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Abstract 

Tuta absoluta (Lepidoptera: Gelechiidae) is one of the most significant invasive and destructive pests worldwide, 
causing serious economic losses to the tomato industry. Rhizosphere microorganism, such as arbuscular mycor-
rhizal fungi (AMF) and Pseudomonas bacteria, can interact with plants individually or collectively to improve plant 
growth and resistance to pests and disease. However, the effects of AMF, Pseudomonas, and their interactions on plant 
responses to insect herbivores remain unclear. A pot experiment was conducted to investigate the effects of sin-
gle/dual inoculation with AMF (Funneliformis mosseae, M) and Pseudomonas putida (P) on the growth and defense 
of tomato variety Dafen (Solanum lycopersicum L.) in response to infestation by T. absoluta, as well as the growth, 
development, and enzyme activity of insect. The results showed that M, P, and MP promoted tomato growth 
by increasing nutrient concentrations, with the growth-promoting effect of dual-inoculation significantly surpassing 
that of single inoculation. M, P, and MP still improved tomato growth in T. absoluta infestation, with biomass increases 
of 57.34%, 54.46%, and 255.49%. M, P, and MP significantly increased the defense ability of tomato, with jasmonic 
acid concentrations increasing by 42.15%, 60.87% and 90.02%, and phenylalanine ammonia-lyase activity increasing 
by 47.40%, 47.68%, and 59.97%. The inoculation treatments inhibited the growth and development of T. absoluta, 
reduced its feeding, prolonged its growth and development, decreased egg weight, and increased the activity of pro-
tective and detoxifying enzymes. Overall, our results indicated that AMF and bacteria can stimulate each other, posi-
tively influence tomato growth and enhance resistance to T. absoluta. These findings indicate the feasibility of AMF 
and bacteria in combinations as potential biocontrol agents for the management of T. absoluta.

Keywords  Arbuscular mycorrhizal fungi, Pseudomonas, Microbe-plant-herbivore interactions, Bottom-up effects, Tuta 
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Background
Tuta absoluta (Meyrick) (Lepidoptera: Gelechii-
dae), which originated in South America and was first 
described by Meyrick in the highlands of Peru in 1917, 
is among the most important invasive and destructive 
pest globally [1]. The pest has occurred and harmed more 
than 110 countries and regions across South and Central 
America, Europe, Africa and Asia [2]. T. absoluta can 
harm 41 species of plants across nine families, primarily 
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feeding on Solanaceous species, but also impacting Ama-
ranthaceae, Leguminosae, and Malvaceae families, with 
a particular preference for tomatoes [3]. Since its first 
invaded Xinjiang Uygur Autonomous Region of China 
in 2017, it has successfully colonized the southwest and 
northwest regions of China, affecting a total of 33 cities 
across seven provinces [4]. Furthermore, the pest can 
cause a loss of 80–100% of tomato yield when it occurs 
seriously, resulting in significant economic losses for 
the tomato industry (RMB 80–400 billion) in China [5]. 
Currently, the pest shows a trend of continuous spread 
in China, and effective control of this pest is urgently 
needed.

In recent decades, bottom-up effects have been rec-
ognized as an important link for optimizing integrated 
pest management (IPM) [6]. Rhizosphere microorgan-
isms, such as arbuscular mycorrhizal fungi (AMF) and 
plant growth-promoting rhizobacteria (PGPR), indirectly 
induce bottom-up effects on pest control through their 
interactions with plants [7, 8]. AMF can form mutu-
alistic relationships with over 80% of terrestrial plants 
and develop structural arbuscules that expand the root 
absorption area, thereby enhancing the host plant’s abil-
ity to absorb and utilize nutrients and water from the soil 
[9–11]. Additionally, AMF can also enhance resistance 
against pathogens and herbivores [12]. Studies focusing 
on AMF and tomato have demonstrated that AMF not 
only promotes tomato growth but also induces defense 
mechanisms, consequently inhibiting the growth and 
development of Helicoverpa armigera and Spodoptera 
exigua [13–15]. PGPR, a group of plant rhizosphere 
microorganisms, promotes growth and induces systemic 
resistance by activating nutrient uptake and producing 
plant hormones, antibiotics and other compounds [16, 
17]. Pseudomonas spp., a significant species of PGPR, has 
been shown to enhance tomato growth and yield by facil-
itating nutrient activation and hormone production [18, 
19], while also increasing tomato resistance to biological 
stresses such as pathogens and nematodes [20–22]. How-
ever, AMF and Pseudomonas can have either positive or 
negative effects on tomato-insect interactions, depend-
ing on the specific species of fungi, bacteria, and insects 
involved.

