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Abstract

This study explored an eco-friendly, integrated strategy for managing root-knot nematode (RKN; Meloidogyne incognita)
in greenhouse-grown tomato cv. Apache F,. The strategy combined grafting (GR) onto resistant rootstocks (‘Estamino’:
R, and ‘Fortamino’: R,) with seed coating (SCB) using bacterial bioagent Sporosarcina psychrophila Sd4-11 (B,) and
Streptomyces scabiei Wbln-4 (B,). Grafted and ungrafted transplants, with or without seed coating, were cultivated in a
naturally infested greenhouse during the 2022 and 2023 fall seasons using a randomized complete block factorial design.
Comprehensive assessments were performed for host RKN-response, vegetative and reproductive performance, yield attri-
butes, fruit quality, and metabolic activity, thereby addressing existing knowledge gaps regarding the combined efficacy
of grafting and biocontrol strategies. The integrated GR-SCB approach significantly enhanced vegetative and reproduc-
tive growth, productivity, and metabolic activity, with markedly reducing RKN-infection. Analysis of variance revealed
significant main and interaction (GRXSCB) effects across most measured traits, with seasonal and trait-specific varia-
tion. SCB most effectively suppressed RKN-satisfying response (number of galls and egg masses), whereas GR exerted
the strongest influence on vegetative traits. The GRxXSCB interaction contributed the highest proportion of variance in
yield attributes (SS%: approximately 40-45%), confirming the synergistic potential. Principal component analysis (PCA)
reduced 37 evaluated traits to three principal components explaining 97.06% of the total variance. PCA biplot results
identified G-R,;/C-B; and G-R,/C-B, as the most vigorous and RKN-tolerant combinations. Overall, integrating grafting
with bioagent seed coating provides an effective, sustainable, and eco-friendly alternative to chemical nematicides for
enhancing tomato productivity under protected cultivation.
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EMI egg-mass index

EU experimental unit

EY early yield

FDM fruit dry matter content

FF fruit firmness

FSP fruit set percentage

GI gall index

GR grafting

G-R, grafting onto rootstock ‘Estamino’
G-R, grafting onto rootstock ‘Fortamino’
INM integrated nematode management
1, second-stage juveniles of nematode
LA leaf area

LB Luria-Bertani medium

LER leaf expansion rate

LFR leaf formation rate

MY marketable yield

NEM number of egg-masses

NFC the number of fruits/cluster

NFI the number of flowers/inflorescence
NG number of galls

NPL number of plant leaves

PC principal component

PCA principal component analysis

P, initial population density

RC root carbohydrates

RCBD randomized complete block design
RDM root dry matter

RKN root-knot nematode

RPPh root polyphenol content
RPr root protein content

SCB seed-coating with bioagent
SD stem diameter

SDM shoot dry matter

SER stem elongation rate

SL stem length

STR stem thickness rate
T-Carot  total carotenoids

TSS total soluble solids

TY total yield

vC vitamin C
Introduction

Tomato (Solanum lycopersicum L.) is a globally impor-
tant vegetable crop valued for its nutritional content, anti-
oxidants, flavor, and versatility. In 2023, the worldwide
cultivation area reached 4.92 million hectares, producing
192.32 million tons with an average yield of 35.5 tons per
hectare (<http://faostat.fao.org/%3E). Egypt ranked the
fifth-largest producer worldwide with 6.21 million tons
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produced in 2023 from 155,874 hectares, averaging 39.85
tons per hectare (<http://faostat.fao.org/%3E). Plant-par-
asitic nematodes significantly affect tomato crop, causing
yield losses of 30—40%, and can reach up to 85% in sus-
ceptible cultivars, particularly in tropical and sub-tropical
regions (Lopes-Caitar et al. 2019). In Egypt, root-knot nem-
atodes (RKN; Meloidogyne spp.), especially M. incognita,
pose major challenges to intensive tomato production (Abd-
Algawad 2014).

Nematode control is complex and costly, with limited
effective options. Integrated nematode management (INM)
for RKN in sustainable agriculture relies on four key strat-
egies: host plant resistance, cultural practices, biological
control, and chemical control. While chemical nematicides
can reduce RKN damage, their high cost and potential risks
to human health and the environment limit their adoption
(Castellano-Hinojosa et al. 2022). Alternatively, grafting
onto resistant rootstocks and biological control agents has
proven effective in managing RKN and other soil-borne dis-
eases without reliance on chemical pesticides (Remzeena
and Anitha 2023; Sharma et al. 2025).

Several commercial tomato rootstocks, primarily inter-
specific F; hybrids with S. habrochaites, carry the RKN-
resistant gene Mi—1, derived from S. peruvianum (Aydinli
and Mennan 2019; Mahmoud et al. 2025b). The Mi-1 gene
confers resistance to M. incognita, M. javanica, and M. are-
naria, as well as some arthropods (El-Sappah et al. 2019).
Its effectiveness, however, declines when heterozygous, in
the presence of virulent nematode isolates, or at soil tem-
peratures above 32 °C (Devran et al. 2010). Therefore,
rootstocks homozygous for Mi-1, such as ‘Brigeor’, ‘King
Kong’, and ‘He-Man’, exhibit high RKN resistance, whereas
heterozygous rootstocks like ‘Beaufor’, ‘Maxifort’, ‘Esta-
mino’, and ‘Fortamino’ show moderate resistance (Aydinli
and Mennan 2019; Mahmoud et al. 2025b). Grafting tomato
onto these RKN-resistant rootstocks reduces root galling
and nematode reproduction, resulting in significant yield
gains compared to ungrafted plants (Aydinli and Mennan
2019; Bajek and Rudolph 2023; Kokalis-Burelle and Ross-
kopf 2011; Mahmoud et al. 2025b; Owusu et al. 2016).

Indigenous soil microbial communities show potential
for controlling Meloidogyne spp. Several bacterial genera,
species, and isolates that naturally suppress these nematodes
have been identified. Rhizosphere bacteria/isolates such as
Bacillus (Amorim et al. 2024; Jiménez-Aguirre et al. 2023;
Mahmoud et al. 2025a), Paenibacillus (Viljoen et al. 2019),
Pseudomonas (Amorim et al. 2024), and Streptomyces
(Mahmoud et al. 2025a; Sharma et al. 2019) have been suc-
cessfully used as biological control agents (BCAs) in veg-
etable crops, including tomato. BCAs act directly—through
competition, predation, and parasitism at various nema-
tode life stages—or indirectly by producing nematicidal
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metabolites and inducing plant resistance (Sharma et al.
2025). However, their use can be controversial, as non-tar-
get soil microorganisms and host plants may be affected,
and most beneficial plant-microbe interactions are highly
specific, with few broad-spectrum antagonists identified
(Sharma et al. 2025).

Although the individual effects of bioprotection and
grafting in mitigating RKN damage are well-documented,
their synergistic potential remains under-explored. Cukrov
et al. (2021) reported that integrating grafting and biostimu-
lant application was a promising strategy for M. incognita
management in tomato, however, they noted that efficacy
s highly dependent on rootstock selection, with ‘Arnold’
providing superior suppression compared to ‘Maxifort’.
Similarly, Pontes et al. (2024) found that while micro-
biological nematicides effectively controlled M. javanica
and M. enterolobii, they were less consistent against M.
incognita in greenhouse conditions. Notably, their field
trials revealed that microbial agents, including Bacillus
velezensis (Agl09®), B. amyloliquefaciens (Veraneio®),
Pochonia chlamydosporia (Rizotec®), and Purpureocillium
lilacinum (Nemat®), only achieved nematode reduction
(56.70-77.29%) when combined with the resistant root-
stock “Woodstock’.

The present study aimed to evaluate an integrated man-
agement strategy against M. incognita in greenhouse-grown
tomato ‘Apache F,’. This approach synergizes the biologi-
cal control potential of Sporosarcina psychrophila Sd4-11
and Streptomyces scabiei Wbln-4, previously identified as
effective RKN-suppressive agents in Egyptian soils (Mah-
moud et al. 2025a), with grafting onto the commercial
rootstocks ‘Estamino’ and ‘Fortamino’, selected for their
demonstrated efficacy in RKN suppression and high pro-
ductivity (Mahmoud et al. 2025b)

Materials and methods

The experiment was conducted during the 2022 and 2023
fall seasons in a naturally RKN-infested semicircular green-
house (960 m, 3.2 m apex height) located at Monsha’et
El Kanater, Giza Governorate, Egypt (30°14°44.7”
N; 30°46°05.2” E). The greenhouse was covered with
150-pum-thick UV-resistant polyethylene from mid-Octo-
ber to early March to ensure suitable thermal conditions
for tomato cultivation. Due to the absence of in situ sen-
sors, climatic data, including monthly mean minimum and
maximum air temperatures, relative humidity, and cloud
cover, for the cultivation period were obtained from the
NASA POWER database (https://power.larc.nasa.gov/da
ta-access-viewer/). Internal greenhouse thermal profiles
during the polyethylene-covering period were estimated

using the regional calibration model of Eissa et al. (1996),
which accounts for a 5-10 °C thermal gain above ambient
temperatures.

Nematode diagnostics

The species identity and initial population density (Pi) of
RKN within the experimental greenhouse were determined
through soil sampling at the beginning of each experimen-
tal season prior to transplanting. For each greenhouse bed,
a composite soil sample was prepared by pooling four soil
cores collected at a depth of 5-30 cm using a soil auger.
From each thoroughly homogenized composite sample, a
100 g subsample of fresh soil was processed using the modi-
fied Baermann funnel technique (Ayoub, 1980). To deter-
mine Pi, the soil subsample was placed on a double layer
of cellulose tissue supported by a sieve and submerged in a
water-filled funnel for 48 h at room temperature (25+2 °C)
to allow active nematode migration. After incubation, the
nematode suspension was collected from the funnel stem,
and second-stage juveniles (J,) were counted under a stereo-
microscope at 40x magnification. The Pi was expressed as
the number of J, 100 g~ ! of soil. Simultaneously, nematode
species identity was confirmed by the morphological exam-
ination of female perineal patterns (n=20 female ped ')
according to the diagnostic keys of Taylor and Netscher
(1974).

Plant Materials

The commercial tomato rootstocks ‘Estamino’ (R;) and
‘Fortamino’ (R,), both characterized by the Mi—1/mi—1 gen-
otype, were selected for grafting with the susceptible scion
‘Apache F,’ (mi—1/mi—1). These rootstocks were chosen
for their validated resistance to RKN and their documented
capacity to enhance vegetative growth, total yield, and fruit
quality (Mahmoud et al. 2025b). The cultivar ‘Apache F,’
was utilized as a standard susceptible control due to its lack
of the functional Mi—1 resistance gene, providing a critical
reference point for evaluating host responses and the rela-
tive efficacy of the integrated treatments (Mahmoud et al.
2025b).

Bacterial bioagents

The bacterial isolates Sporosarcina psychrophile Sd4-11
(B)) and Streptomyces scabiei Wb1n-4 (B,), originally iso-
lated and molecularly characterized by Koberl et al. (2013)
from RKN-suppressive Egyptian soils, were used in this
study. These isolates were selected based on their previ-
ously validated growth-promoting and nematocidal efficacy
(Mahmoud et al. 2025a). To prepare pure and metabolically
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active cultures, the isolates were cultured on Luria-Bertani
(LB) agar in 9 cm diameter Petri dishes at 27+3 °C under a
16/8 h light-dark cycle for three days until confluent growth
was achieved, ensuring high metabolic activity at the time
of inoculation.

Experimental procedure

Seeds of the rootstocks and scion were surface-sterilized
in 2% sodium hypochlorite for 10 min, rinsed thoroughly,
and dried under sterile conditions. For seed coating, fifty
seeds per Petri dish were rolled over bacterial lawns of the
antagonistic isolates until the seed surfaces were uniformly
and completely coated. This coating methods ensured a uni-
form inoculum load of approximately 10’ CFU seed ' as
per Adam et al. (2014). Coated seeds were then air-dried
under aseptic condition for 2 h prior to planting. Both coated
and uncoated seeds were used to raise grafted and ungrafted
plants. Seeds were sown on September 1 st of the 2022 and
2023 seasons in 209-cell trays filled with a 1:1 mixture of
coconut peat and vermiculite, supplemented with nutrients.
To avoid cross-contamination, two empty rows were left
between treatments. Seedlings were grown in a greenhouse
at 26+2 °C and manually grafted at the 3—4 true-leaf stage
using the slant-cut method. Grafted seedlings were placed
in a high-humidity healing chamber (28+2 °C, >95% RH)
for three days, gradually acclimated, and transferred to an
adaptation greenhouse after one week. In mid-September,
coated and uncoated grafted and ungrafted transplants were
transplanted in a plastic house under a randomized complete
factorial block design (RCBD) with two factors: grafting
(G-R,, G-R,, and ungrafted: UG) seed-coating (C-B,, C-B,,
and uncoated: UC). The experiment consisted of four repli-
cates with 10 plants per experimental unit (EU). Pesticides
were not applied, and standard greenhouse practices were
followed, including fertigation with 105.8 N, 24.9 P:Os,
88.1 K20, and 10 CaO kg ha™'.

Evaluated plant traits
Host RKN-responses

Host response to RKN was defined as the ability to suppress
nematode development or reproduction compared to the
susceptible control, ‘Apache F,” (Banora and Almaghrabi
2019). In each EU, all tomato plants were evaluated for
RKN resistance by quantifying the number of galls (NG)
and egg masses (NEM) produced by M. incognita on the
root systems at the end of the fruiting season (approximately
180 DAT).

