.

T. asperellum inoculation was performed by applying a 
solution prepared with 4 mL of distilled water for each 1 
mL of the commercial product Tríppel® (strain CCT 2165; 
1 × 105 CFU mL− 1). The co-inoculation of B. amylolique-
faciens and T. harzianum was performed using the com-
mercial product Torpeno® [B. amyloliquefaciens (strains 
CPQBA 040-11DRM 01 and 04; 1 × 107 CFU g− 1) + T. 
harzianum (strain CPQBA 040 − 11 DRM 09; 1 × 107 CFU 
g− 1)], diluted at a ratio of 5 mL of distilled water for each 
0.01 g of the product. Applications were performed directly 
onto the substrate at two moments: on the day of transplant-
ing (0 DAT) and 40 days after transplanting (40 DAT), 
always between 17:00 and 19:00 h. Application doses were 
5 mL dm− 3 at 0 DAT and 10 mL dm− 3 at 40 DAT.

Analyzed Variables

Experimental evaluations included plant height (PH, cm), 
measured from the base to the plant apex using a tape mea-
sure; stem diameter (SD, mm), measured at 10 cm from the 
plant base using a digital caliper; number of leaves (NL, 
leaves plant− 1); leaf area (LA, cm2), estimated according to 
Sachet et al. [41]; and chlorophyll a (Chl a), b (Chl b), and 
a + b (Chl a + b) contents, determined in FCI units (Falker 
Chlorophyll Index) using a Falker® chlorophyll meter 
(model ClorofiLOG – CLF1030), on leaves from the middle 
third of the plants. Variables were measured at 0, 20, 40, 60, 
80, 100, and 120 DAT to monitor plant growth and evaluate 
treatment effects. Non-destructive methods were employed 
exclusively throughout the experimental period to pre-
serve rootstock integrity for a subsequent study focused 
on nutritional partitioning and grafting efficiency. The final 
evaluation, at 120 DAT, was used for detailed analysis, as 
it represented the stage of greatest differentiation between 
treatments and because fertilized plants had reached the 
minimum diameter (5.00  mm) suitable for grafting. The 
remaining evaluations, performed at periodic intervals, 
were fundamental to ensure uniform growth trends among 
treatments and to assist in understanding the final results.
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growth rates (slopes) were estimated and compared at the 
experiment midpoint (60 DAT), using the emtrends func-
tion of the emmeans package [46]. Pairwise comparisons 
(adjusted by the Tukey test) were performed for: (1) the 
effect of Bioinputs within each G × C, and (2) the effect of 
Genotypes within each C × B.

2) Cross-sectional Analysis (120 DAT) with Generalized 
Models (GLM)

η = Gi + Cj + Bk +
(
T + T 2)

+ (G × C)ij+
· · · + (G × C × B × (T + T 2))ijkl ; and um is the ran-
dom intercept effect for plant m, with um ∼ N

(
0, σ 2

p

)
.

The significance of fixed effects was evaluated using 
Analysis of Deviance (Type III ANOVA, χ2 Wald tests) 
using the Anova function of the car package [45]. For the 
unfolding of significant interactions with time, instantaneous 

Fig. 1  Linear growth trajectory: (A) Plant height (PH, cm); and (B) 
Stem diameter (SD, mm) of four peach rootstock genotypes over 120 
days after transplanting (DAT). Panels facet the genotypes. Points 
represent treatment means at each evaluation date to enhance visual 
clarity, while lines indicate LOESS smoothing curves (shaded 95% 

confidence interval) fitted using the full raw dataset to preserve statis-
tical rigor. The unified legend identifies the six treatments: circles (●) 
and dashed lines represent 0 g dm− 3 CRF; triangles (▲) and solid lines 
represent 4 g dm− 3 CRF
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tests for GLMs) (car package). Due to the significance of 
the triple interaction G × C × B, a double post-hoc unfold-
ing was performed. Estimated marginal means (EMMs) 
(emmeans package) were compared using the Tukey HSD 
test (via multcomp package [47]) to: 1 – Evaluate the effect 
of Bioinputs (B) within each Genotype × CRF combination; 
2 – Evaluate the effect of Genotypes (G) within each CRF × 
Bioinput combination.

To compare treatments at the experiment endpoint (120 
DAT), Linear Models (LM) or Generalized Linear Models 
(GLM) were fitted. Distribution selection was: SD – Linear 
Model (LM/ANOVA) with Gaussian distribution (aov func-
tion); NL – GLM with Poisson distribution (log link func-
tion); Other Variables (PH, LA, Chl a, b, a + b) – GLM with 
Gamma distribution (log link function). Effect significance 
was evaluated with Type III ANOVA (F-test for LM; χ2 Wald 

Fig. 2  Development of foliar biometric variables: (A) Number of 
leaves (NL, n), and; (B) Leaf area (LA, cm2) of four peach rootstock 
genotypes during 120 days after transplanting (DAT). Panels facet the 
genotypes. Points represent treatment means at each evaluation date to 
enhance visual clarity, while lines indicate LOESS smoothing curves 

(shaded 95% confidence interval) fitted using the full raw dataset to 
preserve statistical rigor. The unified legend identifies the six treat-
ments: circles (●) and dashed lines represent 0 g dm− 3 CRF; triangles 
(▲) and solid lines represent 4 g dm− 3 CRF
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Cross-Sectional Analysis (120 DAT): Bioinput 
Effect

The analysis of variance at the experiment endpoint (120 
DAT) (Table 2) confirmed the existence of significant tri-
ple interactions (G × C × B) for key variables, including 
PH (p = 0.0266), LA (p < 0.0001), and chlorophyll indi-
ces (p < 0.0008). This statistical significance required the 
unfolding of interactions, the results of which are presented 
below.

The Table 3 details the effect of bioinputs (Control, Tríp-
pel®, Torpeno®) within each genotype and CRF dose combi-
nation. In treatments without CRF (0 g dm− 3), the bioinput 
effect was generally subtle, with few statistical differences 
for PH, SD, and NL (Table 3). However, a significant effect 
was observed for Leaf Area (LA), where for ‘Capdeboscq’ 
and “NR0060408”, the Control treatment resulted in higher 
LA (210.67 cm2 and 102.24 cm2, respectively) compared to 
the Torpeno® treatment.

The bioinput effect was more pronounced at the 4 g dm− 3 
CRF dose (Table 3). For “Okinawa Roxo”, the application 
of Tríppel® (83.00 cm) and Torpeno® (70.80 cm) resulted 
in taller plants (PH) than the Control (49.80 cm). For ‘Cap-
deboscq’ and “Okinawa Roxo”, bioinput treatments (Tríp-
pel® and Torpeno®) also led to greater Leaf Area (LA) 
compared to the Control.

For chlorophyll indices (Table  3), a distinct pattern 
emerged in treatments without CRF (0  g dm− 3): Control 
treatments frequently presented chlorophyll a and a + b indi-
ces superior to bioinput treatments, especially in genotypes 
“NR0160305” and “Okinawa Roxo”. However, at the 4 g 
dm− 3 CRF dose, these differences were mostly non-signifi-
cant, suggesting that controlled-release fertilization masked 
the differential effects of bioinputs on foliar pigments at the 
end of the cycle.