Both AMF and PGPR are closely associated with plant 
roots, leading to potential interactions within the rhizo-
sphere. The mycelium of AMF can serve as attachment 
sites for PGPR and secrete hyphal exudates that facilitate 
bacterial growth. In return, PGPR can assist AMF in col-
onizing plant roots, and their secretions may enhance the 
growth and development of AMF hyphae and spores [23]. 
Several studies have demonstrated that the dual inocula-
tion of AMF and Pseudomonas can significantly enhance 
plant phosphorus absorption, promote plant growth, and 

improve resistance to drought, salinity, as well as patho-
genic microbes and nematodes [24–27]. However, few 
studies regarding the effects of dual inoculation of AMF 
and Pseudomonas on plant and insect feeding. Addition-
ally, the feedback effects of AMF and Pseudomonas on 
plants are influenced by species specificity and environ-
mental conditions. Behn [28] found that in the absence 
of pathogenic bacteria, the growth-promoting effects of 
AMF and Pseudomonas were superior to those of single 
inoculation; however, single inoculation exhibited greater 
control over pathogenic bacteria than combined inocu-
lation. The impact of insect herbivory on the feedback 
effects of dual inoculation of AMF and PGPR on plants 
remains unknown.

Previous studies have demonstrated that Funneli-
formis mosseae and Pseudomonas putidis exist in the 
rhizosphere of tomato plants and have positive feedback 
effect on tomato [29–31]. However, the effects of single 
or dual inoculation of these microorganisms on tomato 
growth in the infestation of T. absoluta are unclear. This 
study investigated the effects of single or dual inoculation 
with F. mosseae, P. putidis on tomato growth parameters, 
defense parameters of tomato when infested with T. 
absoluta, development duration and detoxifying enzymes 
activities of T. absoluta. Additionally, the study compared 
the AMF colonization rate and the density of P. putidis 
under different inoculation in both infested with or with-
out T. absoluta. The objective was to elucidate the roles 
of F. mosseae and P. putida in the response of tomato to 
T. absoluta infestation and to determine the interaction 
between these two microorganisms. The findings of this 
research provide both theoretical and technical insights 
for utilizing beneficial microorganisms to mitigate 
damage caused by T. absoluta and enhance ecosystem 
benefits.

Methods
Plants, insect and soil
Tomato variety Dafen was selected as the host plant 
due to its suitability for both greenhouse and open field 
cultivation, as well as high yield and good resistance 
to various plant diseases. Seeds were obtained from 
Huaifang Four Seasons Spring Seed Industry Co., Ltd. 
Before planting, the seeds were surface-sterilized in 1.5% 
sodium hypochlorite solution, rinsed five times with ster-
ile distilled water, submerged in 70% ethanol for 1  min, 
and then submerged in sterile distilled water for 2 h.

Tuta absoluta were collected from tomato fields in Xin-
hua Township, Xinping Yi and Dai Autonomous County, 
Yuxi City, Yunnan Province (24°06′32″N, 101°51′22″E), 
and reared indoors in artificial climate chambers (27 ± 2℃ 
photoperiod 16  h L: 8  h D, RH 70% ± 5%) with artificial 
diets over ten generations.
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The soil was collected from the tomato growing 
soil at the Kedihua Experimental Station in Yiliang 
County, Kunming City, Yunnan Province (25°17′02"N, 
103°28′75"E). The soil was sandy loam, was passed 
through a 10-mesh sieve and mixed with perlite in a 
ratio 2:1 (v/v) as plant culture substrate. The prop-
erties of the plant culture substrate were as follows: 
pH = 6.59, 2.84  g·kg−1 of total nitrogen, 3.20  g·kg−1 of 
total phosphorus, 506.70  g·kg−1 of total potassium, 
31.54 mg·kg−1 of available phosphorus, 106.38 mg·kg−1 
of available potassium, 23.55  mg·kg−1 of ammonium 
nitrogen, 9.95 mg·kg−1 of nitrate nitrogen. The culture 
substrate was sterilized in an autoclave at 121℃ for 2 h. 
Each planting pot (h = 12  cm, Φ = 13.5  cm) was filled 
with 600 g of mixture.