Roots were gently washed to remove adhering soil,
and fresh root weights were recorded. Egg masses were

@ Springer

visualized by staining the roots with a 0.4% cochineal red
solution for 15 min (Hooper et al. 2005). After excess stain
was removed by rinsing with tap water, the total number
of galls and egg masses was recorded. Host responses to
RKN were quantified using the Gall Index (GI; Taylor and
Sasser 1978) and Egg-mass Index (EMI; Taylor 1967) on a
0-5 scale, where: 0=no galls/egg masses (immune); 1=1-2
(highly resistant); 2=3-10 (resistant); 3=11-30 (mod-
erately resistant); 4=31-100 (susceptible); and 5=>100
(highly susceptible).

Vegetative growth and morphodynamics

Morphological parameters were recorded from five repre-
sentative plants per EU. Vegetative growth was evaluated
at 30 and 60 days after transplanting (DAT) by measuring
stem length (SL), stem diameter (SD), the number of plant
leaves (NPL), and the leaf area (LA). SL was measured
from the soil surface (for ungrafted plants) or the graft union
(for grafted plants) to the terminal bud. SD was recorded
about 1 cm above the soil surface or graft union, respec-
tively (Mahmoud 2020). LA was determined for the fifth
fully expanded leaf from the apex using the leaf-weighing
technique (Pandey and Singh 2011). To quantify growth
dynamics, the stem elongation rate (SER), stem thickness
rate (STR), leaf formation rate (LFR), and leaf expansion
rate (LER) were calculated between the two measurement
intervals (30 and 60 DAT) according to Mahmoud et al.
(2025b).

Reproductive development and yield components

Reproductive development was monitored by recording the
number of days to the first flower anthesis (DFFE) and days
to the ripening of the first ripe fruit (DFRFE) to assess treat-
ment effects on earliness. Yield components included the
number of flowers/inflorescence (NFI) and the number of
fruits/cluster (NFC), both recorded from the second through
the sixth clusters, and fruit set percentage (FSP). Productiv-
ity was categorized as early yield (EY), total yield (TY), and
marketable yield (MY). EY was determined by the cumula-
tive weight ofthe first three harvests, while TY comprised
the total weight of all harvested fruits. MY was derived
from TY after excluding defective fruits or those weighing
less than 30 g (Mahmoud 2020).

Fruit quality

Fruit quality was evaluated at peak harvest using a represen-
tative sample of 20 fully red-ripe fruits per EU (Mahmoud
2020). Physical attributes included average fruit weight
(AFW) and fruit firmness (FF), with the latter determined
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using a Mark-10 Force Gauge (Model M4-200, Series 4).
Chemical parameters consisted of pH, fruit dry matter con-
tent (FDM), total soluble solids (TSS), and vitamin C (VC).
FDM was determined by oven-drying at 70 °C until constant
weight was achieved. TSS was measured using a digital
refractometer (PR101, Palette Co. Ltd., Tokyo, Japan), and
pH was recorded bia a digital pH meter (HI 9219, Hanna
Instruments, Smithfield, RI, USA). Finally, VC (ascorbic
acid) concentration was quantified through titration with 2,6
dichlorophenol indophenol dye (Latimer 2012).

Photosynthetic pigments and biomass accumulation

Foliar photosynthetic pigments, i.e., chlorophyll a (Chlor-
a), chlorophyll b (Chlor-b), and total carotenoids (T-Carot),
were measured at 60 DAT. Pigments were extracted from
0.5 g of fresh leaf tissue in 5 ml of dimethylformamide, and
concentrations were determined spectrophotometrically at
664, 647, and 480 nm following Moran (1982).

At the end of the fruiting period, 100 g of fresh shoot and
root tissues were oven-dried at 70 °C to determine shoot
(SDM) and root (RDM) dry matter content. Root carbohy-
drates (RC), proteins (RPr), and polyphenols (RPPh) were
estimated using the AOAC method (Latimer 2012).

Statistical Analysis

Data normality was verified using the Shapiro-Wilk test.
Variables that significantly deviated from a normal distribu-
tion (P<0.05) were subjected to arcsine square root trans-
formation to satisfy ANOVA assumptions (Wickens and
Keppek 2004). Data were initially subjected to a combined
ANOVA across both seasons to evaluate the significance
of the year factor and its interaction with experimental fac-
tors. Because significant year-to-year and interactions for
several variables, each season was subsequently analyzed
separately. Mean comparisons were performed using Dun-
can’s multiple range test. MSTATc v.2.1 software (Michi-
gan State University, Michigan, USA) was used to perform
these analyses.

Principal component analysis (PCA) was performed on
the standardized dataset (Z-scores) to evaluate the variabil-
ity among treatments and their influence on measured traits
across both experimental seasons. To ensure robust factor
extraction, PCA with Varimax rotation was applied, and
components were retained based on the latent root criterion
(eigenvalues>1.0; Johnson and Wichern 2007). Trait cor-
relations and treatment clusters were visualized using PCA
biplot of the first two principal components (Yan and Kang
2003). Correlation strength and direction were interpreted
using the cosine of the angle between vectors: angles <90°
indicated positive correlations, >90° indicated negative

correlations, and 90° indicated no correlation. Additionally,
Pearson’s correlation coefficients were calculated to quan-
tify the linear relationships between suppress M. incognita
development indices and other morphological, physiologi-
cal, and biochemicals traits. Multivariate analyses were exe-
cuted using the IBM SPSS software version 26.0.0 (SPSS
Inc., Chicago, Illinois, USA) and XLSTAT software version
2019 (Addinsoft, Paris, France).

Results
Nematode diagnostics

Morphological examination of female perineal patterns
confirmed the identity of the nematode population as M.
incognita (Kofoid and White) Chtwood. Observed patterns
consistently displayed the diagnostic high, squarish dorsal
arch and wavy cuticular striae lacking distinct lateral inci-
sures. The morphological identification of M. incognita
via the female perineal pattern is characterized by a high,
squarish dorsal arch composed of closely spaced, smooth
to wavy cuticular striae. Unlike M. javanica, this species
typically lacks distinct lateral incisures (lines); instead, the
striae often fork, break, or intermingle at the lateral fields,
creating an indistinct boundary between the dorsal and ven-
tral sections. The overall configuration is generally oval to
pyriform, often featuring an “inverted-V” or fingerprint-like
whorl immediately above the tail terminus. These diagnos-
tic features, as established by Taylor and Netscher (1974),
distinguish it from the rounded arches of M. hapla and the
clearly divided lateral fields of M. javanica.

The initial population density (P7) in the greenhouse top-
soil (5-30 cm) was 1325+105 J, 100 ¢! soil during the
2022 season and 150396 J, 100 ¢! soil during the 2023
season. These values indicate that a high inoculum pressure
was maintained throughout both experimental cycles, pro-
viding a robust baseline to evaluate the suppressive effects
of host plant resistance compared to the susceptible control
‘Apache F,’.

Tomato phenotypes under RKN infection
ANOVA

Preliminary assessment using the Shapiro—Wilk test indi-
cated that several parameters, including NG, NEM, SD60,
NPL60, STR, SFW, SDW, RFW, RDW, DFFE, NFI, NFC,
FSP, EY, TY, MY, FDM, chlor-a, RDM, RC, and RPr, sig-
nificantly deviated from a normal distribution (P<0.05) in
both growing seasons. Additional deviations were observed
in season-specific variables, namely SL30, SD30, SDM,
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DFRFE, chlor-b, and VC in the 2022 season, and SL60,
NPL30, RPPh, pH, and TSS in the 2020 season. To ensure
the validity of parametric testing, these variables were nor-
malized using an arcsine square-root transformation prior
to conducting the ANOVA. The transformed data satisfied
the assumptions of normality and homogeneity of variance,
thereby permitting accurate and reliable mean comparisons.

The ANOVA results for both the pooled and individual
seasonal datasets for all measured phenotypic variables are
presented in Table S1. The pooled ANOVA revealed that
the primary experimental factors, year (Y), grafting—root-
stock (GR), and seed-coating bioagents (SCB), exerted
statistically significant effects on the majority of evaluated
traits (Table S1). Specifically, GR significantly influenced
most parameters (P<0.01 or 0.001), with the exceptions of
STR, LFR, and pH (Table S1). Similarly, SCB significantly
affected most traits (P<0.01 or 0.001), except for SD30,
STR, LFR, and RDM (Table S1). Highly significant Y effects
were observed for 35 of the 40 evaluated traits (P<0.001).
Regarding interaction effects, the GRXSCB interaction was
significant (P<0.05, 0.01, or 0.001) for all assessed traits
except RDM (Table S1), providing strong statistical evi-
dence for synergistic effects between these factors. Seasonal
interactions were also prevalent, with significant YxGR
interactions (P<0.05, 0.01, or 0.001) for 24 traits, YXSCB
interactions (P<0.05, 0.01, or 0.001) for 28 traits, and
significant three-way interactions (Y*GRxSCB; P<0.05,
0.01, or 0.001) for 21 traits (Table S1). Collectively, these
findings underscore the dominant role of year-to-year varia-
tion, together with the robust synergistic contributions of
GR and SCB, in shaping plant performance. Consequently,
due to the high frequency of significant seasonal interac-
tions, data from each growing season were analyzed sepa-
rately to ensure accurate comparisons of treatment means.
Seasonal ANOVA results and subsequent mean compari-
sons for each variable are reported separately to account for
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temporal variation. To quantify the magnitude of the effect
of each experimental factor on the measured parameters, the
percentage of the sum of squares (SS%) attributable to each
factor relative to the total variation was estimated.

Host RKN-responses

Highly significant effects (P<0.001) of GR, SCB, and
their interaction (GRxSCB) were observed on host plant
RKN-responses, as quantified by NG and NEM across both
seasons (Table S1). Based on SS%, SCB exerted the great-
est effect on both parameters (=36-40%), followed by the
GRX*SCB interaction (=33-36%), while GR alone provided
the smallest relative contribution (=25-28%; Table S1).
Host RKN-responses are further detailed in Fig. 1. In
both seasons, UG plants consistently recorded the highest
NG (149.2 in 2022 and 171.4 in 2023, Fig. 1A) and NEM
(163.8 in 2022 and 203.7 in 2023; Fig. 1B). Conversely,
G-R; plants consistently exhibited the lowest NG (64.5
and 69.6, respectively; Fig. 1A) and NEM (76.8 in 2022
and 87.3 in 2023, Fig. 1B). Regarding SCB treatments, UC
plants consistently showed the highest NG (162.8 in 2022
and 171.4 in 2023; Fig. 1A) and NEM (175.4 in 2022 and
212.9 in 2023, Fig. 1B). Notably, C-B, plants consistently
recorded the lowest NG (62.7 in 2022 and 65.7 in 2023,
Fig. 1A) and NEM (77.6 in 2022 and 90.9 in 2023, Fig. 1B),
with a significant similarity (P<0.05) to C-B, plants for NG
in 2023 (70.4) and for NEM in both seasons (79.3 in 2022
and 86.8 in 2023). UG/UC plants consistently exhibited
the highest NG (302.2 in 2022 and 359.0 in 2023; Fig. 1A)
and NEM (310.9 in 2022 and 404.9 in 2023, Fig. 1B). Con-
versely, G-R,/C-B, plants consistently recorded the lowest
NG (50.6 in 2022 and 55.1 in 2023, Fig. 1A) and NEM (62.0
in 2022 and 79.3 in 2023, Fig. 1B), with significant similari-
ties (£<0.05) to G-R,/C-B, and G-R,/C-B, for NG in 2023
(57.2 and 69.5, respectively; Fig. 1A), and to G-R,/C-B,
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Fig. 1 Effects of grafting and bioagent seed coating on galling (A) and egg masses (B) of Meloidogyne incognita in tomato ‘Apache F,’
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for NEM in both seasons (63.4 in 2022 and 67.4 in 2023,
Fig. 1B).

Stem and leaf morphogenesis

Highly significant effects (P<0.001) of GR, SCB, and their
interaction were observed on stem length (cm) at 30 (SL30)
and 60 DAT (SL60) during both seasons (Table S1). GR
exerted the greatest influence on stem elongation, contrib-
uting the highest SS% for SL30 (61.1 in 2022 and 40.9 in
2023) and SL60 (54.1 in 2022 and 57.3 in 2023). The sub-
sequent relative contributions were to SCB (SS% for SL30:
14.0 in 2022 and 43.8 in 2023; SS% for SL60: 27.4 in 2022
and 20.8 in 2023) and the interaction (SS% for SL30: 20.8 in
2022 and 8.2 in 2023; SS% for SL60: 11.2 in 2022 and 11.9
in 2023), with their relative contributions varying between
seasons (Table S1).
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Stem morphogenesis traits for grafted and ungrafted
‘Apache F,’ plants, with or without bioagent-based seed-
coating, are presented in Fig. 2. G-R, plants consistently
exhibited the greatest SL30 (66.3 in 2022 and 79.4 in
2023; Fig. 2A) and SL60 (107.0 in 2022 and 118.6 in 2023;
Fig. 2B) and were significantly similar (£<0.05) to G-R,
for SL30 in 2023 (79.6; Fig. 2A). In contrast, UG plants
consistently produced the lowest SL30 (55.9 in 2022 and
66.8 in 2023; Fig. 2A) and SL60 (86.33 in 2022 and 88.4
in 2023; Fig. 2B). Among the SCB treatments, C-B, con-
sistently recorded the maximum SL30 (64.8 in 2022 and
83.4 in 2023; Fig. 2A) and SL60 (103.9 in 2022 and 110.6
in 2023; Fig. 2B) and was significantly similar (P<0.05)
to C-B, for SL60 in 2023 (109.4; Fig. 2B). Conversely,
UC plants exhibited the minimum SL30 (59.7 in 2022 and
68.4 in 2023; Fig. 2A) and SL60 (89.3 in 2022 and 95.0
in 2023; Fig. 2B). Combined treatment G-R,/C-B, consis-
tently produced the greatest SL30 (69.3 in 2022 and 8§9.5

C: Stem Diameter 30 DAT (SD30)
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Fig. 2 Effects of grafting and bioagent seed coating on tomato ‘Apache F,” stem morphogenesis under Meloidogyne incognita infestation. A-B:
stem length at 30 and 60 DAT, respectively, and D-E: stem diameter at 30 and 60 DAT, respectively
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in 2023; Fig. 2A) and SL60 (115.3 in 2022 and 122.3 in
2023; Fig. 2B), showing significant similarity (P<0.05)
to G-R,/C-B, for SL30 and SL60 in 2023 (84.4 and 116.2,
respectively) and to G-R,/C-B, for SL60 in 2023 (119.6).
Conversely, the UG/UC combination consistently produced
the lowest SL30 (48.7 in 2022 and 55.7 in 2023; Fig. 2A)
and SL60 (71.7 in 2022 and 69.6 in 2023; Fig. 2B).