Cross-Sectional Analysis (120 DAT): 
Genotype Performance

The Table 4 presents the reverse unfolding, comparing the 
performance of the four genotypes within each management 
scenario (CRF × Bioinput). A strong Genotype × CRF inter-
action was observed (Table 2). In the absence of CRF (0 g 
dm− 3, “Okinawa Roxo” and “NR0060408” were, in gen-
eral, the tallest genotypes (PH), while ‘Capdeboscq’ con-
sistently presented the lowest height. For Leaf Area (LA), 
“NR0060408” recorded the lowest values (77.06 cm2 with 
Torpeno® and 87.86 cm2 with Tríppel®), while ‘Capdeboscq’ 
and “NR0160305” (with Tríppel®) showed the highest LA.

The performance scenario changed drastically with the 
addition of CRF (4 g dm− 3). Genotypes “NR0160305” and 

3) Multivariate Analysis (PCA) and Supplementary Data
To visualize the correlation structure between variables 

and treatment clustering at 120 DAT, a Principal Compo-
nent Analysis (PCA) was performed based on the correla-
tion matrix (standardized data, scale.unit = TRUE), using 
the FactoMineR package [48]. The results were visualized 
through a composite biplot, where individual scores for each 
genotype were faceted in separate panels, and variable load-
ings (vectors) were displayed in an optimized sub-graph to 
avoid label overlap and improve interpretability. Addition-
ally, descriptive mean tables (± standard deviation) for all 
variables at all time points were calculated and formatted as 
supplementary material.

Results

Longitudinal Treatment Effects (0–120 DAT)

The temporal evaluation of growth variables (Figs. 1A and 
B and 2A, and B) and chlorophyll indices (Fig. 3A and B, 
and C) revealed distinct response patterns, primarily influ-
enced by the CRF dose.

Treatments supplied with 4 g dm− 3 of CRF (solid lines) 
demonstrated markedly superior development compared 
to treatments without fertilization (0 g dm− 3 CRF, dashed 
lines). This divergence in growth became evident from 60 
DAT for Plant Height (PH, Fig.  1A) and Stem Diameter 
(SD, Fig. 1B), and as early as 40 DAT for Number of Leaves 
(NL, Fig. 2A) and Leaf Area (LA, Fig. 2B).

A similar pattern was observed for chlorophyll indices 
(Fig. 3A and B, and C). Rootstocks grown with 4 g dm− 3 
of CRF maintained or increased their Chlorophyll a, b, and 
a + b contents throughout the cycle, indicating nutritional 
sufficiency. In contrast, treatments without CRF presented 
a clear declining trend from 80 to 100 DAT, suggesting 
nutrient depletion in the substrate and the onset of leaf 
senescence.

The Analysis of Variance (Type III ANOVA) of the Longi-
tudinal Mixed Models (GLMM) confirmed that time (DAT), 
CRF dose, and Genotype, as well as their interactions, were 
the most significant sources of variation (p < 0.05) (Table 
S2). The significance of high-order interactions (e.g., G × C 
× B × DAT) validated the analysis of growth rates (slopes) 
and the cross-sectional analysis at the endpoint.

Comparisons of instantaneous growth rates (slopes), esti-
mated at the experiment midpoint (60 DAT), revealed that 
the most significant differences in growth “velocity” (vigor) 
occurred among bioinputs in CRF treatments and among 
genotypes under different management scenarios. Detailed 
statistical results of these slope comparisons are presented 
in the Supplementary Material (Tables S3 and S4).
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clearly separated (negative scores on PC2) from the ellipses 
of Tríppel® and Torpeno® (positive scores on PC2), indicat-
ing a distinct multifactorial response to bioinput application 
in this genotype.

Discussion

The clear separation observed between 0 and 4  g dm− 3 
CRF doses (PC1, Fig.  4) corroborates that nutrient avail-
ability is the primary limiting factor for the development 
of containerized peach rootstocks, initially overshadow-
ing biological effects. The absence of significant gains in 
height and stem diameter at the 0  g dm− 3 dose (Table  3) 
aligns with the findings of Bononi et al. [35] and Halifu et 
al. [36]. These authors report that colonization efficacy and 
microbial metabolic activity in the rhizosphere, processes 
involving extracellular enzyme synthesis and phytohor-
mone production, are energetically costly and dependent on 
a basal level of fertility. Without minimal nutritional sup-
port, the metabolic cost of maintaining symbiosis may drain 
photoassimilate reserves, limiting the plant’s immediate 
vegetative response [32, 37]. On the other hand, the posi-
tive response observed at the 4 g dm− 3 dose, especially for 
leaf area and shoot vigor, confirms the hypothesis of syner-
gism between mineral nutrition and biostimulation. In this 
sufficiency scenario, the gradual nutrient release by CRF 
allows the plant to allocate resources to feed the microbiota, 
which reciprocates by potentiating root uptake through rhi-
zosphere acidification and increased plasma membrane H+-
ATPase activity [31, 38].

The positive response observed at the 4  g dm− 3 dose 
confirms the hypothesis of synergism between mineral 
nutrition and biostimulation. This behavior aligns with pre-
vious findings where Menegatti and Bianchi [49] observed 
superior growth of cultivar ‘Capdeboscq’ up to 8 g dm− 3, 
while Souza et al. [21] reported high fertilization efficiency 
for “Okinawa Roxo”. Furthermore, our results expand the 
observations of Paraginski et al. [24], who identified the 4 
to 6 g dm− 3 CRF range as ideal for peach rootstocks and 
reported that T. asperellum inoculation could optimize fer-
tilization efficiency, even allowing for dose reductions of up 
to 1.34 g dm− 3 without compromising growth. In the pres-
ent work, it is fundamental to highlight that, as character-
ized by Paraginski et al. [25], selections “NR0060408” and 
“NR0160305” possess superior initial vigor compared to the 
standard cultivar ‘Capdeboscq’. This high genetic growth 
capacity justifies the elevated nutritional demand of these 
genotypes and explains the expressive response to biostimu-
lation at the 4 g dm− 3 dose, where the Torpeno® consortium 
maximized available resource use efficiency [17, 21]. Ulti-
mately, this approach identifies whether microorganisms act 

“NR0060408” showed greater growth under high nutri-
tional availability, reaching the highest PH and SD means 
(e.g., “NR0160305” with 4 g dm− 3 CRF + Tríppel® reached 
131.00 cm PH and 6.61 mm SD; “NR0060408” with 4 g 
dm− 3 CRF + Torpeno® reached 127.20 cm PH and 6.48 mm 
SD). Notably, “Okinawa Roxo”, which performed well 
without CRF, presented the most restricted growth in PH 
and SD under the 4  g dm− 3 CRF dose, especially in the 
Control treatment (49.80  cm and 3.36  mm, respectively). 
Genotype ‘Capdeboscq’ presented the highest Leaf Area 
(LA) value when combined with bioinputs (e.g., 1990.06 
cm2 with 4 g dm− 3 CRF + Tríppel®) (Table 4).

For chlorophyll indices (Table  4), “NR0060408” stood 
out in treatments without CRF, presenting the highest Chl 
a + b contents (e.g., 37.90 FCI with 0 g dm− 3 + Tríppel®), 
while “NR0160305” showed the lowest indices in this 
scenario. With 4 g dm− 3 of CRF, ‘Capdeboscq’ tended to 
accumulate more total chlorophyll (e.g., 88.12 FCI with 4 g 
dm− 3 CRF + Torpeno®), while “Okinawa Roxo” recorded 
the lowest values (e.g., 70.56 FCI).

a Means followed by the same letter within the same col-
umn (Management) do not differ statistically by the Tukey 
HSD test (p > 0.05). The test evaluates the performance of 
the four genotypes (rows) independently for each CRF and 
Bioinput combination (columns).