Microbial inoculant
The Funneliformis mosseae fungus was obtained from 
Qingdao Agricultural University. The fungal inoculant 
was propagated with maize (Zea mays) in a soil-sand 
mixture in a greenhouse for three months. The inoculant 
was a mixture of rhizosphere soil containing fragments 
of colonized roots, spores and hyphae, with a spore 
density of 300 spore g−1 inoculant. The Pseudomonas 
putida (bio-53094) inoculant was obtained from Zhili 
Zhongte (Wuhan) Biological Technology Co., Ltd., and 
was cultured in LB medium at 28 °C for 24 h, diluted and 
adjusted to obtain a concentration of 1 × 108 colony form-
ing units CFU/mL.

Experimental design
The experiment was laid out in a factorial with com-
plete randomized design with two factors: (1) inoculant 
treatments: control (CK, no AM fungi or PGPR added), 
inoculation with F. mosseae (M), P. putida (P), F. mosseae 
and P. putida (MP), and (2) infestation treatment: with 
T. absoluta infestation and without T. absoluta infesta-
tion. For the M and MP treatments, fifty grams of AM 
fungal inoculum, containing about 300 spores per gram, 
were mixed with the soil. In the non-AMF treatments, 
autoclaved inoculant was added in addition to the fifty 
grams of soil. For the P and MP treatments, 20 mL of P. 
putida suspension (1 × 108 CFU) were added to the soil. 
In the non-bacterial treatments, 20 mL autoclaved bacte-
rial suspension was used. After 50 days, nine first instar 
larvae of T. absoluta were introduced to each plant, with 
one larva on each branch of the tomato [32]. The experi-
ment included six replicates (pots) for each treatment. 
Irrigation was conducted with sterile water daily and 
Hoagland nutrient solution was provided every 14  days 
during the cultivation period.

Measurement
Plant biomass
After T. absoluta pupated, the pupa was removed from 
the tomato plant, and harvesting of the plant started. 
The tomato plants were extracted from the soil, and their 
roots were washed to remove any soil residue. To deter-
mine the dry weight of the aerial parts and roots, these 
organs were placed in an oven at 80℃ for 72 h. After the 
samples got dried, they were weighed using a digital scale 
[33].

Nutritional quality
Tomato leaves were ground with distilled water (1:10, 
g:mL), incubated in a water bath at 95℃ for 10 min, and 
centrifuged at 4000  rpm for 10  min, the soluble sugar 
concentration was determined using anthrone colorime-
try [34]. Tomato leaves were immersed in a 0.86% normal 
saline solution (1:9, g:mL) and centrifuged at 3500  rpm 
for 10  min at 4℃, the protein concentration was deter-
mined using the BCA protein quantification method [35]. 
Starch and chlorophyll concentrations were determined 
according to the kit instructions of Beijing Box Sheng-
gong Technology Co., LTD.

Antioxidant defense enzymes activities, secondary 
metabolite and defense hormones concentrations
The protective enzyme activity and secondary metabo-
lite concentrations of leaves were measured following the 
feeding of T. absoluta. Tomato leaves (0.1 g) were ground 
in 0.9 mL of 0.86% normal saline solution and then cen-
trifuged at 3500 rpm for 10 min at 4℃. Enzyme activity 
was determined using kits from the Nanjing Jiancheng 
Institute of Bioengineering for peroxidases (POD), super-
oxide dismutase (SOD), polyphenol oxidase (PPO), and 
phenylalanine ammonia-lyase (PAL). The leaves were 
dried to a constant weight, crushed through a 40-mesh 
sieve, weighed to 100  mg and added to the extraction 
solution, extracted at 60℃ for 30  min, centrifuged for 
10 min at 12000 rpm, and the supernatant was taken as 
the sample to be measured. The total phenols and fla-
vonoid concentrations were determined using kits from 
Beijing Box Shenggong Technology Co., LTD.

