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Abstract

The two-spotted spider mite, Tetranychus urticae Koch, is a highly polyphagous and eco-
nomically important pest affecting a wide range of crops worldwide. This study evaluated
the potential of four rhizobacterial isolates—Leucobacter aridicollis (IQR1), Paenochrobactrum
sp. (IQR2), uncultured bacterium IQR3, and marine bacterium AK6_052 (IQR5)—as candidate
biological control agents against T. urticae. The rhizobacterial isolates were obtained from
the tomato rhizosphere at the INRA experimental farm (Agadir, Morocco) and evaluated for
their acaricidal and repellent activities against T. urticae. Corrected mortality and repellency
index were assessed after 24, 48, and 72 h of exposure. All four isolates exhibited acaricidal
activity, with IQR3 and IQR5 showing the greatest efficacy. Corrected mortality reached
69.9% with IQR3 at the highest concentration after 72 h of exposure. The isolates showed
no statistically significant repellent activity. Under greenhouse conditions (108 CFU mL−1),
IQR3 was associated with the lowest infestation incidence (64%), the lowest infestation
severity (13.3%) and the lowest adult density (1.8 adults leaf−1); IQR5 showed a compara-
ble trend. Overall, IQR3 and IQR5 represent promising rhizobacterial candidates for the
sustainable management of T. urticae in tomato production. Further studies are needed to
optimize their formulation, elucidate their mechanisms of action, and validate their efficacy
under field conditions.

Keywords: rhizobacteria; Tetranychus urticae; two-spotted spider mite; biological control;
mortality; repellency; tomato
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1. Introduction
The two-spotted spider mite Tetranychus urticae Koch (Acari: Tetranychidae) is a

highly polyphagous species that infests more than 1100 plant species belonging to over
140 families [1]. It is widely regarded as one of the most economically damaging arthropod
pests worldwide, causing significant yield losses in numerous agricultural crops, including
fruits, cotton, vegetables, and ornamentals [2–6].

The damage caused by T. urticae is primarily direct: the mites pierce the leaf epidermis
and feed on the contents of mesophyll cells, leading to chlorosis, reduced chlorophyll
content, impaired photosynthesis, and ultimately premature leaf desiccation; under heavy
infestation, plant death may occur [7]. As a typical colonizing species, T. urticae combines
high female fecundity with a strongly female-biased offspring sex ratio, enabling extremely
rapid population growth and a correspondingly short generation time [8]. These life-history
traits, together with its haplodiploid reproduction, are central to its notorious capacity for
rapid adaptation to control measures.

In conventional pest management, control of T. urticae relies largely on repeated
applications of broad-spectrum acaricides [9]. While initially effective against the target
pest, this approach adversely affects beneficial arthropods—including predatory mites—
and has driven the selection of resistant populations together with the accumulation
of chemical residues in the environment [10–14]. Indeed, T. urticae has now evolved
resistance to acaricides spanning at least eleven distinct modes of action, making it the
most resistance-prone invertebrate pest known [15]. This challenge is further compounded
by the exceptionally rapid evolution of resistance in field populations: resistance to the
recently commercialized acaricide cyetpyrafen, for instance, became widespread within
only three years, driven by an unprecedented number of recurrently evolved target-site
mutations that promote cross-resistance across multiple chemical classes [16,17].

Given these limitations, spider mite management increasingly emphasizes biological
control and reduced-risk inputs as sustainable alternatives [18–20]. Among these, plant-
growth-promoting rhizobacteria (PGPR) have attracted growing interest, as they can elicit
induced systemic resistance (ISR) through jasmonic-acid- and ethylene-dependent signaling
pathways [21]. PGPR-mediated ISR has been shown to adversely affect T. urticae fitness,
reducing fecundity, prolonging developmental time, and lowering intrinsic population
growth rates [22]. Such evidence strengthens the rationale for developing microbial-based
biocontrol strategies against this pest.