Multivariate Analysis (PCA)

Principal Component Analysis (PCA) synthesized the total 
data variation at 120 DAT and confirmed the observed pat-
terns (Fig. 4). The first principal component (PC1) was the 
main separation vector, explaining 84.9% of the total varia-
tion. PC1 was strongly positively correlated with all growth 
(PH, SD, NL, LA) and chlorophyll (Chl a, b, a + b) vari-
ables. This axis unequivocally separated treatments with 4 g 
dm− 3 of CRF (grouped to the right, with positive scores on 
PC1) from those with 0 g dm− 3 (grouped to the left, with 
negative scores), confirming that fertilization was the factor 
with the greatest impact on plant development.

The second component (PC2), explaining 8.3% of the 
variation, assisted in differentiating between genotypes and 
bioinput effects. For example, in the “Okinawa Roxo” panel, 
the ellipse of the Control treatment (4 g dm− 3 of CRF) is 

Fig. 3  Temporal dynamics of chlorophyll indices (Falker Index - FCI): 
(A) Chlorophyll a (Chl a); (B) Chlorophyll b (Chl b), and; (C) Total 
Chlorophyll (Chl a + b) of four peach rootstock genotypes during 120 
days after transplanting (DAT). Panels facet the genotypes. Points 
represent treatment means at each evaluation date to enhance visual 
clarity, while lines indicate LOESS smoothing curves (shaded 95% 
confidence interval) fitted using the full raw dataset to preserve statis-
tical rigor. The unified legend identifies the six treatments: circles (●) 
and dashed lines represent 0 g dm− 3 CRF; triangles (▲) and solid lines 
represent 4 g dm− 3 CRF
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The maintenance of high chlorophyll a, b, and a + b 
indices (FCI) until 120 DAT in fertilized and inoculated 
treatments reflects a superior nutritional status and the mani-
festation of the functional stay-green phenomenon. The pos-
itive correlation observed between chlorophyll indices and 
the continuous biomass increment indicates that the photo-
synthetic machinery remained active throughout the experi-
mental period in treatments fertilized with 4 g dm− 3 of CRF. 
Physiologically, this delay in senescence can be attributed 
to hormonal modulation induced by bioinputs: both Tricho-
derma spp. and B. amyloliquefaciens are capable of stimu-
lating the endogenous synthesis of cytokinins and auxins, 
signaling the plant to maintain chloroplast integrity [34, 40]. 
In parallel, Huang et al. [28] and Bononi et al. [35] highlight 
that Mg and Fe availability, mediated by solubilizing micro-
organisms, is essential for the stability of the chlorophyll 
molecule. Our results corroborate and expand upon the find-
ings of Paraginski et al. [24] who observed increments in 
photosynthetic efficiency in rootstocks inoculated with T. 
asperellum. The stability of pigments under a high growth 
rate suggests that bioinputs assisted in Nitrogen homeo-
stasis, preventing the early remobilization of basal leaves. 
This effect is crucial, as root confinement in containers with 
reduced volume acts as a classic abiotic stress, accelerating 
leaf senescence by limiting the pool of available nutrients 
[22, 30]. From an agronomic point of view, this prolonga-
tion of photosynthetic activity maximizes the accumulation 
of carbohydrate reserves, which are fundamental for graft-
ing success [15].

as growth promoters in nutritional limitation scenarios or 
contribute to additive gains when nutrients are at adequate 
levels.

The superiority of the bioinput Torpeno® (consortium: T. 
harzianum + B. amyloliquefaciens) over Tríppel® (isolate: 
T. asperellum) in responsive genotypes (Table 4) validates 
the occurrence of complementary mechanisms operating in 
distinct functional niches. While Trichoderma species pres-
ent in both bioinputs act predominantly on the physical and 
hormonal modulation of root architecture via auxin and gib-
berellin signaling [34, 40], B. amyloliquefaciens (exclusive 
to Torpeno®) performs a specialized biochemical role. This 
rhizobacteria stands out for biofilm formation and the secre-
tion of organic acids and phosphatases into the soil solution, 
essential mechanisms for the solubilization of recalcitrant 
P and Zn fractions [39]. The coexistence of these microor-
ganisms creates an interception synergism: the expansion of 
soil exploration surface promoted by the fungus maximizes 
the uptake of nutrients chemically mobilized by the bacte-
rium. This functional coupling is particularly advantageous 
in the controlled-release fertilization system, as it allows for 
the interception of ions released by granules before losses 
via leaching occur. Furthermore, the division of metabolic 
tasks within the consortium may reduce the individual 
energy cost for the plant compared to maintaining a single 
symbiosis under high demand, channeling the carbon sur-
plus to leaf area expansion [33]. This gain in shoot biomass 
is a critical, yet necessary, energetic sink to ensure the pro-
duction of rootstocks with ideal diameter and reserves for 
grafting [9, 15].

Table 2  Summary of Analysis of Variance (Type III ANOVA) for the effects of Genotype, CRF, Bioinput factors, and their interactions on growth 
and chlorophyll variables at 120 DAT
Source of Variation df PH  SD NL LA

Statistic p-value Statistic p-value Statistic p-value Statistic p-value
Genotype (G) 3 19.4909 0.0002 2.0043 0.1185 1.7451 0.6270 48.5417 0.0000
CRF (C) 1 41.4277 0.0000 76.5280 0.0000 63.1183 0.0000 431.4357 0.0000
Bioinput (B) 2 0.2980 0.8616 0.0073 0.9928 0.7956 0.6718 7.1726 0.0277
G × C 3 98.3790 0.0000 21.9771 0.0000 5.1173 0.1634 52.5056 0.0000
G × B 6 2.0976 0.9105 0.6245 0.7103 8.4245 0.2086 40.7351 0.0000
C × B 2 3.4410 0.1790 1.4734 0.2343 0.3943 0.8211 7.1550 0.0279
G × C × B 6 14.2871 0.0266 0.8856 0.5087 8.7029 0.1910 31.2834 0.0000
Source of Variation df Chl a Chl b Chl a + b

Statistic p-value Statistic p-value Statistic p-value
Genotype (G) 1 18.7767 0.0003 25.9273 0.0000 25.2088 0.0000
CRF (C) 2 142.3727 0.0000 144.1407 0.0000 193.3598 0.0000
Bioinput (B) 3 2.3779 0.3045 0.6390 0.7265 1.5536 0.4599
G × C 6 7.0572 0.0701 56.1938 0.0000 15.8762 0.0012
G × B 2 43.7938 0.0000 32.9174 0.0000 53.3134 0.0000
C × B 6 2.6161 0.2703 3.6848 0.1584 0.7179 0.6984
G × C × B 3 23.1310 0.0008 10.3440 0.1109 22.9642 0.0008
Summary of Type III Analysis of Variance (ANOVA) at 120 DAT. The Statistic value refers to the F-test for the SD variable (Gaussian model) 
and the Wald χ2 test for all other variables (Gamma or Poisson GLM models). The significance (p < 0.05) of the interactions justifies the unfold-
ing of the Tukey test presented in Tables 3 and 4.
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et al. [25], who identified a germination potential superior 
to the standard cultivar ‘Capdeboscq’ in these selections, 
indicating a genetic predisposition for rapid establishment. 
Physiologically, this response suggests that “NR” genotypes 
possess a high capacity to convert the nutritional surplus 
mobilized by microorganisms into biomass. This corrobo-
rates the findings of Paraginski et al. [24] with the related 