The tomato leaves (0.1  g) were ground in Phosphate-
buffered saline (1:9, g:mL), and then centrifuged at 
3000  rpm for 10  min. The concentrations of jasmonic 
acid (JA) and salicylic acid (SA) were determined accord-
ing to the instructions provided by the ELISA kit from 
Shanghai Enzyme-Linked Biotechnology Co., Ltd.

Leaf loss rate
The leaf loss rate of T. absoluta feeding is described by 
Fateme et al. [32]. Briefly, when T. absoluta was in its 3rd 
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instar (two weeks after infestation), the infested leaves 
were removed. The feeding leaf area and the remaining 
leaf area were subsequently measured using a scanner 
(Epson Expression 10000XL; Epson, Long Beach, CA, 
USA) and analyzed with WinRhizo Software (Regent 
Instruments Inc., Québec City, QC, Canada) to calculate 
the total leaf area. The biomass of the remaining leaf area 
was measured, allowing for the calculation of weight per 
unit leaf area [36].

Development duration, pupa weight and enzyme activity 
of T. absoluta
The inoculated T. absoluta were divided into two groups. 
One group was used to examine the effects of feeding on 
tomato treated with different inoculant on the growth 
development duration and pupal weight of T. absoluta. 
The other group was used to detect the effects of feeding 
on tomato treated with different inoculant on the protec-
tive and detoxifying enzyme activities of T. absoluta. The 
infested leaves that were surrounded were examined daily 
under binocular microscope from the one-day old larvae 
until the pupae appeared to determine the developmental 
stages of larvae. The 3rd instar larvae of T. absoluta were 
collected for enzyme activity determination. The larvae of 
the 3rd instar of T. absoluta were collected under differ-
ent treatments and weighed accurately. Subsequently, the 
samples were immersed in a 0.86% normal saline solution 
(1:9, g:mL) and homogenized, centrifuged at 12,000 rpm 
for 15 min at 4℃. Enzyme activity was determined using 
kits from Nanjing Jiancheng Institute of Bioengineer-
ing for SOD, CAT, glutathione S-transferase (GST), and 
carboxylesterase (CarE), as well as Shanghai Yuancheng 
Biotechnology Co., Ltd. for cytochrome P450 (CYP450) 
activity. The activities of protective enzymes (SOD, CAT) 
and detoxifying enzymes (GST, CarE, CYP450) were 
measured and calculated following the manufacturer’ s 
instructions. Enzyme activity was expressed as enzyme 
mg/protein [37]. The absorbance was measured using a 
microplate reader (DR-3518L).

Pseudomonas density and AMF colonization rate
For P. putida density measurement, 1  g of rhizosphere 
soil was combined with 9  mL of LB liquid medium to 
prepare a soil solution. The density of P. putida in the 
rhizosphere soil was counted with dilution plate method 
14 h after incubation at 28℃ [38]. Soil suspensions were 
diluted with sterile water, evenly spread onto LB medium 
plates using a coating rod, and incubated at 37℃ for 24 h. 
Soil suspensions with a dilution of 10–4 were selected for 

Leaf loss rate = feeding leaf area / total leaf area × 100% × weight per unit leaf area

colony counting, allowing for the determination of the 
number of Pseudomonas per gram of soil.

To measure the AMF colonization rate, roots selected 
from each replicate were cut into 100 segments of 1 cm. 
Then, the segments were washed 3 to 4 times with water 
and immersed in 10% potassium hydroxide (KOH) at 
90℃ for 10  min. The samples were washed with water 
and then immersed in 1% hydrochloric acid for 10 min. 
In the next step, the samples were immersed in acid 
fuchsin solution (consisting of lactic acid, glycerol, and 

distilled water in equal proportions and acid fuchsin by 
0.01% weight/volume) at 90℃ for 30 min. The roots were 
removed from acid fuchsin solution and then trans-
ferred to vials containing lactic acid. The processed root 
segments were then examined under a microscope at 
40 × magnification. The colonization rate of AMF was 
calculated by combining the percentage of AM fungal 
structures (hyphae, vesicles, arbuscules and spores) from 
100 root segments of each treatment [39, 40], with three 
replicates for each treatment.