Beyond ISR, several rhizobacteria—particularly within the genera Pseudomonas and
Bacillus—have proven directly effective in suppressing mite populations [5,23–25]. Like-
wise, bacteria such as Xenorhabdus spp., Yersinia entomophaga, Pseudomonas entomophila,
Burkholderia spp., Chromobacterium spp., Streptomyces spp., and Saccharopolyspora spp. have
gained considerable commercial interest for producing diverse metabolites with potent
insecticidal and acaricidal activity [26,27]. In Pseudomonas fluorescens, for example, bacterial
chitinases contribute to mite control by hydrolyzing the chitinous exoskeleton [28,29]. Col-
lectively, these bacteria show strong potential as environmentally sustainable alternatives
to synthetic acaricides [26,27].

In this context, the present study aimed to evaluate the acaricidal and repellent ac-
tivities of four rhizobacterial isolates—Leucobacter aridicollis (IQR1), Paenochrobactrum sp.
(IQR2), uncultured bacterium (IQR3), and marine bacterium AK6_052 (IQR5)—isolated from
the rhizosphere of tomato plants cultivated in a greenhouse [30] against the two-spotted
spider mite T. urticae (Acari: Tetranychidae).
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2. Materials and Methods
2.1. Isolation and Characterization of Bacterial Agents

Four bacterial isolates—Leucobacter aridicollis (ON799334.1) (IQR1), Paenochrobactrum
sp. (JF804769.1) (IQR2), uncultured bacterium (JQ337400.1) IQR3, and marine bacterium
AK6_052 (KF816539.1) (IQR5)—were obtained from the Microbiology Laboratory of the
National Institute of Agricultural Research (INRA), Regional Center of Agadir, Morocco [30].
These isolates had previously been isolated from the rhizospheric soil of tomato plants
(Solanum lycopersicum L.) grown at the INRA experimental farm in Agadir, Morocco. For
inoculum preparation, an aliquot of each isolate was inoculated into 100 mL of nutrient
broth supplemented with 0.1% Tween 20 (v/v) and incubated on an orbital shaker at
28 ± 1 ◦C and 150 rpm for 24 h [31]. After incubation, the cultures were centrifuged at
10,000× g for 10 min at 4 ◦C, and the resulting bacterial pellets were washed twice with
sterile distilled water to remove residual growth medium. The cells were then resuspended
in sterile distilled water. The cell density was adjusted spectrophotometrically at 640 nm
to a stock suspension of approximately 108 CFU mL−1, which was then serially diluted
in sterile distilled water to obtain the two working suspensions of approximately 103 and
104 CFU mL−1; final densities were confirmed by plate counting on nutrient agar [32].

2.2. Effects of Four Isolates Against T. urticae Under Controlled Conditions
2.2.1. Acaricidal Activity

The four bacterial isolates, IQR1, IQR2, IQR3, and IQR5, were assessed for their
acaricidal activity against adult T. urticae on tomato leaves at two bacterial suspension
concentrations: C1 (103 CFU mL−1) and C2 (104 CFU mL−1). The initial population of
T. urticae was obtained from the SAOAS Company (Agadir, Morocco). Fresh, unsprayed
tomato leaves (Solanum lycopersicum L.) were collected from an organic tomato greenhouse
at the experimental farm of INRA Agadir (30.045499◦ N, 9.552841◦ W), washed thoroughly
with tap water, and rinsed with sterile distilled water. The leaves were air-dried, immersed
in the corresponding bacterial suspension for 20 s, and again allowed to air-dry under
sterile conditions. Treated leaflets were then placed upper-surface down on water-saturated
sponges within leaf cages to maintain turgor and prevent mite escape.

Fifteen adults of T. urticae were subsequently transferred to each leaflet using a fine
camel-hair brush. Sterile distilled water was applied as the control treatment. Mite mor-
tality was recorded at 24, 48, and 72 h after treatment; individuals were considered dead
when they failed to move their appendages after gentle prodding with the brush. The
experiment was arranged in a randomized complete block design with four replicates per
treatment and was repeated three times, resulting in a total of 12 biological replicates per
treatment. In total, 1620 adult T. urticae were used in the experiment. The experiments were
conducted in a growth chamber maintained at 25 ± 1 ◦C under a 16:8 h (L:D) photoperiod,
at the Laboratory of Plant Protection, National Institute of Agricultural Research (INRA),
Regional Center of Agadir, Morocco. Corrected mortality (%) was calculated using Abbott’s
formula [33]:

Crr.M% = [(Mt − Mc)/(100 − Mc)] × 100,

where Mt and Mc represent mortality in treated and control groups, respectively.