Stem diameter (SD, mm) at both 30 (SD30) and 60 DAT
(SD60) was highly significantly influenced (P<0.001) by
GR, SCB, and their interaction across both seasons (Table
S1). GR contributed the largest SS% for SD30 (48.33 in
2022 and 57.51 in 2023) and SD60 (50.24 in 2022 and
57.51 in 2023), followed by SCB (SS% for SD30: 26.50
in 2022 and 22.78 in 2023; SS% for SD60: 27.45 in 2022
and 27.31 in 2023), and their interaction (SS% for SD30:
23.01 in 2022 and 18.60 in 2023; SS% for SD60: 18.01
in 2022 and 21.48 in 2023), with seasonal differences in
relative contribution (Table S1). G-R,; plants consistently
exhibited the maximum SD30 (11.18 in 2022 and 11.21
in 2023; Fig. 2C) and SD60 (11.68 in 2022 and 12.32 in
2023; Fig. 2D), while UG plants developed lowest SD30
(8.59 in 2022 and 8.28 in 2023; Fig. 2C) and SD60 (9.37 in
2022 and 9.50 in 2023; Fig. 2D). Among SCB treatments,
C-B, produced the widest SD30 (10.82 in 2022 and 10.68 in
2023; Fig. 2C) and SD60 (11.40 in 2022 and 11.91 in 2023;
Fig. 2D), while UC plants exhibited thinner SD30 (8.96 in
2022 and 8.89 in 2023; Fig. 2C) and SD60 (9.71 in 2022 and
9.89 in 2023; Fig. 2D). The combined treatment G-R,/C-
B, consistently produced the greatest SD30 (11.67 in 2022
and 11.94 in 2023; Fig. 2C) and SD60 (12.23 in 2022 and
13.13 in 2023; Fig. 2D), whereas the UG/UC combination
consistently exhibited the minimum SD30 (5.97 in 2022 and
5.89 in 2023; Fig. 2C) and SD60 (7.20 in 2022 and 6.86 in
2023; Fig. 2D).

The number of plant leaves (NPL) at 30 (NPL30) and 60
DAT (60DAT) was highly significantly affected (P<0.01 or
0.001) by GR, SCB, and their interaction across both sea-
sons (Table S1). GR exerted the strongest influence on both
traits (SS% for NPL30: 64.83 in 2022 and 55.95 in 2023;
SS% for NPL60: 61.71 in 2022 and 48.57 in 2023), fol-
lowed by GRxSCB interaction (SS% for NPL30: 10.79 in
2022 and 22.08 in 2023; SS% for NPL60: 14.06 in 2022 and
30.21 in 2023), and SCB (SS% for NPL30: 8.56 in 2022 and
18.03 in 2023; SS% for NPL60: 11.71 in 2022 and 12.24 in
2023; Table S1).

Leaf morphogenesis traits for grafted and ungrafted
‘Apache F,’ plants, with or without bioagent-based seed-
coating, are presented in Fig. 2. G-R; plants consistently
produced the maximum NPL30 (9.67 in 2022 and 10.29 in
2023; Fig. 3A) and NPL60 (13.95 in 2022 and 12.24 in 2023;
Fig. 3B), whereas UG plants consistently produced the few-
est NPL30 (6.67 in 2022 and 7.65 in 2023; Fig. 3A) and
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NPL60 (10.33 in 2022 and 10.26 in 2023; Fig. 3B). Among
seed coating treatments, C-B, consistently produced the
highest NPL30 (8.89 in 2022 and 9.91 in 2023; Fig. 3A) and
NPL60 (13.15 in 2022 and 11.74 in 2023; Fig. B), showing
significant similarity (£ <0.05) to C-B, for SL60 in both sea-
sons (12.48in 2022 and 11.61 in 2023; Fig. 3B). Conversely,
UC plants consistently showed the minimum NPL30 (7.89
in 2022 and 8.40 in 2023; Fig. 3A) and NPL60 (11.54 in
2022 and 10.80 in 2023; Fig. 3B). The combined treatment
G-R,/C-B, produced the greatest NPL30 (10.0 in 2022 and
10.8 in 2023; Fig. 3A) and NPL60 (14.49 in 2022 and 12.05
in 2023; Fig. 3B), showing significant similarity (P<0.05)
to G-R,/C-B,, G-R,/UC, and G-R,/C-B, for NPL30 in 2022
(ranging 9.0 to 10.0; Fig. 3A) and for NPL60 in both sea-
sons (ranging 13.82—13.70 in 2022 and 11.70-12.45.70.45
in 2023; Fig. 3B); to G-R,/UC for NPL30 in 2022 (8.67;
Fig. 3A); and to G-R,/C-B, for NPL60 (11.71; Fig. 3B).
Conversely, the UG/UC combination consistently exhibited
the lowest NPL30 (5.33 in 2022 and 5.62 in 2023; Fig. 3A)
and NPL60 (8.05 in 2022 and 8.40 in 2023; Fig. 3B).

Leaf area (cm?) at 30 (LA30) and 60 DAT (LA60) was
highly significantly influenced (P<0.001) by GR, SCB,
and their interaction in both seasons, except for the interac-
tion on LA30 in 2023 (Table S1). GR consistently exerted
the strongest effect on both traits in both seasons (SS% for
LA30: 60.52 in 2022 and 64.74 in 2023; SS% for LAG6O:
54.27 in 2022 and 55.39 in 2023), followed by GRxSCB
interaction (SS% for LA30: 31.02 in 2022 and 21.63 in
2023; SS% for LA60: 34.57 in 2022 and 28.95 in 2023),
then SCB (SS% for LA30: 4.48 in 2022 and 3.63 in 2023;
SS% for LA60: 7.81 in 2022 and 10.85 in 2023; Table S1).
Across seasons, G-R plants consistently achieved the max-
imum LA30 (211.15 in 202 and 211.82 in 2023; Fig. 3C)
and LA60 (222.63 in 2022 and 230.04 in 2023; Fig. 3D),
with a significant similarity (P<0.05) to G-R, for LA30
and LA60 in 2023 (208.16 and 221.94, respectively). Con-
versely, UG plants consistently exhibited the lowest LA30:
185.83 in 2022 and 194.14 in 2023; Fig. 3C) and LAG60
(199.55 in 2022 and 211.11 in 2023; Fig. 3D). Among SCB
treatments, C-B,; consistently produced the greatest LA30
(209.17 in 2022 and 207.94 in 2023; Fig. 3C) and LA60
(221.92 in 2022 and 227.79 in 2023; Fig. 3D). In contrast,
UC plants showed the smallest LA30 (195.58 in 2022 and
198.48 in 2023), significantly similar (P<0.05) to C-B, in
2022 (192.11; Fig. 3C). For LA60, the minimum value was
recorded in C-B, in 2022 (204.54) and UC in 2023 (214.06;
Fig. 3D). The combined treatment G-R,/C-B, consistently
produced the largest LA30 (226.63 in 2022 and 216.74 in
2023; Fig. 3C) and LA60 (239.50 in 2022 and 241.0 in
2023; Fig. 3D), with a significant similarity (P<0.05) to
G-R,/C-B, for LA30 in 2023 (213.34). In contrast, UG/
UC consistently recorded the lowest LA30 (181.98 in 2022
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A: Number of Plant Leaves 30DAT (NPL30)
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Fig. 3 Effects of grafting and bioagent seed coating on tomato ‘Apache F,” leaf morphogenesis under Meloidogyne incognita infestation. A-B:
number of plant leaves at 30 and 60 DAT, respectively, and D-E: leaf area at 30 and 60 DAT, respectively

and 186.84 in 2023; Fig. 3C) and LA60 (194.86 in 2022
and 200.11 in 2023; Fig. 3D), with significant similarities
(P<0.05) to UG/C-B, for LA30 and LA60 in 2022 (182.35
and 196.78, respectively).

Stem and leaf morph-dynamics

Stem and leaf morph-dynamics for grafted and ungrafted
‘Apache F,’ plants, with or without bioagent-based seed-
coating, are presented in Fig. 4.

Stem elongation rate (SER; cm day ') was highly signifi-
cantly affected (P<0.001) by GR, SCB, and their interaction
in both seasons, except for the interaction in 2022 (Table S1).
GR exerted the strongest influence on SER (SS%: 38.1 in
2022 and 57.3 in 2023), followed by either SCB (SS%: 36.7
in 2022 and 17.8 in 2023) or the interaction (SS%: 6.9 in
2022 and 20.8 in 2023), depending on the season (Table S1).
G-R, plants consistently achieved the maximum SER (1.36

in 2022 and 1.31 in 2023), whereas UG plants showed the
minimum values (1.01 in 2022 and 0.72 in 2023) (Fig. 4A).
Among seed-coating treatments, C-B, recorded the highest
SER (1.25 in 2022 and 1.18 in 2023), significantly similar
(P<0.05) to C-B, in 2022 (1.30; Fig. 4A). Conversely, UC
plants exhibited the lowest SER (0.99 in 2022 and 0.89 in
2023), being significantly similar (P <0.05) to C-B, in 2023
(0.91; Fig. 4A). The combined treatment G-R;/C-B, consis-
tently produced the greatest SER (1.42 in 2022 and 1.50 in
2023), significantly similar (£<0.05) to G-R,/C-B, in 2022
(1.53; Fig. 4A). Conversely, the UG/UC combination con-
sistently showed the lowest SER (0.77 in 2022 and 0.46 in
2023), significantly similar (P<0.05) to UG/C-B, in 2023
(0.57) (Fig. 4A).

Only stem thickness rate (STR: mm day ') was signifi-
cantly affected (P<0.01 and 0.05) by the GRxSCB inter-
action in both seasons (Table S1). The combined treatment
UG/UC consistently exhibited the highest STR (0.041

@ Springer



46 Page 10 of 28

Plant Growth Regulation (2026) 106:46

A: Stem Elongation Rate (SER)

32022 02023

2

2 i

. T b

1

.. |
&1
=l
g 1
E 0
4 o
0
aQ O
[--] »
) O S
: 3
d
B: Stem Thickness Rate (STR)
22022 02023

0.07

0.06 1§ -

0.05 4

o 0 il
.go.(u- Il 1l ”

£0.03 ] I | N .

g {1 Il b
® 0.02 14| @ o | & H | &

0.01 ‘

0.00 JELLIE . o {18 | 1 4 | I8
-~ - e -~ o~
Mmoo R Ao | A
S &7 |O 0 o O

2 o=

o o
Grafting- Seed-Coating-
Rootstock (G-R)l Bioagent (C-B)

C: Leaves Formation Rate (LFR)
3202202023

025 r

0.20 t+

015 1

LFR (leafday™)

G-RVC-BI F

Grafting- Seed-Coating-
Rootstock (G-R)| Bioagent (C-B)

D: Leaf Elongation Rate (LER)

22022 02023
0.9 1
a
0.8 1 a
_ 0.7 % a b
T,, 0.6 ]
1] ab bd
X 05 3 cd a
=] b - 1l L a
< 04 4
o c
ﬁ 0.3 ]
0.2 7
0.1 7
0.0 1
2 R -
S VLU S VL3O
- = M a 2 T}
oo & B
(URT} o o
Grafting- G-R~C-B
Rootstock (G-R)| Bioagent (C-B)

Fig.4 Effects of grafting and bioagent seed coating on stem and leaf morpho-dynamics of tomato ‘Apache F,” under Meloidogyne incognita infes-
tation. A: stem elongation rate; B: stem thickness rate, C: leaves formation rate, and D: leaf elongation rate

in 2022 and 0.026 in 2023), with significant similarities
(P<0.05) to the other treated plants in 2023 (ranging 0.03—
0.05; Fig. 4B).