Statistical analysis
The data obtained from the measurements of plant bio-
mass, nutrient concentrations, antioxidant defense 
enzyme activity, secondary metabolite and defense 
hormone concentration, leaf loss rate, AMF coloniza-
tion rate, bacterial density, development duration, pupa 
weight and enzyme activity of T. absoluta were statisti-
cally analyzed using the Statistical Package for Social 
Sciences (SPSS) program, version 27.0 for Windows 
(SPSS Inc. Chicago, IL, USA). The significance of differ-
ences between the mean values of different inoculation 
treatments was determined through one-way analysis of 
variance. Duncan’s multiple range test was used to com-
pare the means. The significance probability levels of the 
results were fixed at P < 0.05. Pearson’s rank correlation 
coefficient was used to analyze the correlation between 
AMF colonization or the density of P. putida and plant 
growth parameters. All visual analyses were performed 
using Origin 2022 software.

Results
Effect of microbial inoculants and T. absoluta infestation 
on the tomato growth
The effect of different microbial inoculants (F. mosseae 
(M), P. putida (P), their combination (MP)) on tomato 
plant biomass were different in the absence of T. absoluta 
infestation (Fig. 1). Specifically, inoculation with P. putida 
and dual-inoculation with F. mosseae and P. putida signif-
icantly increased total biomass by 57.58% and 310.61%, 
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respectively. In contrast, while inoculation with F. mos-
seae increased total biomass, this increase was not statis-
tically significant compared to the control treatment. T. 
absoluta infestation negatively affected tomato growth; 
however, the inoculant treatments partially offset the 
growth inhibition caused by this infestation. Specifically, 
the total biomass of tomato infested with T. absoluta in 
inoculation of F. mosseae, P. putida, and F. mosseae and 
P. putida significantly increased by 57.34%, 54.46%, and 
255.49%, respectively, compared to the uninoculated 
treatment (Fig.  1). The total biomass of the dual-inocu-
lated MP treatment was significantly greater than of the 
inoculated M and P treatments.

In the absence of T. absoluta infestation, the concen-
trations of soluble sugar, starch, and chlorophyll in the 
M treatments showed no significant difference when 
compared to the control; however, the protein concen-
tration significantly increased (P < 0.05). The nutrient 
concentrations (soluble sugar, protein, starch, and chlo-
rophyll) in the P and MP treatments were significantly 
higher (P < 0.05), with the nutrient concentrations in the 
MP treatment being significantly higher than that in the 
P treatment (P < 0.05, Table 1). Infestation by T. absoluta 
significantly reduced the nutrient concentration in the 
tomato plants, while the inoculation treatment partially 
mitigated this negative impact. Specifically, the soluble 

sugar concentration in the M treatment was significantly 
higher than in the other two inoculation treatments, and 
the chlorophyll concentration in the MP treatment was 
significantly increased compared to the other inoculation 
treatments. The protein and starch concentration in the P 
and MP treatments were significantly higher than those 
in the M treatment.

Effect of microbial inoculants and T. absoluta infestation 
on the tomato defense
In terms of total phenol in plants, the M and P treat-
ments significantly increased the total phenol concen-
tration in tomato without T. absoluta infestation, by 
134.78% and 111.59%, respectively, compared to the 
uninoculated treatment. Infestation by T. absoluta sig-
nificantly increased the total phenol concentration in 
tomato. Among the plants infected by T. absoluta, only 
the M treatment significantly increased the total phenol 
concentration of tomato, by 17.29% (Fig.  2a). Regarding 
flavonoids, the concentration in plants infested with T. 
absoluta was significantly higher than in those without 
infestation. Both in the presence and absence of T. abso-
luta infestation, the M, P, and MP treatments significantly 
increased flavonoid concentrations compared to the uni-
noculated treatment (P < 0.05), with the co-inoculated 