2.2.2. Repellent Activity

The repellency bioassay was adapted from the dual-choice system described by Qes-
saoui et al. [5]. Two bacterial suspension concentrations, C1 (103 CFU mL−1) and C2
(104 CFU mL−1), were tested. Each tomato leaf was immersed for 20 s in the correspond-
ing bacterial suspension and left to dry completely under a laminar flow hood. For the
control, leaves were immersed in sterile distilled water under the same conditions. Each
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experimental unit consisted of two connected boxes—one containing a treated leaf and
the other an untreated (control) leaf—allowing the mites to move freely between the two
compartments and thereby choosing between treated and untreated substrates.

Fifteen adults of T. urticae were introduced into the central opening of each system,
after which the opening was sealed. The experiment was arranged in a randomized
complete block design with four replicates per treatment, conducted in a growth chamber
at 25 ± 1 ◦C under a 16:8 h (L:D) photoperiod, and repeated three times. The number of
adult mites present on each leaf (treated versus control) was recorded at 24, 48, and 72 h
after introduction to monitor the temporal dynamics of the repellent response. A repellency
index was then calculated according to the formula of Pascual-Villalobos and Robledo [34]:
RI = [(C − T)/(C + T)] × 100, with RI: repellency index, C: number of T. urticae adults
counted in the control box, T: number of T. urticae adults counted in the treated box.

2.3. Evaluation of the Effect of Isolates on T. urticae Under Greenhouse Conditions

The in vivo experiments were conducted in a greenhouse at the Melk Zhar experimen-
tal farm of INRA, Agadir, Morocco. Tomato plants (Solanum lycopersicum L. cv. Campbell
33) at the BBCH 15–16 growth stage (5–6 true leaves) were used, with 45 plants assigned
to each treatment, and the experiment was arranged in a randomized complete block
design. Under greenhouse (in vivo) conditions, the bacterial inoculum faces abiotic and
biotic stresses absent in vitro—UV radiation, desiccation, temperature fluctuations, com-
petition with the native phyllosphere microbiota, and dilution over a larger plant surface.
Because these factors reduce the viability and effective density of cells reaching the target
mites, the concentration applied under greenhouse conditions was increased relative to
the laboratory assays to ensure delivery of an effective concentration. A suspension of
108 CFU mL−1 [35,36] was prepared for each isolate, and each plant was sprayed with
20 mL of the corresponding suspension using a hand-held sprayer. Control plants were
treated with sterile distilled water. Following treatment, the greenhouse was kept open to
allow for natural (passive) infestation by the resident T. urticae population.

2.3.1. Assessment of T. urticae Incidence and Severity

Infestation incidence was assessed three days after treatment by recording the number
of plants harboring at least one adult T. urticae to evaluate the initial response of the mite
to the treatments. Infestation severity was expressed as the percentage of infested leaflets
per plant—leaflets bearing at least one adult mite—determined from six randomly selected
leaves per plant.

2.3.2. Assessment of T. urticae Adult Density

Adult mite density was assessed three days after treatment by examining four ran-
domly selected leaflets from the middle stratum of the canopy of each plant per experi-
mental unit. The number of adult T. urticae on each leaflet was counted manually under a
stereomicroscope, enabling comparison of adult mite populations among bacterial isolates
under greenhouse conditions.

2.4. Statistical Analysis

The acaricidal efficacy of the bacterial isolates against T. urticae was calculated us-
ing Abbott’s formula, whereas repellency was determined according to the method of
Pascual-Villalobos and Robledo [34]. Percentage mortality data were arcsine square-root-
transformed prior to analysis to stabilize variances and meet the assumptions of parametric
tests. A three-way analysis of variance (ANOVA) was performed to assess the effects of
treatment, dose, time, and their interactions on corrected mortality. Infestation severity and
adult density were analyzed using one-way ANOVA. The assumptions of normality and
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homogeneity of variances were verified using the Shapiro–Wilk and Levene’s tests, respec-
tively. When significant differences were detected, treatment means were compared using
Tukey’s honestly significant difference (HSD) test at the 5% significance level. Statistical
significance was set at p < 0.05. All statistical analyses were performed using R software
(version 4.6.1; R Foundation for Statistical Computing, Vienna, Austria).