Leaf formation rate (LFR; leaf day ') was significantly
affected (P<0.001) by GR, SCB, and the GRxSCB interac-
tion in 2023 only (Table S1). G-R, and UG plants showed the
highest LFR (0.08 and 0.09, respectively), with significant
similarities (P£<0.05) among them, whereas G-R, recorded
the lowest (0.07) (Fig. 4C). Among SCB treatments, C-B,
and UC plants had the greatest LFR (0.09 and 0.08, respec-
tively), and C-B, the lowest (0.06; Fig. 4C). The combined
treatments G-R,/C-B,, UG/C-B,, UG/C-B,, and UG/UC
achieved the highest LFR (0.10, 0.09, 0.08, and 0.09, respec-
tively), with significant similarities (P<0.05) among them
(Fig. 4C). In contrast, G-R,/C-B, and G-R,/C-B, plants
resulted in the lowest LFR (0.04 and 0.06, respectively),
with significant similarity (P<0.05) among them (Fig. 4C).
Leaf elongation rate (LER; cm? day ') was significantly

@ Springer

affected by GR and GRxSCB interaction in both seasons
(P<0.01 or 0.001), and by SCB in only 2023 (P<0.01;
Table S1). The GRxSCB interaction consistently accounted
for the largest portion of variation in LER (47.12% in 2022
and 32.26% in 2023), followed by either GR (25.17% in
2022 and 18.46% in 2023) or SCB (0.36% in 2022 and
36.56% in 2023), depending on the season (Table S1). UG
plants consistently recorded the highest LER (0.46 in 2022
and 0.57 in 2023), with a significant similarity (P<0.05) to
G-R, in 2022 (0.42) and G-R1 in 2023 (0.60; Fig. 4D). In
2023, C-B, plants had the highest LER (0.66), while C-B,
plants had the lowest (0.45; Fig. 4D). Among combined
treatments, the highest LER were observed in G-R1/C-Bl1
(0.43 in 2022 and 0.81 in 2023) and UG/C-B, (0.46 in 2022
and 0.73 in 2023), with significant similarities (P<0.05)
among them and to G-R,/UC, G-R,/C-B,, G-R,/UC, UG/C-
B,, and UG/UC in 2022 (0.42, 0.47, 0.41, 0.48, and 0.43,
respectively; Fig. 4D). Conversely, G-R,/C-B, consistently
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had the lowest LER (0.30 in 2022 and 0.40 in 2023), signifi-
cantly similar (P<0.05) to G-R,/C-B,, G-R,/C-B,, G-R,/
UC, and UG/UC in 2023 (ranging 0.42-0.50; Fig. 4D).

Shoot and root fresh and dry weight

Stem and root fresh and dry weight for grafted and ungrafted
‘Apache F,’ plants, with or without bioagent-based seed-
coating, are presented in Fig. 5.

Shoot fresh weight (SFW; g) and shoot dry weight (SDW;
g) were highly significantly influenced (P<0.001) by GR,
SCB, and their interaction across both seasons (Table S1).
The relative variance contribution (SS%) varied by season:
GR contributed 27.26% and 36.51% of SFW and 25.33% and
54.00% of SDW; SCB accounted for 31.33% and 21.14% of
SFW and 42.77% and 19.74% of SDW; while the GRxSCB
interaction explained 41.28% and 42.22% of SFW and
29.04% and 24.42% of SDW (Table S1). G-R, consistently

A: Shoot Fresh Weight (SFW)
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produced the highest SFW (845.7 g in 2022 and 711.8 g in
2023; Fig. 5A) and SDW (130.5 in 2022 and 107.7 in 2023;
Fig. 5B), with a significant similarity (<0.05) to G-R, in
2023 for SFW (842.8; Fig. 5A) and SDW (129.5; Fig. 5B).
UG plants consistently recorded the lowest SFW (112.0 in
2022 and 82.4 in 2023; Fig. 5A) and SDW (16.3 in 2022
and 14.2 in 2023; Fig. 5B). Among SCB treatments, C-B,
consistently achieved the highest SFW (848.9 in 2022 and
696.3 in 2023; Fig. 5A) and SDW (135.4 in 2022 and 103.6
in 2023; Fig. 4B), with a significant similarity (P<0.05) to
C-B, for SFW (846.4 in 2022 and 695.3 in 2023; Fig. 5B).
Conversely, UC plants consistently showed the lowest SFW
(697.0 in 2022 and 603.8 in 2023; Fig. 5A) and SDW (109.1
in 2022 and 88.3 in 2023; Fig. 5B). The combined treat-
ment UG/UC consistently recorded the lowest SFW (440.4
in 2022 and 401.1 in 2023; Fig. 5A) and SDW (79.3 in 2022
and 59.1 in 2023; Fig. 5B), while G-R,/C-B, consistently
produced the highest SFW (860.4 in 2022 and 714.2 in
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Fig. 5 Effects of grafting and bioagent seed coating on shoot and root fresh and dry weight of tomato ‘Apache F,” under Meloidogyne incognita
infestation. A-B: fresh and dry weight of shoot, respectively, and C-D: fresh and dry weight of root, respectively
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2023; Fig. 5A) and SDW (140.4 in 2022 and 112.3 in 2023;
Fig. 5B), with significant similarities (P<0.05) to G-R,/C-
B, and G-R,/UC for SFW in 2023 (708.9 and 712.2, respec-
tively; Fig. 5A).

Root fresh (RFW; g) and dry weight (RDW; g) were
highly significantly affected (P<0.001) by GR, SCB, and
their interaction in both seasons (Table S1). The relative
variance contribution (SS%) varied by season: GR explained
28.34% and 29.91% of RFW and 27.86% and 57.68% of
RDW; SCB accounted for 42.54% and 30.14% of RFW and
41.31% and 16.91% of RDW; while the GXC interaction
contributed 28.66% and 39.79% to RFW and 27.79% and
24.57% to RDW (Table S1). G-R, plants consistently exhib-
ited the greatest RFW (250.4 in 2022 and 256.7 in 2023;
Fig. 5C) and RDW (46.3 in 2022 and 40.7 in 2023; Fig. 5D),
with a significant similarity (P<0.05) to G-R, for RDW in
2022 (45.1; Fig. 5D). UG plants consistently recorded the
lowest RFW (196.3 in 2022 and 202.2 in 2023; Fig. 5C)
and RDW (36.1 in 2022 and 27.6 in 2023; Fig. 5D). Among
SCB treatments, C-B, consistently achieved the greatest
RFW (253.8 in 2022 and 254.3 in 2023; Fig. 5C) and RDW
(47.0 in 2022 and 37.9 in 2023; Fig. 5D), while UC plants
consistently showed the lowest RFW (188.6 in 2022 and
201.7 in 2023; Fig. 5C) and RDW (34.6 in 2022 and 31.0
in 2023; Fig. 5D). The combined treatment UG/UC consis-
tently recorded the lowest REW (106.1 in 2022 and 114.5 in
2023; Fig. 5C) and RDW (19.1 in 2022 and 16.0 in 2023;
Fig. 5D), while G-R,/C-B, consistently produced the great-
est RFW (264.1 in 2022 and 263.5 in 2023; Fig. 5C) and
RDW (49.3 in 2022 and 41.4 in 2023; Fig. 5D), with signifi-
cant similarities (P<0.05) for RDW to G-R,/C-B, in both
seasons (46.8 and 40.7, respectively), and to G-R,/C-B, and
G-R,/C-B, in 2022 (47.0 and 46.3 g, respectively), and to
G-R,;/UC in 2023 (40.1 g).
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Reproductive development timing

Days to first flower emission (DFFE; day) and to first ripe
fruit emission (DFRFE; day) were significantly influenced
(P<0.01 or 0.001) by GR and SCB factors in both seasons,
and by the GRxSCB interaction for DFFE in 2023 and for
DFRFE in 2022 (P<0.001; Table S1). The relative con-
tributions to variance varied by season: GR accounted for
26.62% and 31.64% of DFFE and 26.53% and 54.91% of
DFRFE; SCB explained 26.28% and 25.18% of DFFE and
48.65% and 20.14% of DFRFE; while the GRXSCB interac-
tion contributed 15.27% and 40.12% to DFFE and 24.02%
and 6.06% to DFRFE (Table S1). GR explained a larger por-
tion of the variation in DFRFE, whereas SCB had a stronger
effect on DFFE.

Reproductive development timing for grafted and
ungrafted ‘Apache F,” plants, with or without bioagent-
based seed-coating, is presented in Fig. 6. UG plants showed
significantly delayed phenological development, with
higher DFFE (36.65 in 2022 and 38.59 in 2023; Fig. 6A)
and DFRFE values (75.78 in 2022 and 75.10 in 2023;
Fig. 6B). Conversely, G-R, plants flowered and fruited
earlier, showing lower values of DFFE (29.25 in 2022 and
31.62 in 2023; Fig. 6A) and DFRFE (68.89 in 2022 and
69.05 in 2023; Fig. 6B), significantly similar (P<0.05) to
G-R, in DFFE in both seasons (30.93 in 2022 and 32.13
in 2023) and in DFRFE in only 2023 (70.50). Among SCB
treatments, UC exhibited significantly delayed phenological
development, as indicated by higher DFFE (36.48 in 2022
and 38.11 in 2023; Fig. 6A) and DFRFE values (77.11 in
2022 and 72.29 in 2023; Fig. 6D), being significantly simi-
lar (P<0.05) to C-B, plants in DFRFE only in 2023 (72.98).
Conversely, C-B, plants showed earlier flowering and fruit
ripening, with lower DFFE (28.91 in 2022 and 32.22 in
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Fig. 6 Effects of grafting and bioagent seed coating on reproductive development timing of tomato ‘Apache F,” under Meloidogyne incognita
infestation. A: days to first flower emission and B: days to first ripen fruit emission
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2023; Fig. 6A) and DFRFE values (67.44 in 2022 and 69.44
in 2023; Fig. 6B), significantly similar (P<0.05) to C-B, in
DFFE in both seasons (28.91 in 2022 and 32.22 in 2023).
The combined treatment G-R,/C-B, further enhanced ear-
liness, resulting in the lowest DFFE (26.73 in 2022 and
32.533 in 2023; Fig. 6A) and DFRFE values (66.33 in 2022
and 66.34 in 2023; Fig. 6D), significantly similar (P<0.05)
to G-R,/C-B,, G-R,/UC, G-R,/C-B, for DFFE in both sea-
sons (ranging from 27.74 to 30.76 in 2022 and 30.10-32.11
in 2023). Conversely, UG/UC exhibited pronounced delays
in phenological development, with the highest DFFE (45.39
in 2022 and 49.58 in 2023; Fig. 6A) and DFRFE values
(87.00 in 2022 and 76.77 in 2023; Fig. 6B).

Yield and its components

Plant yield components (NF/I, NF/C, FSP, and AFW) were
significantly affected (£<0.01 or 0.001) by GR, SCB, and
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their interaction in both seasons, although the magnitude of
their effects varied by season (Table S1). In 2022, GR, SCB,
and GRxSCB explained 21.31-31.44%, 24.94—60.66%, and
10.09-30.22%, respectively, of the variation, while in 2023
their contributions were 19.77-39.42%, 18.91-33.04%, and
34.45-42.28%, respectively (Table S1).

Plant yield components (NF/I, NF/C, FSP, and AFW) for
grafted and ungrafted ‘Apache F,’ plants, with or without
bioagent-based seed-coating, are presented in Fig. 7. UG
plants consistently exhibited the lowest NF/I (8.7 in 2022
and 8.8 in 2023; Fig. 7A), NF/C (6.6 in 2022 and 7.1 in 2023;
Fig. 7B), FSP (72.4% in 2022 and 76.4% in 2023; Fig. 7C),
and AFW (92.3 g in 2022 and 93.5 g in 2023; Fig. 7D). In
contrast, G-R, plants consistently exhibited the highest NF/I
(10.33 in 2022 and 10.35 in 2023; Fig. 7A), NF/C (9.11 in
2022 and 9.57 in 2023; Fig. 7B), FSP (87.86% in 2022 and
92.37% in 2023; Fig. 7C), and AFW (113.67 g in 2022 and
113.95 gin 2023; Fig. 7D), with G-R, showing significantly
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Fig.7 Effects of grafting and bioagent seed coating on yield components of tomato ‘Apache F,” under Meloidogyne incognita infestation. A: num-
ber of flowers per inflorescence, B: number of fruits per cluster, C: fruit set percentage, and D: average fruit weight
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similar performance (P<0.05) for NF/I in 2023 (10.07),
FSP in both seasons (86.07% and 89.40%, respectively), and
AFW in 2022 (110.00 g). Among seed-coating treatments,
UC plants consistently exhibited the poorest performance
for NF/I (8.00 in 2022 and 8.50 in 2023; Fig. 7A), NF/C
(6.00 in 2022 and 7.03 in 2023; Fig. 7B), FSP (72.51% in
2022 and 78.551% in 2023; Fig. 7C), and AFW (89.56 g
in 2022 and 96.85 g in 2023; Fig. 7D). C-B, plants consis-
tently exhibited the better performance for NF/I (10.78 in
2022 and 10.37 in 2023; Fig. 7A), NF/C (9.56 in 2022 and
9.28 in 2023; Fig. 7B), FSP (88.55% in 2022 and 89.51% in
2023; Fig. 7C), and AFW (115.00 g in 2022 and 109.30 g in
2023; Fig. 7D), with C-B, showing significantly similar per-
formance (P<0.05) in 2023 for NF/I (10.34), NF/C (9.32),
and AFW (110.79 g), and in both seasons for FSP (85.29 and
90.12%, respectively). The strongest interaction effect was
observed in the G-R,/C-B, combination, which consistently
showed the highest NF/I (11.67 in 2022 and 10.43 in 2023;
Fig. 7A), NF/C (10.67 in 2022 and 9.67 in 2023; Fig. 7B),
FSP (91.41% in 2022 and 92.76% IN 2023; Fig. 7C), and
AFW (119.33 G IN 2022 and 115.07 in 2023; Fig. 7D), with
G-R,/C-B, showing significantly similar results (P<0.05)
for some components (Fig. 7). Conversely, UG/UC plants
consistently showed the lowest performance for NF/I (6.33
in 2022 and 5.61 in 2023; Fig. 7A), NF/C (3.00 in 2022 and
2.97 in 2023; Fig. 7B), FSP (47.62% in 2022 and 53.49% in
2023; Fig. 7C), and AFW (61.00 g in 2022 and 68.43 g in
2023; Fig. 7D).