Fig. 1  Effect on total biomass (g) of tomato inoculated with different treatments involving different inoculants and T. absoluta. M, inoculated 
with Funneliformis mosseae. P, inoculated with Pseudomonas putida. MP, dual inoculated with F. mosseae and P. putida. Different uppercase letters are 
indicating significant differences (P < 0.05) between treatments with or without Tuta absoluta infestation. Different lowercase letters are indicating 
significant difference of P < 0.05 among the four inoculation treatments. Error bars represent ± SD of the mean
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treatment was higher flavonoid concentration than the 
other inoculated treatments (P < 0.05, Fig. 2b).

Compared to non-infested T. absoluta, there was no 
significant difference in jasmonic acid concentration 
among all inoculated treatments of tomato infested with 
T. absoluta (Fig. 3a). In the absence of T. absoluta infes-
tation, jasmonic acid concentrations in tomato inocu-
lated with M, P, and MP increased by 42.08%, 25.35%, 
and 79.86%, respectively. In the infestation of T. abso-
luta, salicylic acid concentrations in tomato inoculated 
with M, P, MP increased by 42.15%, 60.87%, and 90.02%, 
respectively. In comparison to non-infested T. absoluta, 
there was no significant difference in the salicylic acid 
concentration in tomato infested with T. absoluta, except 
for the P treatment (Fig. 3b). In the absence of T. absoluta 
infestation, salicylic acid concentrations in tomato inoc-
ulated with M, P, and MP increased by 66.99%, 66.16%, 

and 77.24%, respectively. In the infestation of T. absoluta, 
salicylic acid concentrations in tomato inoculated with 
M, P, and MP increased by 64.90%, 89.11%, and 90.90%, 
respectively.

In comparison to tomato non-infested by T. absoluta, 
the activity of SOD was significantly increased in all 
inoculation treatments infested by T. absoluta; the activ-
ity of PPO was significantly increased in the M, P, and 
MP treatments; the activity of POD was significantly 
increased in the C, M, and MP treatments; the activity 
of PAL was significantly increased in the MP treatment 
(Fig.  4). The effects of different inoculation treatments 
on the antioxidant enzyme activity of tomato were dif-
ferent. Compared to the uninoculated treatment with-
out T. absoluta infestation, the SOD activity in tomato 
treated with M, P, and MP increased by 77.59%, 45.26%, 
and 65.25%; the PPO activity in tomato treated with P 

Table 1  Growth parameters (soluble sugar, protein, starch, chlorophyll) of tomato inoculated with different inoculants and T. absoluta 
treatment

M, inoculated with Funneliformis mosseae. P, inoculated with Pseudomonas putida. MP, inoculated with F. mosseae and P. putida. Control-T, infested with T. absoluta. M-T, 
inoculated with F. mosseae and infested with T. absoluta. P–T, inoculated with P. putida and infested with T. absoluta. MP-T, dual inoculated with F. mosseae and P. putida 
and infested with T. absoluta. The data are mean ± SD. Different uppercase letters are indicating significant differences (P < 0.05) between treatments with or without T. 
absoluta infestation. Different lowercase letters are indicating significant difference of P < 0.05 among the four treatments

Treatments Soluble sugar (μg/g) Protein (mg/mL) Starch (mg/g) Chlorophyll (mg/g)