3. Results
3.1. Acaricidal Activity

A three-way ANOVA revealed a significant effect of bacterial treatment on the cor-
rected mortality of T. urticae (F = 5.734, p = 0.0021). Overall, isolates IQR3 and IQR5 induced
significantly higher corrected mortality than IQR2, whereas IQR1 showed an intermediate
response and did not differ significantly from either IQR5 or IQR3 (Figure 1). No significant
difference was detected between IQR3 and IQR5.

Figure 1. Effects of four rhizobacterial isolates and two concentrations (C1 and C2) on the overall
corrected mortality (%) of T. urticae. Bars represent mean ± SE calculated from the three evaluation
periods (24, 48, and 72 h).

The acaricidal activity of the rhizobacterial isolates varied with exposure time (Table 1).
No significant differences among treatments were detected after 24 or 72 h of exposure
(p > 0.05). In contrast, significant differences were observed after 48 h, when IQR3 and
IQR5 produced significantly higher corrected mortality than IQR2, while IQR1 showed an
intermediate response (Figure 2).

Figure 2. Corrected mortality (%) of T. urticae adults at 48 h after treatment with four rhizobacterial
isolates. Bars represent mean ± SE. Different letters indicate significant differences according to
Tukey’s HSD test (p < 0.05).
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Table 1. Effects of four rhizobacterial isolates on the corrected mortality (%) of T. urticae at two
concentrations (C1 and C2) after 24, 48, and 72 h.

Isolate Concentration
Exposition Period

24 h 48 h 72 h

IQR1 C1 20.6 ± 14.7 a 22.5 ± 13.7 ab 27.5 ± 19.2 a

C2 10.1 ± 2.1 a 33.3 ± 4.8 ab 7.4 ± 16.7 a

IQR2 C1 35.4 ± 5.1 a 17.2 ± 7.7 a 31.2 ± 15.8 a

C2 47.9 ± 11.5 a 23.0 ± 8.0 a 31.2 ± 13.6 a

IQR3 C1 35.3 ± 3.8 a 54.6 ± 17.1 b 39.0 ± 18.3 a

C2 28.6 ± 4.6 a 57.7 ± 15.6 b 69.9 ± 8.8 a

IQR5 C1 44.4 ± 9.7 a 62.5 ± 13.0 b 32.1 ± 17.1 a

C2 40.6 ± 9.8 a 57.8 ± 14.9 b 64.8 ± 12.5 a
Values are presented as mean ± SE. Statistical analyses were performed on arcsine square-root-transformed
percentage data, whereas untransformed means are presented. Means within the same column followed by the
same letter are not significantly different according to Tukey’s HSD test (p < 0.05).

Exposure of T. urticae adults to the rhizobacterial isolates induced progressive intoxi-
cation symptoms, characterized by reduced mobility, followed by gradual darkening of
the body before death. Mortality was first recorded 24 h after treatment and generally
increased with exposure time, although the magnitude of the response depended on the
bacterial isolate and concentration (Table 1).

At 24 h, corrected mortality ranged from 10.1 ± 2.1% (IQR1, C2) to 47.9 ± 11.5% (IQR2,
C2), with no significant differences among treatments. After 48 h, mortality increased
markedly, reaching 62.5 ± 13.0% for IQR5 (C1) and 57.7 ± 15.6% for IQR3 (C2), both of
which were significantly higher than that of IQR2. After 72 h, corrected mortality reached
its highest value (69.9 ± 8.8%) in IQR3 (C2); however, differences among treatments were
no longer statistically significant (p > 0.05).

3.2. Repellent Activity

Regarding the repellent effect, the assumptions of normality and homogeneity of
variances were satisfied prior to the factorial ANOVA. The Shapiro–Wilk test confirmed the
normality of residuals (W = 0.9798, p = 0.2992), while Levene’s test indicated homogeneous
variances among treatment combinations (F = 0.3174, p = 0.998).