Multivariate analysis revealed that “bio-responsiveness” 
is a complex genetic trait, regulated by sink strength and 
the intrinsic efficiency of each genotype [8]. Selections 
“NR0160305” and “NR0060408” demonstrated high phe-
notypic plasticity, responding aggressively to the CRF + Bio-
input combination (Table 4). This behavior is consistent 
with the initial characterization performed by Paraginski 

Table 3  Growth variables (PH, SD, NL, LA) and chlorophyll (Chl a, b, a + b) of peach rootstocks at 120 DAT, in response to CRF doses (0 and 
4 g dm− 3) and bioinputs (Control, Tríppel®, Torpeno®)
Variable CRF Bioinput ‘Capdeboscq’ “Okinawa Roxo” “NR0060408” “NR0160305”
PH (cm) 0 g dm− 3 Control 47.76 a 66.40 a 64.90 a 59.70 a

Tríppel® 46.60 a 66.50 a 62.80 a 61.84 a
Torpeno® 50.12 a 62.20 a 62.20 a 59.90 a

4 g dm− 3 Control 91.96 a 49.80 a 110.20 a 124.80 a
Tríppel® 99.80 a 83.00 b 128.40 a 131.00 a
Torpeno® 95.34 a 70.80 b 127.20 a 118.60 a

SD (mm) 0 g dm− 3 Control 2.97 a 3.51 a 3.52 a 3.48 a
Tríppel® 2.75 a 3.56 a 3.52 a 3.89 a
Torpeno® 2.76 a 3.20 a 3.49 a 3.48 a

4 g dm− 3 Control 4.76 a 3.36 b 5.87 a 6.12 a
Tríppel® 5.20 a 4.64 a 6.30 a 6.61 a
Torpeno® 5.05 a 4.07 a 6.48 a 6.41 a

NL (n) 0 g dm− 3 Control 11.20 a 9.80 a 9.00 a 11.20 a
Tríppel® 9.40 a 10.20 a 7.60 a 15.00 a
Torpeno® 9.20 a 12.40 a 7.60 a 10.20 a

4 g dm− 3 Control 43.20 a 23.60 a 30.80 a 42.20 a
Tríppel® 51.20 a 22.20 a 25.00 a 36.20 a
Torpeno® 50.80 a 26.20 a 29.20 a 39.00 a

LA (cm2) 0 g dm− 3 Control 210.67 a 134.31 b 102.24 a 152.47 b
Tríppel® 165.53 ab 140.70 ab 87.86 ab 218.37 a
Torpeno® 143.95 b 173.20 a 77.06 b 139.52 b

4 g dm− 3 Control 1433.61 b 553.01 b 1152.89 a 1457.19 a
Tríppel® 1990.06 a 720.97 a 1017.51 a 1395.73 a
Torpeno® 1913.85 a 731.24 a 1244.66 a 1602.83 a

Chl a (FCI) 0 g dm− 3 Control 23.06 a 24.26 a 28.76 a 22.42 a
Tríppel® 23.18 a 20.92 ab 31.74 a 17.96 b
Torpeno® 26.54 a 18.94 b 30.24 a 15.86 b

4 g dm− 3 Control 62.56 a 61.08 a 62.24 a 58.18 a
Tríppel® 59.98 a 65.28 a 59.42 a 60.64 a
Torpeno® 66.26 a 60.28 a 59.86 a 59.10 a

Chl b (FCI) 0 g dm− 3 Control 4.28 a 5.24 a 6.50 a 5.24 a
Tríppel® 4.12 a 4.32 ab 6.16 a 3.22 b
Torpeno® 4.10 a 3.84 b 6.54 a 3.10 b

4 g dm− 3 Control 21.60 a 11.54 a 17.78 a 18.54 a
Tríppel® 22.62 a 10.14 a 20.82 a 14.88 b
Torpeno® 21.86 a 10.28 a 21.14 a 18.46 a

Chl a + b (FCI) 0 g dm− 3 Control 27.34 a 29.50 a 35.26 a 27.66 a
Tríppel® 27.30 a 25.24 b 37.90 a 21.18 b
Torpeno® 30.64 a 22.78 b 36.78 a 18.96 b

4 g dm− 3 Control 84.16 a 72.62 a 80.02 a 76.72 a
Tríppel® 82.60 a 75.42 a 80.24 a 75.52 a
Torpeno® 88.12 a 70.56 a 81.00 a 77.56 a

aMeans followed by the same letter within the same column (Genotype) do not differ statistically by Tukey’s HSD test (p > 0.05). The test evalu-
ates the effect of bioinputs (Control, Tríppel®, Torpeno®) independently for each CRF level (0 and 4 g dm-3), within each Genotype. Grouping 
letters for the 0 g dm-3 level are independent of letters for the 4 g dm-3 level
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Despite the progress in understanding the interaction 
between rootstock genotypes, mineral fertilization, and 
bioinputs, this study presents limitations that should be 
acknowledged. The primary constraint involves the absence 
of analytical data on the mineral composition of plant tis-
sues, which precluded a direct assessment of potential varia-
tions in nutrient uptake and accumulation efficiency across 
the different treatments. This methodological decision was 
part of a research strategy to decouple the comprehensive 
morphophysiological characterization presented here from 
a subsequent study focused exclusively on the nutritional 
dynamics of these rootstocks. Regarding future perspec-
tives, data from grafting experiments with scion cultivars 
are currently being processed to identify how the rootstock/

selection “NR0170302”, where inoculation optimized nutri-
ent use efficiency. In the present study, the addition of B. 
amyloliquefaciens in the Torpeno® consortium amplified 
this efficiency, acting as a metabolic catalyst for elite geno-
types [12]. In contrast, “Okinawa Roxo” exhibited a con-
servative strategy: it presented robust performance under 
low fertility but reached a growth plateau at the high dose. 
This indicates that its adaptation involves high acquisition 
efficiency under limiting conditions, but lower utilization 
efficiency for rapid growth under nutritional luxury [21, 
23]. Therefore, inoculation acts distinctly according to the 
target: maximizing productive potential in responsive geno-
types and promoting resilience in rustic genotypes.