Plant yields: early (EY; g), total (TY; g), and marketable
(MY; g), were highly significantly affected (P<0.001) by
GR, SCB, and their interaction in both seasons (Table S1).
The GRxSCB interaction consistently explained the larg-
est proportion of variation (=41-45%), followed by SCB
(=29-31%), and GR (=26-28%) (Table S1). Plant yields for
grafted and ungrafted ‘Apache F,’ plants, with or without
bioagent-based seed-coating, are presented in Fig. 8. G-R;
plants consistently exhibited the highest EY (778.83 in 2022
and 942.39 in 2023; Fig. 8A), TY (2402.61 in 2022 and
3003.26 in 2023; Fig. 8B), and MY (2316.02 in 2022 and
2756.06 in 2023; Fig. 8C), while UG plants showed the low-
est performance (EY: 533.52 in 2022 and 645.56 in 2023;
TY: 1740.35in 2022 and 2175.43 in 2023, and MY: 1600.34
in 2022 and 1904.41 in 2023). Among SCB treatments,
C-B, consistently provided the best performance for EY
(783.05 in 2022 and 947.49 in 2023; Fig. 8A), TY (2404.28
in 2022 and 3005.36 in 2023; Fig. 8B), and MY (2313.85
in 2022 and 2753.48 in 2023, Fig. 8C), with C-B, showing
significantly similar (P<0.05) MY in both seasons (2302.93
in 2022 and 2740.49 in 2023; Fig. 8C). G-R,/C-B, and
G-R,/C-B, consistently produced the highest EY (791.78-
786.22.78.22.78.22 in 2022 and 958.0-951.33.0.33.0.33 in
2023; Fig. 8A), TY (2442.36-2434.78.36.78.36.78 in 2022
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and3052.95-3043.47.95.47.95.47 in 2023; Fig. 8B), and
MY (2384.38-2352.5438.54.38.54 in 2022 and 2837.41-
2799.52.41.52.41.52 in 2023; Fig. 8C), whereas UG/UC
plants had the poorest performance EY (59.02 in 2022 and
71.41 in 2023; Fig. 8A), TY (527.75 in 2022 and 659.68
in 2023; Fig. 8B), and MY (317.54 in 2022 and 377.88 in
2023; Fig. 8C).

Fruit quality

Fruit quality traits for grafted and ungrafted ‘Apache F,’
plants, with or without bioagent-based seed-coating, are
presented in Fig. 9.

Fruit pH was significantly affected (P<0.05, 0.01, or
0.001) by GR, SCB, and their interaction, although their
impacts varied (Table S1). SCB contributed for the largest
proportion of variance (76.0% in 2022; 33.3% in 2023), fol-
lowed by GRxSCB, particularly in 2023 (47.21%), while
the GR effect remained minimal (7.14% in 2022; 6.02% in
2023) (Table S1). G-R, plants consistently produced the
highest pH (4.24 in 2022 and 3.51 in 2023), with a signifi-
cant similarity to UG in 2022 (4.41) and G-R, in 2023 (3.53)
(Fig. 9A). Conversely, the lowest pH values were observed
in G-R; in 2022 (4.01) and in UG in 2023 (3.38). Among
the SCB treatments, the highest pH values were recorded in
UC in 2022 (4.87) and C-B1 in 2023 (3.69), while the low-
est values were recorded in C-B, in 2022 (3.56) and C-B,
and UC in 2023 (3.34 and 3.38, respectively) (Fig. 9A).
Regarding GRXSCB interaction, the highest pH values were
recorded to UG/UC in 2022 (5.4) and to G-R,/C-B|, G-R,/
UC, G-R,/C-B,, G-R,/C-B,, and UG/C-B in 2023 (ranging
3.61-3.74), with significant similarities (P<0.05) among
them (Fig. 9A). The lowest pH values were recorded in
G-R,/C-B,, G-R,/C-B,, and UG/C-B, in 2022 (3.33, 3.70,
and 3.63, respectively), and in G-R,/C-B,, G-R,/UC, UG/C-
B,, and UG/UC in 2023 (3.14, 3.23, 3.20, and 3.19, respec-
tively) (Fig. 9A).

Total soluble solids (TSS; °Brix) were significantly influ-
enced (P<0.05 or 0.001) by all factors except GR in 2022
(Table S1). The strongest effects were attributed to SCB in
2022 (77.87%) and GR in 2023 (68.24%) (Table S1). In
2023, G-R; and G-R, recorded the highest TSS (6.07 and
6.10, respectively), while UG showed the lowest (5.36)
(Fig. 9B). Among SCB treatments, C-B, consistently pro-
duced the highest TSS (6.67 in 2022; 6.02 in 2023), with a
significant similarity (P<0.05) to C-B, in 2022 (6.41). UC
consistently produced the lowest TSS (5.36 in 2022; 5.73 in
2023), significantly similar (P<0.05) to C-B, in 2023 (5.78)
(Fig. 9B). For the GRxSCB, the highest values were consis-
tently recorded in G-R,/C-B, (7.00 in 2022; 6.14 in 2023)
and G-R,/C-B, (6.53in2022; 6.21 in 2023), with significant
similarities among them and to G-R,/C-B, and G-R,/UC in



Plant Growth Regulation (2026) 106:46 Page 150f28 46
A: Early Yield (EY)
2202202023
1200
1000+ 2 b a b a'ﬂ’d"becc
al
S00 +, d
< 600 ]
=
=)
= 400 ]
P
e
200 1
ff
0 1 .
22 ¢ 2 [FRgaagaay
s G ™ o~ |83=23333¢%0 35
33 489 49 [T =]
oS b 5 5
o O S &
Grafting- Seed-Coating- G-R=C-B
Rootstock (G-R)| Bioagent (C-B)
B: Total Yield (TY) C: MarkKketable Yield (MY)
@2022 02023 @3202202023
3500 a ab b
R (B o o o 4 4 1t
3000 } 2 b
ef] | © | |99 |ef
2500 + d
2
< o4Hs
Ep E
=i [
= ]
710 =
=
58 |F8253858 #8 [F3L582884
R EEE s SE®R33R§ S
g oa g (O == R o S S
S & d & S O ICIRY)
Grafting- Seed-Coating- G-R~C-B Grafting- Seed-Coating- G-R~C-B
R k (G-R)| Bioagent (C-B) Rootstock (G-R)| Bioagent (C-B)

Fig. 8 Effects of grafting and bioagent seed coating on plant yield of tomato ‘Apache F,” under Meloidogyne incognita infestation. A: Early, B:

total, and C: marketable yield

2023 (6.32 and 6.19, respectively). UG/UC consistently
recorded the lowest TSS (5.13 in 2022; 5.23 in 2023), with
a significant similarity (P<0.05) to UG/C-B, in 2023 (5.13)
(Fig. 9B).

Fruit dry matter (FDM; mg g ' FW) was highly signifi-
cantly affected (P<0.001) by all factors across both seasons
(Table S1). GR was the main contributor (34.8% in 2022;
81.98% in 2023), alongside with SCB in 2022 (36.51%),
while GRXSCB had a smaller effect (21.17% in 2022 and
10.62% in 2023) (Table S1). G-R, consistently produced
the highest FDM (11.72 in 2022; 11.43 in 2023), while UG
consistently recorded the lowest (10.08 in 2022; 10.38 in
2023) (Fig. 9C). Among SCB treatments, C-B, consistently
produced the highest FDM (11.72 in 2022; 11.43 in 2023),
while UC consistently recorded the lowest (10.10 and 11.08,
respectively), with a significant similarity (P<0.05) to C-B,
in 2023 (11.08) (Fig. 9C). For GRxSCB interaction, the

highest FDM values were consistently recorded in G-R1/C-
B1 (12.22 in 2022; 11.99 in 2023) and G-R,/C-B, (11.80 in
2022; 11.95 in 2023), with significant similarities (P<0.05)
to G-R,/C-B, and G-R,/UC in 2023 (11.91 and 11,96,
respectively). UG/UC consistently produced the lowest
FDM (8.32 in 2022; 10.41 in 2023), with significant simi-
larities to UG/C-B, and UG/C-B, in 2023 (10.36 and 10.38,
respectively) (Fig. 9C).

Vitamin C (VC; mg Ascorbic Acid 100 g ' FW) was
significantly affected (P£<0.05, 0.01, or 0.001) by all fac-
tors, except for SCB in 2023 (Table S1). GR was the main
source of variance (35.3% in 2022 and 53.74% in 2023),
followed by GRxSCB (28.41% in 2022 and 18.39% in
2023), and SCB (20.79% in 2022; 8.17% in 2023) (Table
S1). G-R, consistently recorded the highest VC (25.47 in
2022 and 25.97 in 2023), with G-R, showing a significantly
similar value (P<0.05) in 2022 (25.44). UG consistently
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recorded the lowest VC (25.20 in 2022; 25.39 in 2023),
with G-R, showing a significantly similar value (P<0.05)
in 2023 (25.48) (Fig. 9D). Among SCB treatments, C-B,
consistently showed the highest VC (25.50 in 2022; 25.66
in 2023), with a significant similarity (£<0.05) to UC in
2023 (25.71), whereas C-B, consistently recorded the low-
est (25.32 in 2022; 25.47 in 2023), with UC showing a sig-
nificantly similar value (P<0.05) in 2022 (25.32) (Fig. 9D).
The G-R,/C-B, combination consistently recorded the high-
est VC (25.77 in 2022; 266.04 in 2023), with significant
similarities (£<0.05) to G-R1/C-B,, G-R,/UC, and G-R,/
UC in 2023 (25.94, 25.93, and 25.80, respectively). The
lowest VC values were consistently recorded with G-R,/C-
B, (25.33in2022;25.07 in 2023), UG/C-B, (25.23 in 2022;
25.37 in 2023), UG/C-B, (25.20 in 2022; 25.42 in 2023),
and UG/UC (25.17 in 2022; 25.39 in 2023), with significant
similarities (P<0.05) among them (Fig. 9D).

Fruit firmness (FF; kg cm 2) was significantly affected
(P<0.05, 0.01, or 0.001) by all factors, with SCB being
dominant in 2022 (57.41%) and GR in 2023 (72.40%)
(Table S1). G-R; consistently produced the highest FF
(5.89 in 2022; 6.30 in 2023), with a significant similarity
(P<0.05) to G-R2 in 2022 (5.75) (Fig. 9E). UG consistently
showed the lowest FF (5.53 in 2022; 5.28 in 2023) (Fig. 9E).
Among SCB treatments, C-B, consistently had the high-
est FF (6.26 in 2022; 6.13 in 2023), while UC consistently
recorded the lowest (5.04 in 2022; 5.67 in 2023), with a
significant similarity to C-B, in 2023 (5.78) (Fig. 9E). The
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G-R,/C-B; combination consistently recorded the highest
FF (6.48 in 2022; 6.79 in 2023), showing a significant simi-
larity (P<0.05) to G-R,/C-B, in 2022 (6.22). The UG/UC
combination consistently recorded the lowest FF (4.76 in
2022; 5.05 in 2023), with a significant similarity to UG/C-
B, in 2023 (5.21) (Fig. 9E).

Photosynthetic pigments and biomass accumulation

High significant effects (P<0.01 or 0.001) were observed
for GR, SCB, and their interaction on chlorophyll-a (mg
g ! FW) in both seasons, with the strongest contributions
attributed to GR (22.64% in 2022 and 41.08% in 2023)
and SCB (52.24% in 2022 and 25.64% in 2023), while the
GRxSCB interaction contributed less (15.84% in 2022 and
16.34% in 2023) (Table S1). Foliar photosynthetic pigments
for grafted and ungrafted ‘Apache F,’ plants, with or with-
out bioagent-based seed-coating, are presented in Fig. 10.
The highest chlor-a contents were consistently recorded in
G-R; (1.05 in 2022 and 1.31 in 2023), while UG consis-
tently showed the lowest (0.81 in 2022 and 1.07 in 2023)
(Fig. 10A). Among SCB treatments, C-B, consistently had
the highest chlor-a content (1.08 in 2022 and 1.24 in 2023),
with a significant similarity (P<0.05) to C-B, in 2023
(1.25). UC consistently recorded the lowest chlor-a (0.71 in
2022 and 1.07 in 2023; Fig. 10A). The G-R,/C-B, combina-
tion consistently recorded the highest chlor-a contents (1.23
in 2022 and 1.36 in 2023), showing a significant similarity
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Fig. 10 Effects of grafting and bioagent seed coating on foliar photosynthetic pigment content in tomato ‘Apache F,’ under Meloidogyne incognita

infestation. A: chlorophyll a, B: chlorophyll b, and C: total carotenoids

(P<0.05) to G-R,/C-B, in 2023 (1.38) (Fig. 10A). The con-
trol combination UG/UC consistently recorded the lowest
chlor-a contents (0.45 in 2022 and 0.84 in 2023; Fig. 10A).

Chlorophyll-b (chlor-b; mg g™ ' FW) was significantly
affected by GR and SCB (P<0.05 or 0.001) in both years,
whereas their interaction was highly significant (P<0.001)
only in 2022. The strongest effects on chlor-b were due to
SCB (31.60% in 2022 and 38.32% in 2023), followed by
GR (21.56% in 2022 and 19.63% in 2023) and the GRXSCB
interaction (26.39% in 2022 and 14.49% in 2023) (Table
S1). The highest chlor-b content was consistently recorded
in G-R; (0.66 in 2022 and 0.94 in 2023) and G-R, (0.64 in
2022 and 0.93 in 2023), while UG had the lowest (0.55 in
2022 and 0.85 in 2023; Fig. 10B). The highest chlor-b con-
tent in SCB treatments was consistently observed in C-B,;
(0.66 in 2022 and 0.95 in 2023) and C-B, (0.65 in 2022 and
0.94 in 2023), with a significant similarity (P<0.05) among
them, while UC consistently had the lowest (0.54 in 2022

and 0.83 in 2023; Fig. 10B). In 2022, the control combi-
nation UG/UC consistently had the lowest chlor-b (0.76),
while the other treatments consistently the highest (ranging
0.86-1.02), with significant similarities (P<0.05) among
them (Fig. 10B).