Factorial ANOVA revealed that bacterial isolate (F = 0.581, p = 0.6301), concentration
(F = 3.179, p = 0.0809), exposure time (F = 0.038, p = 0.9630), and all interaction terms
had no significant effect on the repellency index (RI) of T. urticae (p > 0.05). Although
the concentration effect approached significance (p = 0.0809), it did not reach the 5%
significance threshold.

Positive RI values indicated avoidance of the treated leaves by T. urticae, whereas nega-
tive RI values indicated attraction. Despite the absence of statistically significant treatment
effects, noticeable differences in repellency patterns were observed among bacterial isolates,
concentrations, and exposure periods (Figure 3). IQR5 consistently produced positive RI
values, particularly at concentration C1 after 72 h, while IQR1 also showed relatively high
positive RI values after 48 and 72 h. In contrast, negative RI values were recorded for
several isolate–concentration combinations, notably IQR1, IQR2, and IQR5 at concentration
C2 and IQR3 at concentration C1, suggesting occasional attraction rather than repellency.
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Figure 3. Repellency index (RI, %) of T. urticae adults exposed to four rhizobacterial isolates at two
concentrations (C1 and C2) after 24, 48, and 72 h. Bars represent the mean ± SE. Positive RI values
indicate repellency, whereas negative RI values indicate attraction.

To assess the association between the toxic and behavioral responses of T. urticae,
corrected mortality and repellency index at 48 h were subjected to Pearson’s correlation
analysis (Figure 4). A significant negative correlation was observed between the two
variables (r = −0.575, p = 0.003, n = 24), indicating that treatments producing higher
corrected mortality were generally associated with lower repellency indices. Conversely,
highly repellent treatments tended to induce lower mortality. These findings reveal an
inverse relationship between the lethal and repellent activities of the tested rhizobacterial
isolates, suggesting that different bacterial isolates may preferentially express one mode of
action over the other.

Figure 4. Relationship between corrected mortality (%) and repellency index (%) of T. urticae 48 h
after treatment with four rhizobacterial isolates at two bacterial concentrations (C1 and C2). Each
point represents one biological replicate. The solid line indicates the fitted linear regression and the
shaded area represents the 95% confidence interval. A significant negative correlation was detected
between corrected mortality and repellency (Pearson’s r = −0.575, p = 0.003, n = 24), suggesting that
bacterial treatments inducing higher mite mortality generally exhibited lower repellency.
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3.3. Evaluation of Isolates Effect on T. urticae Under Greenhouse Conditions

Under greenhouse conditions, rhizobacterial treatments affected the incidence, sever-
ity, and adult density of T. urticae on tomato plants. Infestation incidence, expressed as the
percentage of infested plants, varied among treatments, with the lowest incidence recorded
for IQR3 (64%), followed by IQR5 (76%), whereas IQR1 and IQR2 showed higher incidences
(88% and 92%, respectively) (Figure 5). These results suggest that IQR3 was the most effec-
tive isolate in reducing the establishment of mite infestations under greenhouse conditions.

Figure 5. Effect of bacterial treatments on T. urticae incidence on tomato plants under greenhouse
conditions.

In contrast, infestation severity, expressed as the percentage of infested leaves per plant,
did not differ significantly among treatments (one-way ANOVA, F4,20 = 1.464, p = 0.250)
(Figure 6). Although IQR3 showed the lowest mean severity (13.3%), followed by IQR5
(20.0%), the observed differences were not statistically significant.

Figure 6. Severity (%) of T. urticae infestation on tomato plants treated with four rhizobacterial isolates
under greenhouse conditions. Bars represent mean ± SE.

Adult mite density per leaf was significantly affected by bacterial treatment (one-
way ANOVA, F4,20 = 3.072, p = 0.040) (Figure 7). Tukey’s HSD test revealed that IQR3
significantly reduced mite density compared with IQR5, while IQR1 and IQR2 showed
intermediate values and did not differ significantly from either group. The lowest adult
density was recorded for IQR3 (1.8 adults leaf−1), whereas the highest density was observed
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for IQR5 (3.5 adults leaf−1). These findings demonstrate that rhizobacterial isolates differed
in their capacity to suppress T. urticae populations under greenhouse conditions, with
IQR3 showing the greatest potential for reducing both infestation incidence and adult
mite density.