Table 4  Comparison of growth variables (PH, SD, NL, LA) and chlorophyll (Chl a, b, a + b) of peach rootstocks at 120 DAT, under different CRF 
and bioinput management scenarios
Variables Genotypes 0 g dm− 3 

CRF + Control
0 g dm− 3 
CRF + Tríppel®

0 g dm− 3 
CRF + Torpeno®

4 g dm− 3 
CRF + Control

4 g dm− 3 
CRF + Tríppel®

4 g dm− 3 
CRF + Torpeno®

PH (cm) ‘Capdeboscq’ 47.76 b 46.60 b 50.12 b 91.96 b 99.80 b 95.34 b
“Okinawa 
Roxo”

66.40 a 66.50 a 62.20 a 49.80 c 83.00 b 70.80 c

“NR0060408” 64.90 a 62.80 a 62.20 a 110.20 ab 128.40 a 127.20 a
“NR0160305” 59.70 a 61.84 a 59.90 ab 124.80 a 131.00 a 118.60 a

SD (mm) ‘Capdeboscq’ 2.97 a 2.75 b 2.76 b 4.76 b 5.20 b 5.05 b
“Okinawa 
Roxo”

3.51 a 3.56 a 3.20 ab 3.36 c 4.64 b 4.07 c

“NR0060408” 3.52 a 3.52 a 3.49 a 5.87 a 6.30 a 6.48 a
“NR0160305” 3.48 a 3.89 a 3.48 a 6.12 a 6.61 a 6.41 a

NL (n) ‘Capdeboscq’ 11.20 a 9.40 ab 9.20 a 43.20 a 51.20 a 50.80 a
“Okinawa 
Roxo”

9.80 a 10.20 ab 12.40 a 23.60 b 22.20 c 26.20 c

“NR0060408” 9.00 a 7.60 b 7.60 a 30.80 b 25.00 c 29.20 c
“NR0160305” 11.20 a 15.00 a 10.20 a 42.20 a 36.20 b 39.00 b

LA (cm²) ‘Capdeboscq’ 210.67 a 165.53 b 143.95 a 1433.61 a 1990.06 a 1913.85 a
“Okinawa 
Roxo”

134.31 bc 140.70 b 173.20 a 553.01 b 720.97 d 731.24 c

“NR0060408” 102.24 c 87.86 c 77.06 b 1152.89 a 1017.51 c 1244.66 b
“NR0160305” 152.47 b 218.37 a 139.52 a 1457.19 a 1395.73 b 1602.83 ab

Chl a 
(FCI)

‘Capdeboscq’ 23.06 b 23.18 b 26.54 a 62.56 a 59.98 a 66.26 a
“Okinawa 
Roxo”

24.26 b 20.92 bc 18.94 b 61.08 a 65.28 a 60.28 a

“NR0060408” 28.76 a 31.74 a 30.24 a 62.24 a 59.42 a 59.86 a
“NR0160305” 22.42 b 17.96 c 15.86 c 58.18 a 60.64 a 59.10 a

Chl b 
(FCI)

‘Capdeboscq’ 4.28 b 4.12 b 4.10 b 21.60 a 22.62 a 21.86 a
“Okinawa 
Roxo”

5.24 b 4.32 b 3.84 bc 11.54 b 10.14 c 10.28 b

“NR0060408” 6.50 a 6.16 a 6.54 a 17.78 a 20.82 a 21.14 a
“NR0160305” 5.24 b 3.22 c 3.10 c 18.54 a 14.88 b 18.46 a

Chl a + b 
(FCI)

‘Capdeboscq’ 27.34 b 27.30 b 30.64 b 84.16 a 82.60 a 88.12 a
“Okinawa 
Roxo”

29.50 b 25.24 b 22.78 c 72.62 a 75.42 a 70.56 b

“NR0060408” 35.26 a 37.90 a 36.78 a 80.02 a 80.24 a 81.00 ab
“NR0160305” 27.66 b 21.18 c 18.96 d 76.72 a 75.52 a 77.56 ab

aMeans followed by the same letter within the same column (Management) do not differ statistically by the Tukey HSD test (p > 0.05). The test 
evaluates the performance of the four genotypes (rows) independently for each CRF and Bioinput combination (columns)
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with superior performance under low fertility but limited 
response to increased inputs.

The microbial consortium (T. harzianum + B. amyloliq-
uefaciens) demonstrates superior efficacy compared to sin-
gle inoculation (T. asperellum) in promoting leaf expansion 
and height growth in responsive genotypes, validating the 
functional complementarity between microorganisms as a 
strategy to optimize peach rootstock production in intensive 
cultivation systems.
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scion combination modulates nutrient partitioning. Further-
more, ongoing trials are evaluating the morphology and 
mineral partitioning of grafted seedlings inoculated with the 
Torpeno® consortium, aiming to consolidate biostimulation 
as a practical management tool to optimize seedling quality 
in the nursery phase.

Conclusion

Nutritional availability via controlled-release fertilizer is the 
determining factor for the viability of nursery biostimulation. 
Inoculation with Trichoderma and Bacillus does not replace 
basal fertilization but acts synergistically in the presence of 
nutritional sufficiency (4 g dm− 3), maximizing vegetative vigor 
and promoting the maintenance of photosynthetic pigments 
(stay-green) until the grafting stage.

Responsiveness to inoculation is a variable genetic trait. 
Selections “NR0160305” and “NR0060408” present high 
phenotypic plasticity, efficiently converting biostimula-
tion into shoot biomass under adequate nutrition, while the 
“Okinawa Roxo” genotype exhibits a conservative strategy, 

Fig. 4  Composite biplot of the Principal Component Analysis (PCA) 
integrating growth and physiological variables at 120 days after 
transplanting (DAT). The four panels on the left display individual 
scores for each genotype (points represent individual observations 
and ellipses the 95% confidence interval). The sub-graph on the right 

(Variable Loadings) displays the correlation vectors (black arrows) 
with optimized label positioning (PH, SD, LN, LA, Chl a, b, a + b) to 
avoid overlap and improve interpretability. Axis titles (PC1 and PC2) 
are highlighted in bold with their respective explained variance per-
centage. The unified legend identifies the six treatments

 

1 3

Page 13 of 15    220 

https://doi.org/10.1007/s00284-026-04793-6
https://doi.org/10.1007/s00284-026-04793-6


J. A. Paraginski et al.

10.	 Souza ADG, Spinelli VM, Souza ROD, Smiderle OJ, Bianchi VJ 
(2017) Optimization of germination and initial quality of seed-
lings of Prunus persica tree rootstocks. J Seed Sci 39:166–173. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​9​0​​/​2​3​​1​7​-​1​5​4​5​v​3​9​n​2​1​7​1​6​8​7

11.	 Jimenez IM, Mayer NA, Dias CTS, Scarpare Filho JA, Silva SR 
(2018) Influence of clonal rootstocks on leaf nutrient content, 
vigor and productivity of young ‘Sunraycer’ nectarine trees. Sci 
Hortic 235:279–285. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​s​c​i​​e​n​t​​a​.​2​0​​1​8​​.​0​2​.​0​7​
5

12.	 Gonçalves ED, Monteiro VFC, Mayer NA, Moura PHA, Alva-
renga ÂA, Antunes LEC, Trevisan R, Pádua JG (2019) Desem-
penho de pessegueiro ‘BRS Libra’ autoenraizado e enxertado 
sobre porta-enxertos clonais em Minas Gerais. Rev Bras Cien 
Agrar 14:e5610. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​5​​0​3​9​​/​a​g​​r​a​r​i​a​.​v​1​4​i​1​a​5​6​1​0

13.	 Souza AG, Smiderle OJ, Muraro RE, Bianchi VJ (2018b) Patents 
for the Morphophysiological Quality of Seedlings and Grafted 
Peach Trees: Effects of Nutrient Solution and Substrates. Recent 
Pat Food Nutr Agric 9:111–118. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​1​7​4​​/​2​2​​1​2​7​​9​8​
4​​1​0​6​6​​6​1​​8​0​5​0​8​1​0​1​6​4​1