Total carotenoids (T-Carot; mg g | FW) were signifi-
cantly influenced (P<0.01 or 0.001) by GR and SCB in
both seasons, whereas their interaction was significant
(P<0.05) only in 2023. The relative contributions of GR
(18.71% and 48.60%), SCB (58.71% and 46.52%), and
the GRxSCB interaction (7.74% and 2.78%) varied nota-
bly between seasons (Table S1). The highest T-Carot con-
tent consistently observed in G-R, (0.46 in 2022 and 0.61
in 2023), with a significant similarity (P<0.05) to G-R, in
2022 (0.44), while UC consistently had the lowest (0.39 in
2022 and 0.49 in 2023; Fig. 10D). Among SCB treatments,
C-B, consistently had the highest t-carot (0.50 in 2022 and
0.62 in 2023), while UC consistently recorded the lowest
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(0.36 in 2022 and 0.50 in 2023; Fig. 10D). IN 2023, the
G-R,/C-B, combination recorded the highest value (0.69),
while UG/UC recorded the lowest (0.43; Fig. 10D).

Across both seasons, GR, SCB, and their interaction had
highly significant effects (P<0.01 or 0.001) on shoot dry
matter content (SDM) and root contents of carbohydrates
(RC), proteins (RPr), and polyphenols (RPPh), while root
dry matter content (RDM) was significantly influenced by
GR only in 2023 (Table S1). The magnitude of these effects
varied seasonally: GR exerted the strongest influence on
SDM and RDM in 2023 (43.74% and 91.92%, respec-
tively), SCB predominantly determined RPr (45.66% in
2022 and 39.89% in 2023) and RPPh (83.65% in 2022 and
71.07% in 2023) in both seasons, and the GRxXSCB interac-
tion had a substantial impact on SDM in 2022 (52.32%) and
on RC in both seasons (42.68% and 42.48%, respectively;
Table S1). Shoot and root biomass accumulation for grafted
and ungrafted ‘Apache F,’ plants, with or without bioagent-
based seed-coating, are presented in Fig. 11.

The effect of GR on SDM (mg g ') varied between sea-
sons (Fig. 11A). The highest SDM values were recorded for
UG in 2022 (16.25) and for G-R, in 2023 (15.13), whereas
the lowest were observed in G-R, in 2022 (15.37) and UG
in 2023 (14.18) (Fig. 11A). The highest SDM values were
observed in the SCB treatments C-B; (15.94 in 2022 and
14.86 in 2023) and UC (16.02 in 2022 and 14.63 in 2023),
with a significant similarity (P<0.05) among them, whereas
the lowest were consistently recorded in C-B, (15.08 in
2022 and 14.36 in 2023) (Fig. 11A). The highest SDM
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values were observed in combinations UG/UC in 2022
(18.00) and G-R,/C-B, in 2023 (15.72), whereas the lowest
were consistently associated with UG/C-B, (15.73 in 2022
and 14.12 in 2023) and UG/C-B, (15.01 in 2022 and 13.68
in 2023), with significant similarities (P <0.05) among them
and to G-R,/C-B,, G-R,/UC, and G-R,/C-B, in 2022 (14.95,
15.01, 15.27, and 15.04, respectively) (Fig. 11A).

In 2023, when significant differences in RDM (mg g ')
were detected, G-R; exhibited the highest value (15.87),
while UG showed the lowest (13.69) (Fig. 11B). The SCB
treatments C-B; and UC yielded the greatest RDM values
(14.88 and 15.12, respectively), with a significant similar-
ity (P<0.05) among them, while C-B, produced the lowest
(14.82) (Fig. 11B). The combinations G-R,/C-B,, G-R,/C-
B,. G-R,/UC, and G-R,/UC exhibited the highest RDM
values (ranging 15.47-15.95), with significant similarities
(P<0.05) among them, while the combinations UG/C-B,
and UG/C-B, showed the lowest (13.71 and 13.39, respec-
tively), with a significant similarity (P<0.05) among them
(Fig. 11B).

The highest RC contents (mg g ') were recorded with
G-R, in both seasons (44.05 in 2022 and 48.67 in 2023), with
a significant similarity (P<0.05) to G-R, in 2022 (43.56)
(Fig. 11C), whereas the lowest recorded in UG (37.07 and
41.17). The SCB treatment C-B, consistently produced the
highest RC values (44.22 in 2022 and 48.35 in 2023), with
a significant similarity (P<0.05) to C-B, in 2022 (44.04),
while UC consistently showed the lowest (36.42 in 2022
and 41.08 in 2023) (Fig. 11C). The G-R,/C-B, combination
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92022 02023

N

G-RVC-B1
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E: Polyphenols
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Fig. 11 Effects of grafting and bioagent seed coating on shoot and root biochemical composition of tomato ‘Apache F,” under Meloidogyne incog-
nita infestation. A: shoot dry matter, B: root dry matter, and C-E: root content of carbohydrates, proteins, and polyphenols
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Table 1 Loadings of the first three principal components for 37 traits
of grafted and ungrafted tomato ‘Apache F,” plants with or without
bioagent seed coating under Meloidogyne incognita infestation

Trait” PC1 PC2 PC3

NG —0.962 0.268 0.024
NEM —0.964 0.260 —0.002
SL30 0.946 0.224 0.021
SL60 0.962 0.179 0.137
SD30 0.981 0.012 0.148
SD60 0.987 0.028 0.105
NPL30 0.918 0.220 0.276
NPL60 0.953 0.057 0.287
LA30 0.831 0.538 0.120
LA60 0.829 0.523 0.052
SFW 0.953 —0.281 0.091
SDW 0.992 —-0.075 0.029
RFW 0.975 —0.219 0.000
RDW 0.988 —-0.119 0.084
DUFFE —0.982 0.151 —0.048
DUFRFE —-0.978 —0.104 0.005
NFI 0.976 —0.113 —0.164
NFC 0.987 —0.116 —0.065
FSP 0.966 -0.218 0.089
AFW 0.985 —0.159 0.045
EY 0.943 —0.324 0.049
TY 0.949 —0.306 0.055
MY 0.954 —0.292 0.046
pH 0.790 0.143 —-0.573
TSS 0.838 0.187 —0.365
FF 0.896 0.336 —0.233
VC 0.574 0.621 0.257
FDM 0.912 0.264 0.143
Chlor-a 0.962 0.037 —-0.119
Chlor-b 0.966 —0.041 —-0.159
T-Carot 0.897 0.297 —0.243
SDM —0.411 0.874 -0.219
RDM 0.648 0.440 0.583
RC 0.964 —0.235 0.027
RPr 0.982 -0.117 —-0.076
RPPh 0.790 0.143 —0.573

“Trait was NG: number of galls; NEM: number of egg masses;
SL30 and SL60: stem length at 30 and 60 days after transplanting
(DAT); SD30 and SD60: stem diameter at 30 and 60 DAT; NPL30
and NPL60: number of plant leaves at 30 and 60 DAT; LA30 and
LAG60: leaf area at 30 and 60 DAT; SFW and SDW: shoot fresh and
dry weights; RFW and RDW: root fresh and dry weights; DFFE: days
to first flower emission; DFRFE: days to first ripened fruit emission;
NFI: number of flowers per inflorescence; NFC: number of fruits per
cluster; FSP: fruit set percentage; AFW: average fruit weight; EY,
TY, and MY: early, total, and marketable yield, respectively; pH: fruit
juice pH; TSS: total soluble solids in fruit; FF: fruit firmness; VC:
fruit vitamin C content; and DM: fruit dry matter content; Chlor-a
and Chlor-b: leaf content of chlorophyll a and b, respectively; Chlor-
a/b: ratio of chlorophyll a to b; T-Carot: leaf total carotenoids content;
SDM: shoot dry matter; RDM: root dry matter; RC, RPr, and RPPh:
root content of carbohydrates, protein, and polyphenols, respectively

Bold eigenvector values of PCs indicate a significant correlation
between the variable and principal component

consistently recorded the greatest RC (44.71 in 2022 and
50.92 in 2023), with significant similarities (P<0.05) to
G-R,/C-B,, G-R,/C-B,, UG/C-B,, and UG/C-B, in 2022
(ranging 43.84-44.37). The lowest RC value was consis-
tently recorded in UG/UC combination (23.53 in 2022 and
29.48 in 2023) (Fig. 11C).

The highest RPr contents (mg g ') were consistently
recorded with G-R; (12.17 in 2022 and 13.23 in 2023), with
a significant similarity (P<0.05) to G-R, in 2022 (12.73),
while UC consistently showed the lowest (10.63 in 2022
and 10.96 in 2023) (Fig. 11D). The SCB treatment C-B,
consistently produced the highest RPr (12.31 in 2022 and
13.06 in 2023), with a significant similarity (P<0.05) to
C-B, in 2023 (13.06), while UC consistently showed the
lowest (10.17 in 2022 and 10.80 in 2023) (Fig. 11D). The
G-R,/C-B, combination recorded the highest RPr (12.13
in 2022 and 13.08 in 2023), with significant similarities
(P<0.05) to UG/C-B, in 2022 (12.06) and G-R,/C-B, in
2023 (13.44) (Fig. 11D). The lowest RPr values were con-
sistently observed with UG/UC (8.05 in 2022 and 8.00 in
2023) (Fig. 11D).

The highest RPPh contents (mg g ') was consistently
recorded in G-R,; (4.86 in 2022; 4.72 in 2023), with G-R,
showing a significantly similar (P<0.05) value in 2023
(4.81) (Fig. 11E). The lowest RPPh was consistently
observed with UG (4.39 in 2022; 4.52 in 2023). The SCB
treatment C-B; consistently produced the highest RPPh
(5.72 in 2022; 4.98 in 2022), whereas UC consistently
recorded the lowest (3.70 in 2022; 4.21 in 2023) (Fig. 11E).
The greatest RPPh values were consistently recorded in the
combinations G-R,/C-B, (5.94 in 2022; 5.12 in 2023) and
G-R,/C-B; (5.69 in 2022; 5.06 in 2023), with significant
similarities (P<0.05) among them and to UG/C-B, in 2022
(5.52) and G-R,/C-B, in 20,233 (4.96). The UG/UC combi-
nation exhibited the lowest RPPh values (3.12 in 2022 and
3.95 in 2023), with a significant similarity to G-R,/UC in
2023 (4.07) (Fig. 11E).

Principal Component Analysis

Eight principal components (PCs) were identified, with
eigenvalues ranging from 31.01 to 0.07 (Fig. S2). The first
three PCs had eigenvalues>1 and accounted for 97.06% of
the total variance (Fig. S2). Trait loadings are presented in
Table 1. All measured parameters significantly contributed
to PC1 and PC2. PCI explained 83.82% of the total vari-
ance (eigenvalue=31.01; Fig. S2), with negative loadings
for NG, NEM, DFFE, and DFRFE (ranging from —0.962
to —0.982) and positive loadings for the remaining traits
(ranging from 0.648 to 0.988), except for VC and SDM
(Table 1). PC2 accounted for 8.55% of the variance (eigen-
value=3.16; Fig. S2), with positive loadings for VC (0.621)
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and SDM (0.874; Table 1). PC3 contributed 1.14% of the
total variance (eigenvalue=1.74; Fig. S2).

Figure 12 shows the PCA-biplot of the first two PCs,
illustrating the distribution of the combination treatments
and the estimated traits. The vectors for NG, NEM, SDM,
and DFFE were grouped in one quadrant, while DFRFE was
positioned in a separate quadrant; however, all were ori-
ented in similar directions with angles below 90° (Fig. 12).
The remaining trait vectors were located in two opposite
quadrants, positioned close together with similar orienta-
tions (Fig. 12).