Figure 7. Adult density of T. urticae (adults leaf−1) on tomato plants treated with four rhizobacterial
isolates under greenhouse conditions. Bars represent mean ± SE. Different letters indicate significant
differences among treatments according to Tukey’s HSD test (p < 0.05).

To provide an integrated overview of the biological performance of the tested bacterial
isolates, a heatmap based on standardized response variables was generated (Figure 8).
Hierarchical clustering separated the isolates according to their overall efficacy against T.
urticae. IQR3 formed a distinct cluster characterized by the lowest infestation incidence
(64%), lowest infestation severity (13.3%), lowest adult density (1.8 adults per leaf), and
high corrected mortality (56.2%). IQR5 also showed a favorable profile, whereas IQR2 and
the control exhibited the least effective overall performance. This multivariate visualization
highlights the complementary information provided by mortality, repellency, incidence,
severity, and adult density measurements.

Figure 8. Heatmap summarizing the biological performance of the four rhizobacterial isolates against
T. urticae based on five response variables: corrected mortality (%), repellency index (%), infestation
severity (%), infestation incidence (%), and adult density (adults per leaf). Cell colors represent
standardized values (Z-scores), where blue indicates lower values and red indicates higher values
relative to the overall mean. The numerical values shown within each cell correspond to the original
(non-standardized) means. Hierarchical clustering groups bacterial isolates and response variables
according to similarity in their biological profiles.
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Overall, IQR3 and IQR5 represent promising rhizobacterial candidates for the bio-
logical control of T. urticae in tomato production, although further studies are required
to optimize formulations, clarify their modes of action, and validate their efficacy under
field conditions.

4. Discussion
The present study demonstrates the potential of rhizobacterial isolates recovered from

the tomato rhizosphere as biological control agents against T. urticae. Among the four iso-
lates evaluated, IQR3 and IQR5 induced significantly higher corrected mortality than IQR1
in laboratory bioassays (F = 5.734, p = 0.0021), while IQR3 exhibited the strongest and most
consistent performance across all experimental conditions, including in vitro acaricidal
activity, infestation incidence, and adult mite density under greenhouse conditions.

The acaricidal activity observed for IQR3 and IQR5, reaching corrected mortalities
of up to 69.9% and 62.5%, respectively, is consistent with previously reported effects of
rhizobacterial isolates on spider mites. Emam [37] reported significant acaricidal activ-
ity of Pseudomonas aeruginosa, Bacillus subtilis, and Lysinibacillus sphaericus against adult
female T. urticae when applied by spraying, with mortality levels broadly comparable to
those observed in the present study. Similarly, Qessaoui et al. [5] demonstrated that Pseu-
domonas strains isolated from the tomato rhizosphere caused both significant mortality and
repellent effects against T. urticae, supporting the general acaricidal potential of rhizosphere-
associated bacteria. The observation that significant mortality differences among isolates
emerged only at 48 h, and not at 24 or 72 h, aligns with the time-dependent intoxication
process described in these studies and likely reflects the time required for bacterial virulence
factors to achieve effective penetration and colonization of the mite cuticle.