14.	 CultivarWeb (2025) RNC: Registro Nacional de Cultivares. 
Available at: ​h​t​t​p​​s​:​/​​/​s​i​s​​t​e​​m​a​s​​.​a​g​r​​i​c​u​​l​t​u​​r​a​.​​g​o​v​​.​b​r​/​​s​n​​p​c​/​​c​u​l​t​​i​v​a​​r​w​e​​b​
/​c​​u​l​t​​i​v​a​r​​e​s​​_​r​e​g​i​s​t​r​a​d​a​s​.​p​h​p. Accessed on: November 21st, 2025

15.	 Mayer NA, Bianchi VJ, Castro LAS (2022a) Propagação e 
produção de mudas. In: Raseira MCB, Pereira JFM, Carvalho 
FLC (eds) Cultivo do Pessegueiro. Embrapa, Pelotas-RS, pp 
79–85

16.	 Mayer NA, Ueno B, Bianchi VJ, Nicolao G (2022b) Propaga-
ção do porta-enxerto ‘Flordaguard’. Embrapa Clima Temperado., 
Pelotas, p 233. (Circular Técnica

17.	 Menegatti RD, Souza AG, Bianchi VJ (2022b) Nutritional status 
of ‘BRS Rubimel’ peach plants in the nursery as a function of the 
rootstock. Acta Sci Agron 44:e54327. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​4​​0​2​5​​/​a​c​​t​
a​s​​c​i​a​​g​r​o​n​​.​v​​4​4​i​1​.​5​4​3​2​7

18.	 Mayer NA, Ueno B, Nava G, Bianchi VJ, Nicolao G, Roth FM, 
Antunes LEC (2024) Performance of clonal rootstocks for peach 
and own-rooted ‘Maciel’ trees in area with a history of the PTSL 
syndrome. Sci Hortic 328:112946. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​s​c​i​​e​n​
t​​a​.​2​0​​2​4​​.​1​1​2​9​4​6

19.	 Mayer NA, Ueno B, Fischer C, Migliorini LC (2015) Porta-
enxertos clonais na produção de mudas de frutíferas de caroço. 
Pelotas: Embrapa Clima Temperado. (Boletim de Pesquisa e 
Desenvolvimento, 216)

20.	 Souza AG, Brida AL, Garcia FRM, Bianchi VJ (2019a) Prospect-
ing for Nematodes Associated With Different Prunus Rootstocks 
in Brazil. J Agric Sci 11:253–262. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​5​​5​3​9​​/​j​a​​s​.​v​1​1​
n​1​1​p​2​5​3

21.	 Souza AG, Ritterbusch CW, Menegatti RD, Smiderle OJ, Bian-
chi VJ (2019) Nutritional efficiency and morphophysiological 
aspects with growth in the ‘Okinawa Roxo’ peach rootstock. J 
Agric Sci 11:221–233. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​5​​5​3​9​​/​j​a​​s​.​v​1​1​n​9​p​2​2​1

22.	 Menegatti RD, Souza AG, Bianchi VJ (2019) Growth and nutri-
ent accumulation in three peach rootstocks until the grafting 
stage. Comun Sci 10:467–476. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​4​2​9​​5​/​c​​s​.​v​1​0​i​4​.​
3​2​1​1

23.	 Menegatti RD, Souza AG, Bianchi VJ (2020) Nutritional effi-
ciency for nitrogen, phosphorus and potassium in peach root-
stocks. J Plant Nutr 44(2):228–237. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​0​​/​0​1​​9​
0​4​​1​6​7​​.​2​0​2​​0​.​​1​8​0​6​3​0​6

24.	 Paraginski JA, Moraes MP, Carlos FS, Mayer NA, Bianchi VJ 
(2025aa) Trichoderma asperellum and mineral fertilization 
improve chlorophyll content and growth of Prunus persica 
L. Batsch rootstocks. Plant and Soil. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​1​
0​4​-​0​2​5​-​0​7​4​5​3​-​z

25.	 Paraginski JA, Moraes MP, Egewarth J, Bianchi VJ (2025b) 
Germination potential and initial growth of seedlings of peach 

Funding  The Article Processing Charge (APC) for the publication 
of this research was funded by the Coordenação de Aperfeiçoamen-
to de Pessoal de Nível Superior - Brasil (CAPES) (ROR identifier: 
00x0ma614).

Data Availability  The datasets generated during and/or analyzed dur-
ing the current study are available from the corresponding author on 
reasonable request.

Declarations

Competing interests  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​
r​g​​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/.

References

1.	 IBGE – Instituto Brasileiro de Geografia e Estatística (2025) 
Produção Agrícola Municipal. Available at: ​h​t​t​p​​s​:​/​​/​w​w​w​​.​i​​b​g​e​​.​g​
o​v​​.​b​r​​/​e​s​​t​a​t​​i​s​t​​i​c​a​s​​/​e​​c​o​n​​o​m​i​c​​a​s​/​​a​g​r​​i​c​u​​l​t​u​​r​a​-​e​​-​p​​e​c​u​​a​r​i​a​​/​9​1​​1​7​-​​p​r​o​​d​u​
c​​a​o​-​a​​g​r​​i​c​o​​l​a​-​m​​u​n​i​​c​i​p​​a​l​-​​c​u​l​​t​u​r​a​​s​-​​t​e​m​​p​o​r​a​​r​i​a​​s​-​e​​-​p​e​r​m​a​n​e​n​t​e​s​.​h​t​m​
l​?​=​&​t​=​r​e​s​u​l​t​a​d​o​s. Accessed on: November 21st, 2025

2.	 FAO – Food and Agriculture Organization of the United Nations 
(2025) Crops and livestock products. Available at: ​h​t​t​p​​s​:​/​​/​w​w​w​​.​f​​a​
o​.​​o​r​g​/​​f​a​o​​s​t​a​​t​/​e​n​/​#​d​a​t​a​/​Q​C​L. Accessed on: November 21st, 2025

3.	 Mayer NA, Picolotto L, Bastos PV, Ueno B, Antunes LEC (2014) 
Herbaceous cutting propagation of peach rootstocks in late sum-
mer. Semina Cien Agrar 35:1761–354 1772

4.	 Schmitz JD, Pasa MS, Fischer DLO, Fachinello JC, Bianchi VJ 
(2014) Performance of peach rootstocks in different crop systems 
for the production of ‘Chimarrita’ seedlings. Rev Ceres 61:293–
297. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​9​0​​/​S​0​​0​3​4​​-​7​3​​7​X​2​0​​1​4​​0​0​0​2​0​0​0​2​0

5.	 Souza AG, Smiderle OJ, Bianchi VJ (2018a) Biometric character-
ization and morphophysiological quality of peach rootstock seeds 
using images of their seedling vigor. Recent Pat Food Nutr Agric 
9:65–73. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​1​7​4​​/​2​2​​1​2​7​​9​8​4​​1​0​6​6​​6​1​​8​0​4​2​6​1​5​5​0​1​3

6.	 Menegatti RD, Lima MA, Souza AG, Smiderle OJ, Bianchi VJ 
(2022a) Contrasting aspects of the physical and physiological 
dormancy by seeds from four peach rootstocks. Adv Hortic Sci 
36:239245. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​6​2​5​​3​/​a​​h​s​c​-​1​2​1​9​2