Significant correlations among the estimated traits were
identified using Pearson’s correlation coefficients, as shown
in Table 2. NG and NEM showed a highly significant

(P<0.001) positive correlation with each other (»=0.999).
Both traits also exhibited highly significant (P<0.001)
positive correlations with DFFE (0.982 and 0.985, respec-
tively) and DFRFE (0.915 and 0.912, respectively), while
NEM alone showed a significant (P<0.05) positive correla-
tion with SDM (0.585). In contrast, NG and NEM showed
highly significant (P<0.01 or 0.001) negative correlations
with vegetative growth traits (SL30: 0.854 and —0852,
SL60: 00.882 and 0.893, SD30: 0.939 and 0.944, SD60:
0.941 and 0.946, NPL30: 0.810 and 0.819, NPL: 0.810 and
0.819, NPL60: 0.891 and 0.900, LA30: 0.682 and 0.691,
LA60: 0.676 and 0.677, SFW: 0.991 and 0.991, SDW: 0.975
and 0.973, RFW: 0.998 and 0.997, and RDW: 0.981 and
0.985), yield (EY: 0.993 and 0.992, TY: 0.994 and 0.994,

e Biplot (axes PC1and PC2:92.37 %) h

e Active variables

+ Active observations

2.5

1.5

0.5

+

U T T T -

PC2 (8.55%)

-1.5

R PC1 (83.82%) )

Fig. 12 Biplot between the first two principal components for 37 traits of grafted and ungrafted tomato ‘Apache F,’ plants with or without bioagent

seed coating under Meloidogyne incognita infestation
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Table 2 Pearson’s correlation coefficients between estimated traits of grafted and ungrafted ‘Apache F,’ tomato plants, with or without seed-

coating using bioagents, under Meloidogyne incognita infestation

Trait* NG NEM SL30 SL60 SD30 SD60 NPL30 NPL60

LA30

LA60 SFW RFW RDW DFFE DFRFE NFI NFC

0.409 0.431 0.384 0.367 0.392

-0.146 -0.242 -0.37 -0.357 -0.192 -0.348 0.109

0.418 0.415 0.463 0.455 0.521 0.496"

0.539°

0.439 0.527" 0.489 0.533

0.244

FDM Chlor-a Chlor-b T-Carot SDM RDM

0.433

0.502° 0.494 0.379

-0.007

0.238

-0.131 -03 -0.389

0.531

-0.032
0.540°
0.544°
0.228

-0.443
-0.055

“ Trait was NG: number of galls; NEM: number of egg masses; SL30 and SL60: stem length at 30 and 60 days after transplanting (DAT); SD30 and SD60: stem diameter at 30 and 60 DAT; NPL30 and NPL60: number
of plant leaves at 30 and 60 DAT; LA30 and LA60: leaf area at 30 and 60 DAT; SFW and SDW: shoot fresh and dry weights; RFW and RDW: root fresh and dry weights; DFFE: days to first flower emission; DFRFE:
days to first ripened fruit emission; NFI: number of flowers per inflorescence; NFC: number of fruits per cluster; FSP: fruit set percentage; AFW: average fruit weight; EY, TY, and MY: early, total, and marketable yield,

respectively; pH: fruit juice pH; T
Chlor-a/b:
""" Significant at 0.05, 0.01, and 0.001 probability levels, respectively.

and MY: 0.996 and 0.996), yield components (NFI: 0.973
and 0.970, NFC: 0.983 and 0.983, FSP: 0.987 and 0.989,
and AFW: 0.990 and 0.993), fruit quality (TSS: 0.908 and
0.806, FF: 0.813 and 0.810, and FDM: 0.813 and 0.819),
leaf content of photosynthetic pigments (Chlor-a: 0.924 and
0.926, Chlor-b: 0.952 and —0.955, and T-Carot: 0.815 and
0.810), and root content of carbohydrates (0.990 and 0.988),
proteins (0.980 and 0.979), and polyphenols (0.745 and
0.730). Additionally, NEM alone was negatively correlated
with RDM (—0.534) (Table 2).

UG/UC clustered in the upper-left quadrant near NG,
NEM, DUFFE, DUFRFE, and SDM vectors (Fig. 12). In
contrast, G-R,/C-B,, G-R,/C-B,, and G-R,/C-B; occupied
the upper right quadrant, aligning with vectors represent-
ing vegetative growth (SL30, SL60, SD30, SD60, NPL30,
NPL60, LA30, and LA60), photosynthetic pigments (Chlor-
a and T-Carot), root biochemical traits (RDM and PPh),
and fruit quality (FF, FDM, TSS, pH, and VC). G-R,/UC,
G-R,/C-B,, G-R,/UC, and UG/C-B, clustered in the lower-
right quadrant close to the vectors of biomass accumulation

Red, white, and blue color gradients indicate the lowest (-1), moderate (0), and highest (+1) correlation coefficients, respectively.

total soluble solids in fruit; FF: fruit firmness; VC: fruit vitamin C content; and DM: fruit dry matter content; Chlor-a and Chlor-b: leaf content of chlorophyll a and b, respectively;
: ratio of chlorophyll a to b; T-Carot: leaf total carotenoids content; SDM: shoot dry matter; RDM: root dry matter; RC, RPr, and RPPh: root content of car i

. protein, and polypl . respectively.

(SFW, SDW, RFW, RDW), Chlor-b, Carb, NFI, yield
components (NFC, FSP, AFW), yield (EY, TY, and MY)
(Fig. 13). UG/C-B, was positioned in the lower-left quad-
rant, closely linked to DUFRFE (Fig. 12).

Discussion

Root-knot nematodes (RKNs) are among the most destruc-
tive plant-parasitic nematodes, causing substantial yield
losses in numerous crops worldwide, with global economic
impacts exceeding US$150 billion annually and account-
ing for about 12.3% of total crop losses (Lopes-Caitar et al.
2019; Singh et al. 2015). RKN infection induces gall forma-
tion in tomato roots, disrupting water and nutrient uptake
and creating specialized feeding sites for adult female nem-
atodes. This often results in leaf chlorosis, wilting, stunted
growth, floral abortion, reduced fruit yield and quality,
and, in severe cases, plant death (Banora 2023). Vegetative
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growth and productivity thus serve as key indicators of plant
resistance or tolerance to RKNs.

Biological control has emerged as a pivotal component
of INM. In Egypt, several soil-isolated microbial agents
from genera such as Bacillus, Paenibacillus, Pseudomonas,
Streptomyces, as well as isolates including Sporosarcina
psychrophile Sd4-11 and Streptomyces scabiei Wbln-4,
have demonstrated significant efficacy in suppressing RKN
populations while simultaneously enhancing tomato growth
(Adam et al. 2014; Mahmoud et al. 2025a). Furthermore,
grafting onto resistant rootstocks, particularly interspecific
hybrids like ‘Estamino’ and ‘Fortamino’ (Mi—1/mi—1), pro-
vides effective protection against M. incognita (Bajek and
Rudoph 2023; Mahmoud et al. 2025b). These rootstocks
also confer resistance to major soilborne pathogens, includ-
ing Verticillium dahliae, Fusarium oxysporum f. sp. lycop-
ersici, F. oxysporum f. sp. radicis-lycopersici, and Ralstonia
solanacearum (https://www.enzazaden.com/).

Given the limited research on the integrated application
of grafting and biological control, this study evaluated the
efficacy of S. psychrophile Sd4-11 and S. scabiei Wbln-4
against RKN in tomato plants grafted onto resistant interspe-
cific hybrids ‘Estamino’ and ‘Fortamino’ versus ungrafted
controls. The seed-coatings bioagents (SCB) technique was
employed as a high-precision, low-input delivery system
to establish a protective biological envelope at the onset of
germination. At the seed—soil interface, this envelope pro-
motes early rhizosphere colonization and the formation of
a competitive barrier that suppresses RKN infection dur-
ing the most vulnerable stages of plant growth (Adam et al.
2014). This protective efficacy is further reinforced by the
induction of systemic resistance (ISR) and the enhancement
of germination and seedling vigor (Mahmoud et al. 2025a).

The study was conducted during the 2022 and 2023 fall
seasons in a naturally RKN-infested greenhouse with a
documented history of monoculture known to sustain high
resident populations of Meloidogyne spp. To ensure the
empirical validity of the resistance trials, the nematode pop-
ulation was morphologically characterized and quantified
prior to transplanting to establish a standardized baseline
of initial inoculum pressure (Pi). Morphological validation
based on perineal pattern analysis identified the nematode
population as M. incognita (Kofoid and White) Chitwood,
consistent with its status as the predominant RKN species
in Egyptian agriculture (Abd-Elgawad, 2014; El-Sappah et
al., 2019). The consistent presence of a high, squarish dorsal
arch and wavy cuticular striae, together with the absence of
lateral incisures, provided robust taxonomic discrimination
from the morphologically similar M. javanica (Taylor and
Netscher, 1974). The P; values recorded across both sea-
sons were exceptionally high (1325-1503 J, 100 g ' soil).
These values far exceed the established damage threshold
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for tomato, which is typically cited between 1 and 10 J,
100 g! soil (Greco and di Vito 2009). Such substantial
inoculum pressure enabled a rigorous assessment of host
plant responses, providing a clear differentiation between
the tested resistant and susceptible genotypes under extreme
field-simulated conditions.

A factorial experiment conducted across both seasons
evaluated the individual and combined effects of grafting-
mediated genetic resistance and seed-coating bioagents on
nematode suppression, vegetative growth, and productiv-
ity. Data were initially subjected to a pooled ANOVA to
assess the significance of year (Y) effects and their interac-
tions with other experimental factors (Wickens and Keppek
2004). The pooled ANOVA revealed significant effects of
Y, GR, and SCB on most evaluated traits, with a significant
GRxSCB interaction, indicating strong synergistic effects
between these factors. The results also demonstrated pro-
nounced sensitivity to seasonal variation, as Y, its two-way
interactions (Y X GR and Y x SCB), and the three-way inter-
action (Y x GR x SCB) significantly influenced most vari-
ables. Consequently, separate analyses were conducted for
each season to ensure accurate mean comparisons (Wickens
and Keppek 2004). Calculation of sum-of-squares percent-
ages (SS%) further quantified the relative contributions
of GR, SCB, and their interactions to the observed trait
variation.

Seed coating with bioagents achieved the strongest sup-
pression of RKN infection in the susceptible tomato ‘Apache
F,” (Table S1), significantly reducing root galling and egg-
mass formation relative to UC controls (Fig. 1) and outper-
forming grafting alone (Table S1). These findings contrast
with previous studies reporting that nematode suppression
was primarily attributed to grafting and its interaction with
bioagents, while bioagents alone showed no significant
effect (Cukrov et al. 2021, Pontes et al. 2024). In this study,
both bioagents exhibited comparable suppressive effects
under SCB (Fig. 1), likely mediated through direct microbial
antagonism and the priming of jasmonic acid- and salicylic
acid-dependent defense pathways. This early-stage priming
at the seedling phase enhances lignification and the accumu-
lation of inhibitory secondary metabolites, thereby restrict-
ing M. incognita penetration and development (Adam et al.
2014; Mahmoud et al. 2025a; Sharma et al. 2019, 2025).
Furthermore, SCB-mediated suppression proved more resil-
ient than Mi-1-mediated rootstock resistance under the high-
temperature stress (>30°C) encountered during the first and
last two months of trail (Fig. S1). Although GR significantly
reduced nematode infection (Table S1), elevated tempera-
tures likely attenuated this temperature-sensitive resistance
(Williamson and Roberts 2009; Bajek and Rudoph 2023).
Interestingly, despite all rootstocks carrying the Mi-1/mi—1
genotype, suppressive efficacy varied, with G-R; showing
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superior performance (Fig. 1). This suggests that additional
genetic or physiological factors modulate the phenotypic
expression of Mi—1-mediated resistance (Bajek and Rudolph
2023; Kokalis-Burelle and Rosskopf 2011; Mahmoud et al.
2025b; Owusu et al. 2016). The combined application of
GR and SCB produced synergistic effects (Table S1). Root
galling remained below 100 in treated plants across booth
seasons, compared with 302.19 and 358.97 in the UG/UC
control (Fig. 1A). Similarly, NEM were also below 100 in
most treated combinations across both seasons, which con-
trasted sharply with the high values observed in the UG/UC
control (310.87 and 404.88; Fig. 1B). According to the clas-
sification indices of Taylor and Sasser (1978), the UG/UC
control reached peak infection (GI and EMI=5), while SCB
and GR mitigated RKN infection severity to an index of 4.
This indicates that these approaches function as suppressive
rather than immunity-conferring strategies. The persistence
of infection at 180 DAT reflects the accumulation of multiple
M. incognita generations and sustained thermal stress near
the nematode’s developmental optimum. Consequently, the
final infection levels represent the biological limits of host
defense under prolonged exposure and adverse environmen-
tal conditions rather than treatment failure, underscoring the
importance of incorporating temporal and thermal dynamics
into evaluations of INM strategies.

Grafting exerted the strongest overall influence on veg-
etative growth traits, including stem length, stem diameter,
leaf number, and leaf area, while biomass accumulation
reflected complementary contributions from both grafting
and seed coating (Table S1). Consistent with previous stud-
ies showing that grafting and its interaction with bioagents
strongly affect plant development (Cukrov et al. 2021; Pon-
tes et al. 2024), grafting the susceptible cultivar ‘Apache
F,” onto resistant rootstock markedly enhanced vegeta-
tive growth under RKN infestation (Figs. 2 and 3). These
improvements likely stem from the ability of deep-rooted,
RKN-resistant interspecific hybrids to restrict nematode
penetration and reproduction, thereby maintaining effi-
cient water and nutrient uptake (Bajek and Rudoph 2023;
Djidonou et al. 2017; Mahmoud et al. 2025b). Comparable
benefits have been reported for other interspecific rootstocks
such as ‘Multifort,” ‘Arnold,” and ‘Maxifort,” although some
combinations, such as those involving ‘Aloha,” may reduce
biomass (Kokalis-Burelle and Rosskopf 2011). SCB also
significantly promoted vegetative growth, with C-B, and
to a slightly lesser extent C-B,, producing the greatest stem
length (Fig. 2A-B), stem diameter (Fig. 2C-D), leaf number
(Fig. 3A-B), leaf area (Fig. 4C-D), and shoot and root bio-
mass (Fig. 5) compared with the UC control. Notably, the
combined application of GR and SCB, particularly G-R,/C-
B,, generated the highest values across all vegetative
parameters, whereas the UG/UC combination consistently

produced the lowest (Figs. 2, 3, 4 and 5), demonstrating the
strong synergistic advantage of integrating resistant root-
stocks with bioagent seed coatings to maximize vegetative
performance under RKN-infested greenhouse conditions.