The mechanisms underlying the acaricidal activity of the tested isolates are likely
multifactorial. Aksoy et al. [25] demonstrated that Pseudomonas putida biotype B was highly
effective in inducing mortality of T. urticae, and proposed that contact-mediated enzymatic
activity played a key role. Similarly, Serratia marcescens has been shown to produce proteases
and chitinases with larvicidal activity against Anopheles dirus [38], illustrating the broad
arthropod-targeting potential of bacterial hydrolytic enzymes across taxonomically distant
pest species. In the present study, vegetative cells of the tested isolates were applied directly
to the body surface of the mites, which likely facilitated bacterial adhesion and colonization
via the cuticle, stigmas, and body orifices of T. urticae. According to Vodovar et al. [39],
pathogenic bacteria rely on surface-associated virulence factors to adhere to and colonize
host surfaces, subsequently enabling the penetration of proteases, chitinases, lipases, and
hydrolases that disrupt host tissue integrity. Bacterial chitinases in particular are well-
established agents of arthropod suppression, hydrolyzing the chitinous exoskeleton and
compromising cuticle integrity [40,41]. Hemolysins—exotoxins that induce cell membrane
rupture [36]—may additionally contribute to the rapid intoxication symptoms (reduced
mobility, progressive body darkening) observed in the current study. Bacterial cells may
reach the ventral mite surface during locomotion on the treated leaf or through cleaning of
mouthparts [36], and the moist cuticular surface likely enhances bacterial adhesion and
virulence factor delivery. These observations are consistent with reports of acaricidal, and
insecticidal effects of bacterial strains applied either as cell suspensions or as formulated
products [5,35,41].

Regarding repellent activity, no statistically significant effect of bacterial isolate, con-
centration, or exposure time was detected on the repellency index of T. urticae (all p > 0.05).
The absence of statistical significance may be partly attributed to the high variability in
repellency responses among experimental replicates, as evidenced by the simultaneous
occurrence of strongly positive and strongly negative repellency index values within the
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same treatment groups (Figure 3). Nevertheless, descriptive patterns suggested that IQR5
and IQR1 consistently produced positive repellency index values, particularly at concentra-
tion C1, indicating that behavioral deterrence may be occurring even if it does not reach
statistical significance at the current sample size. These tendencies could be linked to the
production of volatile organic compounds (VOCs) or diffusible secondary metabolites that
deter pest settlement without direct contact toxicity [42]. Rhizobacterial volatiles (e.g.,
2,3-butanediol, acetoin, dimethyl disulfide) and diffusible metabolites such as salicylates,
pyrrolnitrin and phenazines have been shown to modulate arthropod behavior through
olfactory interference and priming of plant defense signaling [42–45]. Conversely, the ap-
parent inversion of the repellency index observed at the higher concentration (C2) for some
isolates—shifting from repellency to attraction—may reflect a quorum sensing-dependent
regulation of secondary metabolite production at elevated cell densities, a mechanism
that warrants dedicated investigation. Taken together, these observations indicate that
the tested rhizobacterial isolates may express a spectrum of behavioral effects on T. urticae
that depends on both isolate identity and cell density, and that future repellency bioassays
should be designed with sufficient replication to detect these potentially subtle effects.

A significant negative correlation between corrected mortality and repellency index
at 48 h (Pearson’s r = −0.575, p = 0.003) was detected (Figure 4), indicating that bacte-
rial treatments producing higher mite mortality tended to exhibit lower repellency and
vice versa. This inverse relationship suggests that the tested rhizobacterial isolates may
preferentially express either lethal or behavioral modes of action, rather than both simul-
taneously. The broader literature supports this interpretation: Dowling and O’Gara [46]
noted that secondary metabolites produced by Pseudomonas strains can act simultaneously
as virulence factors and as chemical signals modulating arthropod behavior, while Ra-
mamoorthy et al. [43] highlighted the diversity of biocontrol mechanisms expressed by
different PGPR strains. These findings suggest the importance of characterizing each
isolate’s dominant mode of action when designing biocontrol strategies, and of coupling
mortality and behavioral assays to obtain a comprehensive efficacy profile.