7.	 Mayer NA, Bianchi VJ, Feldberg NP, Morini S (2017) Advances 
in peach, nectarine and plum propagation. Rev Bras Frutic 39:1–
21. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​9​0​​/​0​1​​0​0​-​2​9​4​5​2​0​1​7​3​5​5

8.	 Souza ADG, Smiderle OJ, Spinelli VM, Souza ROD, Bianchi VJ 
(2016) Correlation of biometrical characteristics of fruit and seed 
with twinning and vigor of Prunus persica rootstocks. J Seed Sci 
38:322–328. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​9​0​​/​2​3​​1​7​-​1​5​4​5​v​3​8​n​4​1​6​4​6​5​0

9.	 Bianchi VJ, Mayer NA, Castro LAS (2014) Produção de mudas. 
In: Raseira MCB, Pereira JFM, Carvalho FLC (eds) Pessegueiro. 
Embrapa, Pelotas-RS, pp 226–249

1 3

  220   Page 14 of 15

https://doi.org/10.1590/2317-1545v39n2171687
https://doi.org/10.1590/2317-1545v39n2171687
https://doi.org/10.1016/j.scienta.2018.02.075
https://doi.org/10.1016/j.scienta.2018.02.075
https://doi.org/10.5039/agraria.v14i1a5610
https://doi.org/10.2174/2212798410666180508101641
https://doi.org/10.2174/2212798410666180508101641
https://sistemas.agricultura.gov.br/snpc/cultivarweb/cultivares_registradas.php
https://sistemas.agricultura.gov.br/snpc/cultivarweb/cultivares_registradas.php
https://doi.org/10.4025/actasciagron.v44i1.54327
https://doi.org/10.4025/actasciagron.v44i1.54327
https://doi.org/10.1016/j.scienta.2024.112946
https://doi.org/10.1016/j.scienta.2024.112946
https://doi.org/10.5539/jas.v11n11p253
https://doi.org/10.5539/jas.v11n11p253
https://doi.org/10.5539/jas.v11n9p221
https://doi.org/10.14295/cs.v10i4.3211
https://doi.org/10.14295/cs.v10i4.3211
https://doi.org/10.1080/01904167.2020.1806306
https://doi.org/10.1080/01904167.2020.1806306
https://doi.org/10.1007/s11104-025-07453-z
https://doi.org/10.1007/s11104-025-07453-z
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.ibge.gov.br/estatisticas/economicas/agricultura-e-pecuaria/9117-producao-agricola-municipal-culturas-temporarias-e-permanentes.html?=%26t=resultados
https://www.ibge.gov.br/estatisticas/economicas/agricultura-e-pecuaria/9117-producao-agricola-municipal-culturas-temporarias-e-permanentes.html?=%26t=resultados
https://www.ibge.gov.br/estatisticas/economicas/agricultura-e-pecuaria/9117-producao-agricola-municipal-culturas-temporarias-e-permanentes.html?=%26t=resultados
https://www.ibge.gov.br/estatisticas/economicas/agricultura-e-pecuaria/9117-producao-agricola-municipal-culturas-temporarias-e-permanentes.html?=%26t=resultados
https://www.fao.org/faostat/en/#data/QCL
https://www.fao.org/faostat/en/#data/QCL
https://doi.org/10.1590/S0034-737X2014000200020
https://doi.org/10.2174/2212798410666180426155013
https://doi.org/10.36253/ahsc-12192
https://doi.org/10.1590/0100-29452017355
https://doi.org/10.1590/2317-1545v38n4164650


Synergism Between Controlled-Release Fertilization and Microbial Bioinputs Modulates the…

37.	 Madrid-Molina M, Pérez-Álvarez S, Escobedo-Bonilla CM, 
Urías-García C (2023) Application of Trichoderma asperellum in 
apple trees as a growth regulator and antagonist for the control of 
Alternaria sp. Not Bot Horti Agrobo 51(1):13108. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​5​8​3​​5​/​n​​b​h​a​5​1​1​1​3​1​0​8

38.	 Rembinski J, Moreira SI, Souza JT, Souza ACA, Dorigan AF, 
Alves E, Juliatti BCM, Julliati FC (2022) Using Trichoderma to 
Manage Sclerotia-Producing Phytopathogenic Fungi. In: Juliatti 
F (ed) Trichoderma-Technology and Uses. IntechOpen. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​5​​7​7​2​​/​i​n​​t​e​c​h​o​p​e​n​.​1​0​2​4​2​6

39.	 Solano BR, Barriuso J, Mañero FJG (2008) Physiological and 
Molecular Mechanisms of Plant Growth Promoting Rhizobacte-
ria (PGPR). In: Ahmad I, Pichtel J, Hayat S (eds) Plant-Bacteria 
Interactions: Strategies and Techniques to Promote Plant Growth. 
Wiley, New York, pp 41–54. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​9​7​​8​3​5​2​7​6​2​1​
9​8​9​.​c​h​3

40.	 Sofo A, Tataranni G, Xiloyannis C, Dichio B, Scopa A (2012) 
Direct effects of Trichoderma harzianum strain T-22 on micro-
propagated shoots of GiSeLa6® (Prunus cerasus × Prunus cane-
scens) rootstock. Environ Exp Bot 76:33–38. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
0​1​6​​/​j​.​​e​n​v​​e​x​p​​b​o​t​.​​2​0​​1​1​.​1​0​.​0​0​6

41.	 Sachet MR, Penso GA, Pertille RH, Guerrezi MT, Citadin I 
(2015) Estimativa da área foliar de pessegueiro por método não-
destrutivo. Cienc Rural 45:2161–2163. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​9​0​​/​0​
1​​0​3​-​8​4​7​8​c​r​2​0​1​4​0​1​8​5

42.	 R Core Team (2025) R: A Language and Environment for Statisti-
cal Computing. R Foundation for Statistical Computing, Vienna, 
Austria

43.	 Wickham H et al (2019) Welcome to the tidyverse. J Open Source 
Softw 4(43):1686. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​1​1​0​​5​/​j​​o​s​s​.​0​1​6​8​6

44.	 Bates D, Mächler M, Bolker B, Walker S (2015) Fitting linear 
mixed-effects models using lme4. J Stat Softw 67(1):1–48. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​8​6​3​​7​/​j​​s​s​.​v​0​6​7​.​i​0​1

45.	 Fox J, Weisberg S (2019) An R Companion to Applied Regres-
sion, Third Edition. Sage, Thousand Oaks CA

46.	 Lenth RV (2023) emmeans: Estimated Marginal Means, aka 
Least-Squares Means. R package version 1.8.8

47.	 Hothorn T, Bretz F, Westfall P (2008) Simultaneous inference in 
general parametric models. Biom J 50(3):346–363. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​1​​0​0​2​​/​b​i​​m​j​.​2​0​0​8​1​0​4​2​5

48.	 Lê S, Josse J, Husson F (2008) FactoMineR: an R package for 
multivariate analysis. J Stat Softw 25(1):1–18. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​
1​​8​6​3​​7​/​j​​s​s​.​v​0​2​5​.​i​0​1