Morphodynamics describes the quantitative integration
of plant morphological development and growth kinetics,
using changes in traits such as stem elongation, stem thick-
ness, and leaf expansion to evaluate how external treatments
or biotic stressors influence plant ontogeny (Hunt 1990).
Growth rate metrics (SER, STR, LFR, and LER) provide
a comprehensive assessment of canopy architecture and
resource partitioning (Arshad et al.2024; Mahmoud 2020;
Mahmoud et al. 2025b). In this study, growth rates were
governed by complex, trait-specific interactions (Table S1).
SER responded most markedly to GR, particularly in 2023
(Table S1), with G-R; significantly outperformed the UG
control and exhibited further enhancement when combined
with SCBs such as C-B, (Fig. 4A). STR was primarily influ-
enced by the GR x SCB interaction, while LFR and LER
exhibited significant year-dependent variation (Table S1).
Interestingly, UG and UC plants maintained robust STR,
LFR, and LER (Fig. 4) despite demonstrating significantly
inferior overall growth and yields (Figs. 2, 3, 5, 7 and 8).
This physiological disparity suggests an inefficient stress-
induced morphogenic response (SIMR), a compensatory
mechanism where plants reallocate carbon toward veg-
etative expansion to mitigate root dysfunction caused by
Meloidogyne spp. Infestation (Potters et al. 2007; Zanda-
linas et al. 2018). Although this strategy increases the pho-
tosynthetic surface area, the nematode-compromised root
systems in UG/UC treatments fail to support the heightened
transportational and nutritional demands required for fruit
loading (Kyriacou et al. 2017). Consequently, photoassimi-
lates remain sequestered within vegetative structures rather
than being translocated to reproductive sinks (Melakeber-
han 2004). This physiological bottleneck was effectively
bypassed by the grafted and bio-coated treatments, which
successfully synchronized vigorous vegetative growth with
high reproductive output (Abd-Elgawad 2020; Grieneisen
et al. 2018).

Reproductive development (DFFE and DFRFE) and yield
performance (NF/I, NF/C, FSP, AFW, EY, TY, and MY)
exhibited clear and complementary responses to GR and
SCB, with each factor exerting trait-specific effects (Table
S1). SCB had the greatest influence on DFFE, whereas GR
primarily determined the variation in DFRFE (Table S1).
The season-dependent G-R x SCB interaction suggests
that microbial coatings may influence hormone-regulated
reproductive pathways. Treatments that effectively reduced
galling and egg-mass formation (Fig. 1) also accelerated
flowering and fruit ripening (Fig. 6), linking improved
reproductive timing to the alleviation of RKN-induced
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physiological constraints. Individually, G-R; grafting and
C-B, seed coating promoted earlier flowering and fruiting,
whereas their combination (G-R,/C-B,) achieved the earli-
est development (Fig. 6), highlighting a strong synergistic
effect. This synergy extended to yield components (NF/I,
NF/C, FSP, and AFW) and overall productivity (EY, TY,
and MY), with the GRXSCB interaction explaining approxi-
mately 35-45% of the total variance (Table S1). These find-
ings align with previous reports showing that while grafting
or bioagents alone may have limited impact, their combina-
tion significantly enhances early yield and overall plant per-
formance (Pontes et al. 2024; Curkrov et al. 2021). UG and
UC plants consistently exhibited the lowest yield param-
eters (Figs. 7 and 8), reflecting severe nematode-induced
suppression. In contrast, grafts, particularly G-R, displayed
higher NF/I, NF/C, FSP, AFW (Fig. 7), and overall yield
indices (Fig. 8). This enhanced performance is likely attrib-
utable to superior root vigor, optimized nutrient uptake, and
improved stress tolerance, which collectively facilitate effi-
cient assimilate allocation and reproductive output (Mah-
moud 2020; Mahmoud et al. 2025b). These results align
with the ‘tolerance threshold’ concepts established by Dun-
can and Noling (1998), wherein resistant genetic material
shifts the plant’s damage function, maintaining productiv-
ity despite high nematode pressure. Similarly, SCB treat-
ments (especially C-B,) improved fruit number and weight
(Fig. 7), presumably through plant growth-promoting rhi-
zobacteria that enhance nutrient availability, hormonal bal-
ance, and systemic resistance (Adam et al. 2014). Overall,
the G-R,/C-B, combination consistently produced the high-
est yield parameters, confirming that integrating GR with
SCB effectively mitigates nematode stress and optimizes
tomato productivity. By utilizing these resistant rootstocks
in combination with bioagents, we successfully mitigated
the yield gaps typically observed under heavy infestation.
This integrated approach aligns with the strategies high-
lighted by Castellano-Hinojosa et al. (2022) as essential pil-
lars for sustainable vegetable production in the post-methyl
bromide era.

Fruit quality traits were significantly influenced by all
factors, with effects varying by trait and season (Table S1).
In 2022, SCB predominantly influenced fruit pH, TSS, and
FF, whereas in 2023, GR had a stronger influence on TSS
and FF, with FDM and VC consistently governed by GR
across seasons (Table S1). Grafts, especially G-R, generally
outperformed UG controls in quality traits (Fig. 9), indicat-
ing enhance physiological resilience, nutrient transport, and
metabolic efficiency (Djidonou et al. 2017; Mahmoud 2020;
Mahmoud et al. 2025b). Similarly, SCB treatments, particu-
larly C-B,, improved TSS, FDM, VC, and FF while reduc-
ing pH (Fig. 9), indicating modulation of sugar, organic
acid, and antioxidant metabolism. Combinations of both
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rootstocks with C-B, coatings (G-R,/C-B, and G-R,/C-B,)
consistently produced the highest TSS, FDM, VC, and FF,
while UG/UC plants had the lowest (Fig. 9), demonstrating
the synergistic advantage of integrating GR with SCB.

Leaf pigment contents and root biochemical traits are
key indicators of plant physiological status, stress tolerance,
and the effectiveness of management practices (Djidonou
et al. 2017; Mahmoud et al. 2025a, 2025b). In this study,
GR, SCB, and their interaction significantly influenced pho-
tosynthetic pigments, with effects varying by pigment type
and season (Table S1). The combination of GR, particularly
G-R,, with SCB, especially C-B,, synergistically enhanced
chlorophyll-a, chlorophyll-b, and total carotenoids concen-
trations (Fig. 10), likely via improved chloroplast function,
nitrogen assimilation, and photoprotection (Djidonou et al.
2017; Mahmoud et al. 2025a, 2025b). Conversely, UG/UC
controls showed reduced pigment levels under RKN infes-
tation (Fig. 10), associated with increased reactive oxygen
species (ROS) accumulation, elevated chlorophyllase activ-
ity, and cellular damage (Aissani et al. 2018; Khan et al.
2022; Pratysha 2022).

Similarly, shoot and root biomass, along with root car-
bohydrates, proteins, and polyphenols, reflected integrated
effects on growth, metabolic, and defense, providing a
mechanistic basis for assessing plant resilience (Djidonou
et al. 2017; Mahmoud et al. 2025a, 2025b). GR primarily
enhanced structural growth, with G-R, and G-R, increasing
shoot and root dry matter, whereas UG control consistently
showed lower biomass (Fig. 11A-B). SCB, particularly
C-B,, predominantly enhanced root protein, polyphenols,
and carbohydrates reserves (Fig. 11C-E), highlighting the
responsiveness of root metabolism to organic amendments.
The GRxSCB interaction further modified carbohydrate
dynamics, indicating that carbon storage is jointly shaped by
environmental conditions and treatment quality. High-per-
forming combinations, such as G-R,/C-B; and G-R,/C-B,,
maximized both biomass and metabolic reserves, whereas
UG/UC exhibited the lowest performance (Fig. 11). These
results demonstrate that integrating GR with SCB syner-
gistically improves plant growth, metabolic capacity, while
susceptible genotypes show constrained growth and bio-
chemical performance.

Severe RKN infection in susceptible ‘Apache F,” plants
(UG/UC) induced extensive root galling and egg masses
formation (Fig. 1), impairing water and nutrient uptake and
triggering ROS accumulation. This oxidative stress accel-
erated chlorophyll degradation and reduced photosynthetic
efficiency, carbohydrate synthesis, and protein accumula-
tion (Aissani et al. 2018; Khan et al. 2022; Pratysha 2022).
These physiological constraints translated into stunted
vegetative growth (Figs. 2, 3, 4 and 5), delayed reproduc-
tive development (Fig. 6), and diminished yield and fruit
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quality (Figs. 7, 8 and 9). In contrast, grafting onto resistant
hybrids (Mi—1/mi—1) combined with bioagent seed coating
enhanced plant resistance and metabolic activity through
complementary mechanisms. The resistant rootstocks pro-
vided robust root structural defenses and elevated polyphe-
nols levels (Mahmoud et al. 2025b; Patel et al. 2017), while
SCB induced systemic root resistance by further stimulating
polyphenol synthesis (Adam et al., 2014; Mahmoud et al.
2025a). Polyphenols mitigated ROS-induced damage and
exerted nematicidal activity (Sharma et al. 2025; Pratysha
2022). Collectively these interventions reducing galling and
egg-mass formation (Fig. 2), thereby enhancing water and
nutrient uptake, photosynthetic pigment content (Fig. 10),
and biomass accumulation (Fig. 11). These improve-
ments promoted vigorous vegetative growth (Figs. 3, 4
and 5), accelerated reproductive development (Fig. 6), and
enhanced overall yield and quality (Figs. 7, 8 and 9). Varia-
tions among GRxSCB combinations likely reflect specific
rootstock—microorganism interactions (Sharma et al. 2025),
with the combination of rootstock ‘Estamino’ (R;) and
either bioagent consistently showing superior performance.

Seasonal differences in the magnitude of effects high-
lights the strong influence of environmental conditions
and rootstock-microbe compatibility on treatment efficacy.
Variability in treatment responses between seasons likely
reflects shifts in microclimatic. Meteorological data (Fig.
S1) showed greater climatic fluctuations in 2023, including
higher relative humidity and reduced cloud cover, condi-
tions that can intensify both diurnal heat stress and nocturnal
chilling stresses. These abiotic stresses reduce photosyn-
thetic efficiency and attenuate Mi—1-mediated resistance to
RKN (Bajek and Rudolph 2023; Devran et al. 2010; van der
Ploeg and Heuvelink 2005). This thermal instability helps
explain the observed seasonal differences in RKN suppres-
sion (Fig. 1), fruit set (Fig. 7), and quality (Fig. 9). Overall,
the performance of GR and SCB performance was closely
tied to the environmental context. Their combined applica-
tion mitigated RKN damage while simultaneously improv-
ing growth, yield, and fruit quality, demonstrating their
promise as a resilient management strategy under variable
agroecological conditions.

Principal component analysis (PCA), a powerful multi-
variate statistical technique, was employed to identify supe-
rior treatment combinations and to elucidate correlations
among the measured traits. In this study, PCA reduced 37
variables to three PCs that together explained 97.06% of the
total variance (Fig. S2). Trait loadings showed that all mea-
sured variables contributed strongly to the first two compo-
nents (Table 1), underscoring their importance in capturing
overall variability. These two components alone accounted
for 92.37% of the multidimensional variation, enabling
the construction of a biplot the effectively visualized trait

correlations, clustered treatment groups, and illustrated their
associations with specific variables.

The multivariate analyses provided a coherent overview
of trait interrelationships under RKN stress. The PCA biplot
(Fig. 12) showed clear clustering among related variables,
with traits oriented in the same direction exhibiting posi-
tive correlations and those in opposite directions displaying
negative associations. These patterns were further validated
by Pearson’s correlation analysis (Table 2), which revealed
strong negative relationships between RKN infection indi-
cators (gall and egg mass numbers) and a wide range of
plant performance traits, including vegetative growth, yield
and its components, fruit quality attributes, photosynthetic
pigments, and root biochemical contents. Such relation-
ships underscore the extensive physiological disruption
imposed by RKN, reflecting impaired photosynthetic func-
tion, altered carbon and nitrogen metabolism, and reduced
biomass accumulation (Banora and Almaghrabi 2019; Khan
et al. 2022). These results align with previous reports docu-
menting the suppressive effects of RKN on pigment bio-
synthesis (Patel et al. 2017), growth, and yield potential
(Schomaker et al., 2006; Gharabadiyan et al. 2013; Padilla-
Hurtado et al. 2022), as well as the compensatory increase
in root polyphenol production under nematode-induced
stress (Patel et al. 2017).

The PCA biplot effectively distinguished the treatment
groups based on physiological performance, yield attri-
butes, and nematode tolerance. G-R,/C-B, and G-R,/C-B,
were closely associated with enhanced productivity, fruit
quality, and nematode resistance. Intermediate responses
were observed for some treatments, such as UG/C-B, and
UG/C-B,, which exhibited moderate performance influ-
enced by both growth and physiological traits.

Conclusion

Integrating grafting onto resistant rootstocks with seed
coating using bacterial bioagents proved to be an effec-
tive and eco-friendly strategy for managing M. incognita
in greenhouse-grown tomato. Seed coating with Sporosar-
cina psychrophile Sd4-11 and Streptomyces scabiei Wb1n-4
significantly suppressed nematode infection and enhanced
plant biochemical defenses. Concurrently, grafting onto the
interspecific hybrids ‘Estamino’ and ‘Fortamino’ improved
vegetative growth, yield, and fruit quality. The synergistic
interaction between grafting and these bioagents maximized
nematode suppression and productivity, highlighting their
complementary roles in sustaining plant health. Overall,
this integration offers a robust and sustainable alternative to
chemical nematicides for maintaining tomato performance
under M. incognita infestation in protected cultivation.
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Future research should validate these findings under diverse
agroecological conditions and elucidate the molecular and
physiological mechanisms underlying this synergy, while
evaluating a broader range of bioagents and rootstocks to
optimize nematode management. Furthermore, targeted
studies using qPCR or GFP-dynamics and persistence of
these bacterial isolates in the rhizosphere.
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