Under greenhouse conditions, adult mite density differed significantly among treat-
ments (one-way ANOVA, F4,20 = 3.072, p = 0.040); the post-hoc test separated IQR3 from
IQR5, whereas no treatment differed significantly from the untreated control. IQR3 never-
theless recorded the lowest infestation incidence (64%) and the lowest adult mite density
(1.8 adults leaf−1). The consistent superiority of IQR3 across laboratory and greenhouse
conditions points to a robust biocontrol phenotype that may extend beyond direct contact
toxicity to include plant defense priming. Hosseini et al. [22] demonstrated that PGPR
strains can enhance plant resistance to spider mites through jasmonate-dependent signal-
ing pathways, reducing mite fecundity and population growth rates. This mechanism
may partially explain the sustained efficacy of IQR3 under greenhouse conditions, where
direct bacterial–mite contact is less predictable than in controlled bioassays. Interestingly,
IQR5—which produced the second-highest corrected mortality in laboratory bioassays at
48 h—showed the highest adult mite density among treated plants under greenhouse condi-
tions (3.5 adults leaf−1). This apparent discrepancy between in vitro acaricidal performance
and greenhouse efficacy likely reflects the ecological constraints inherent to open-canopy
greenhouse environments: UV-induced bacterial inactivation, desiccation, competition
with resident phyllosphere microbiota, and dilution effects over a larger plant surface.
Differences in the capacity of each strain to colonize the phyllosphere and establish sus-
tained populations under field-relevant conditions may further account for the divergent
outcomes observed between IQR3 and IQR5.

The present findings support the integration of IQR3 and IQR5 as candidate biopes-
ticide agents within integrated pest management (IPM) frameworks targeting T. urticae.
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Biopesticides represent key components of sustainable IPM strategies and are receiving
increasing attention as tools to reduce synthetic acaricide inputs [44]. Combining ento-
mopathogenic fungi with predatory mites has been shown to enhance control of T. urticae
relative to single-agent approaches [47], suggesting that a comparable multi-trophic path-
way is worth testing for IQR3 and IQR5. These findings further suggest that bacterial
epiphytes and rhizospheric bacteria previously explored for the biological control of plant
pathogens could be valuably extended to arthropod pest management [44,45].

Despite these promising results, several limitations of the present study must be
acknowledged. First, the bioassays focused exclusively on adult mites; the effects of the
bacterial isolates on eggs, larvae, and nymphs remain to be assessed. Second, the bacterial
suspensions used are inherently unstable under field conditions, with a short shelf life
under ambient temperatures. Recent advances in microencapsulation, wettable powder
formulations, and nanobiopesticide delivery systems have substantially extended the field
persistence of microbial biocontrol agents [48,49], and future work should evaluate the
performance of formulated products of IQR3 and IQR5 as a prerequisite for practical
deployment. Third, the biochemical and molecular mechanisms underlying the acaricidal
activity of these isolates were not characterized; identification of the active compounds
(chitinases, lipopeptides, VOCs) would strengthen mechanistic understanding and guide
formulation optimization. Fourth, the potential non-target effects on beneficial arthropods—
including predatory mites and pollinators—and on soil fauna must be quantified before
integration into certified IPM or organic production systems. Finally, the concentration-
dependent shift from repellency to attraction observed for some isolates at C2 suggests that
behavioral resistance mechanisms at the population level deserve investigation through
acaricidal behavioral bioassays standardized for distinguishing repellency from contact
toxicity [50]. Addressing these gaps through multi-stage efficacy assessments, field trials,
and environmental risk evaluation will be essential to fully validate the potential of IQR3
and IQR5 within sustainable pest management strategies.

5. Conclusions
The results of this study revealed the potential of tomato rhizosphere bacteria to

control T. urticae through contact toxicity; repellent effects were variable and did not
reach statistical significance. Mortality rates varied with exposure time, with significant
differences detected at 48 h but not at 24 or 72 h. Among the four isolates, IQR3 showed the
highest acaricidal activity, reaching 69.9% corrected mortality at 72 h, although treatment
differences were no longer significant at that time point. At 48 h, IQR3 and IQR5 induced
significantly higher overall mortality than IQR2 (p < 0.05). Regarding repellent effects, no
statistically significant differences were detected among isolates or concentrations (p > 0.05);
however, descriptive trends suggested isolate-dependent variation, with IQR5 and IQR1
consistently producing positive repellency index values. Under greenhouse conditions,
IQR3 recorded the lowest infestation incidence (64%) and the lowest adult mite density
(1.8 adults leaf−1), while IQR5 also showed a favorable profile with reduced incidence (76%).
Overall, the results indicate that selected bacterial isolates, particularly IQR3 and IQR5,
may contribute to suppressing T. urticae populations and thus warrant further investigation
for incorporation into integrated pest management (IPM) strategies following formulation
optimization and field validation.
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