49.	 Menegatti RD, Bianchi VJ (2019) Características fisiológicas, 
nutricionais e de crescimento de porta-enxertos de pessegueiro 
submetidos a diferentes fontes e doses de fertilizantes. Acta 
Iguazu 8:64–77. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​​r​​g​​/​​1​0​​.​4​8​0​​​7​5​​/​a​c​​t​a​i​​g​​u​a​​z​.​v​​​8​i​4​.​2​2​1​9​5

Publisher’s Note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

rootstocks genotypes. Sci Plena 21:090201. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​4​
8​0​​8​/​s​​c​i​.​​p​l​e​​n​a​.​2​​0​2​​5​b​.​0​9​0​2​0​1

26.	 NRS-SBCS – Núcleo Regional Sul da Sociedade Brasileira de 
Ciência do Solo (2020) Atualização sobre calagem e adubação 
em frutíferas. RJR, Porto Alegre

27.	 NRS-SBCS – Núcleo Regional Sul da Sociedade Brasileira de 
Ciência do Solo, NRS-SBCS (2022) Atualização sobre calagem e 
adubação em frutíferas. Pallotti, Santa Maria

28.	 Huang Y, Jiao Y, Nawaz MA, Chen C, Liu L, Lu Z, Kong Q, 
Cheng F, Bie Z (2016) Improving magnesium uptake, photosyn-
thesis and antioxidant enzyme activities of watermelon by graft-
ing onto pumpkin rootstock under low magnesium. Plant Soil 
409:229–246. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​1​0​4​-​0​1​6​-​2​9​6​5​-​3

29.	 Mayer NA, Navroski R, Benati JA, Roth FM, Ueno B, Nava G, 
Antunes LEC, Valgas RA (2023) The leaf nutrient content of 
‘Jade’ peach grafted on 22 clonal rootstock and in own-rooted 
trees. Comun Sci 14:e3983. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​4​2​9​​5​/​c​​s​.​v​1​4​.​3​9​8​3

30.	 Domingues Neto FJ, Pimentel Junior A, Modesto LR, Moura MF, 
Putti FF, Boaro CSF, Ono EO, Rodrigues JD, Tecchio MA (2023) 
Photosynthesis, biochemical and yield performance of grapevine 
hybrids in two rootstock and trellis height. Horticulturae 9:596. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​h​o​​r​t​i​c​u​l​t​u​r​a​e​9​0​5​0​5​9​6

31.	 Stewart A, Hill R (2014) Applications of Trichoderma in Plant 
Growth Promotion. In: Gupta VK, Schmoll M, Herrera-Estrella 
A, Upadhyay RS, Druzhinina I, Tuohy MG (eds) Biotechnology 
and Biology of Trichoderma. Elsevier, pp 415–428. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​1​​0​1​6​​/​B​9​​7​8​-​​0​-​4​​4​4​-​5​​9​5​​7​6​-​8​.​0​0​0​3​1​-​X

32.	 Hasan ZAE, Mohd Zainudin NAI, Aris A, Ibrahim MH, Yusof 
MT (2020) Biocontrol efficacy of Trichoderma asperellum-
enriched coconut fibre against Fusarium wilts of cherry tomato. J 
Appl Microbiol 129:991–1003. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​j​a​​m​.​1​4​6​7​
4

33.	 Ortega-García JG, Montes-Belmont R, Rodríguez-Monroy M, 
Ramírez-Trujillo JA, Suárez-Rodríguez R, Sepúlveda-Jiménez G 
(2015) Effect of Trichoderma asperellum applications and min-
eral fertilization on growth promotion and the content of phenolic 
compounds and flavonoids in onions. Sci Hortic 195:8–16. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​s​c​i​​e​n​t​​a​.​2​0​​1​5​​.​0​8​.​0​2​7

34.	 Yadav M, Divyanshu K, Dubey MK, Rai A, Kumar S, Tripathi 
YN, Shukla V, Upadhyay RS (2023) Plant growth promotion and 
differential expression of defense genes in chilli pepper against 
Colletotrichum truncatum induced by Trichoderma asperellum 
and T. harzianum. BMC Microbiol 23:54. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​
/​s​1​​2​8​6​6​-​0​2​3​-​0​2​7​8​9​-​x

35.	 Bononi L, Chiaramonte JB, Pansa CC, Moitinho MA, Melo IS 
(2020) Phosphorus-solubilizing Trichoderma spp. from Amazon 
soils improve soybean plant growth. Sci Rep 10:2858. ​h​t​t​p​​s​:​/​​/​d​o​i​​
.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​5​9​8​-​0​2​0​-​5​9​7​9​3​-​8

36.	 Halifu S, Deng X, Song X, Song R (2019) Effects of two Tricho-
derma strains on plant growth, rhizosphere soil nutrients and 
fungal community of Pinus sylvestris var. mongolica annual seed-
lings. Forests 10:758. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​f​1​​0​0​9​0​7​5​8

1 3

Page 15 of 15    220 

https://doi.org/10.15835/nbha51113108
https://doi.org/10.15835/nbha51113108
https://doi.org/10.5772/intechopen.102426
https://doi.org/10.5772/intechopen.102426
https://doi.org/10.1002/9783527621989.ch3
https://doi.org/10.1002/9783527621989.ch3
https://doi.org/10.1016/j.envexpbot.2011.10.006
https://doi.org/10.1016/j.envexpbot.2011.10.006
https://doi.org/10.1590/0103-8478cr20140185
https://doi.org/10.1590/0103-8478cr20140185
https://doi.org/10.21105/joss.01686
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1002/bimj.200810425
https://doi.org/10.1002/bimj.200810425
https://doi.org/10.18637/jss.v025.i01
https://doi.org/10.18637/jss.v025.i01
https://doi.org/10.48075/actaiguaz.v8i4.22195
https://doi.org/10.14808/sci.plena.2025b.090201
https://doi.org/10.14808/sci.plena.2025b.090201
https://doi.org/10.1007/s11104-016-2965-3
https://doi.org/10.14295/cs.v14.3983
https://doi.org/10.3390/horticulturae9050596
https://doi.org/10.3390/horticulturae9050596
https://doi.org/10.1016/B978-0-444-59576-8.00031-X
https://doi.org/10.1016/B978-0-444-59576-8.00031-X
https://doi.org/10.1111/jam.14674
https://doi.org/10.1111/jam.14674
https://doi.org/10.1016/j.scienta.2015.08.027
https://doi.org/10.1016/j.scienta.2015.08.027
https://doi.org/10.1186/s12866-023-02789-x
https://doi.org/10.1186/s12866-023-02789-x
https://doi.org/10.1038/s41598-020-59793-8
https://doi.org/10.1038/s41598-020-59793-8
https://doi.org/10.3390/f10090758

	﻿Synergism Between Controlled-Release Fertilization and Microbial Bioinputs Modulates the Morphophysiological Quality of ﻿Prunus﻿ Rootstock Genotypes
	﻿Abstract
	﻿Introduction
	﻿Materials and Methods
	﻿Experimental Material

	﻿Experimental Design
	﻿Analyzed Variables
	﻿Statistical Analysis

	﻿Results
	﻿Longitudinal Treatment Effects (0–120 DAT)

	﻿Cross-Sectional Analysis (120 DAT): Bioinput Effect
	﻿Cross-Sectional Analysis (120 DAT): Genotype Performance
	﻿Multivariate Analysis (PCA)

	﻿Discussion
	﻿﻿Conclusion﻿
	﻿References