Control 2.83 ± 0.25 Ab 6.77 ± 0.53 Ac 8.02 ± 0.60 Ac 33.10 ± 3.36 Ab

  M 4.21 ± 0.11 Bb 7.65 ± 0.43 Ab 8.72 ± 0.33 Ac 30.83 ± 1.21 Ab

  P 5.40 ± 0.48 Ab 8.98 ± 0.39 Aa 14.57 ± 2.93 Ab 36.18 ± 0.33 Ab

  MP 19.35 ± 1.87 Aa 9.17 ± 0.28 Aa 20.47 ± 1.93 Aa 51.078 ± 5.35 Aa

Control-T 3.87 ± 0.54 Ac 6.75 ± 0.56 Ac 6.85 ± 2.17 Ab 15.94 ± 1.45 Bd

  M-T 8.00 ± 0.67 Aa 7.65 ± 0.43 Ab 7.51 ± 1.07 Ab 33.67 ± 3.19 Ab

  P–T 5.53 ± 0.19 Ab 8.98 ± 0.39 Aa 14.30 ± 0.85 Aa 23.21 ± 2.78 Bc

  MP-T 5.67 ± 0.22 Bb 9.17 ± 0.28 Aa 13.33 ± 2.52 Ba 42.29 ± 3.72 Aa

Fig. 2  Effect on secondary metabolites of tomato inoculated with different treatments involving different inoculants and T. absoluta. a Total 
phenol concentration. b Flavonoid concentration. Different uppercase letters are indicating significant differences (P < 0.05) between treatments 
with or without T. absoluta infestation. Different lowercase letters are indicating significant difference of P < 0.05 among the four inoculation 
treatments. Error bars represent ± SD of the mean
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increased by 52.59%; the POD activity in tomato treated 
with P and MP increased by 54.28% and 34.12%; the PAL 
activity of tomato treated with P, M, and MP increased 
by 86.21%, 61.97%, and 43.80%. In contrast to the con-
trol treatment infested by T. absoluta, the SOD activity 
in tomato treated with M, P, the MP increased by 44.91%, 
49.16%, and 75.38%; the PPO activity in tomato treated 
with MP, M, and P increased by 258.15%, 265.16%, and 
269.31%; the POD activity in tomato treated with P and 
MP increased by 17.02% and 27.20%; the PAL activity in 
tomato treated with P, M, and MP increased by 47.40%, 
47.68%, and 59.97%.

AMF colonization rate and Pseudomonas density
No bacterial colonies in the rhizosphere soil of the no 
P. putida inoculation treatments. The population den-
sity of Pseudomonas in tomato rhizosphere soil treated 
with dual inoculation was significantly higher than that 
treated with single inoculation (Fig.  5a). Compared to 
the P treatment, the population density of P. putida in 
the rhizosphere soil of the MP treatment increased by 
183.73%. The population density of P. putida of the MP 
treatment increased by 162.55% when infested by T. abso-
luta. While T. absoluta infestation resulted in a decrease 
in population density of Pseudomonas in both the P and 
MP treatments, no significant difference was observed 
when compared to the non-infestation treatment.

No AMF colonization in tomato roots in the no F. 
mosseae inoculation treatments. In the treatment with-
out T. absoluta infestation, the AMF colonization rate 
in the MP treatment was significantly higher than that 

in the M treatment, with an increase of 13.08% (Fig. 5b). 
However, in the treatment with T. absoluta infesta-
tion, no significant difference was observed between 
the AMF colonization rate in the MP treatment and M 
treatment. Compared to the treatment without T. abso-
luta infestation, the M and MP treatments with T. abso-
luta infestation significantly increased by 34.16% and 
18.75%, respectively, indicating that T. absoluta infesta-
tion increased the AMF colonization rate.

Correlation of root colonization rate of F. mosseae, 
the population density of P. putida with plant parameters
The correlation between root colonization rates and 
tomato growth and defense parameters, under different 
inoculation treatments during T. absoluta infestation 
was examined (Table S1). In both the M and MP treat-
ments, the colonization rate of F. mosseae was positively 
correlated with biomass, soluble sugar, chlorophyll, fla-
vonoids, concentrations of soluble sugar, chlorophyll, 
flavonoids, JA and SA, as well as the enzyme activities 
of SOD, PPO, and PAL. In the MP treatment, the myc-
orrhizal colonization rate demonstrated a significant 
positive correlation with starch and protein.

The correlation between population density of Pseu-
domonas and the growth and defense parameters of 
tomato infested by T. absoluta revealed that both P and 
MP treatments were positively correlated with biomass, 
concentrations of soluble sugars, protein, starch, chlo-
rophyll, flavonoids, JA, and SA, the enzyme activities of 
SOD and PPO (Table S2).

Fig. 3  Effect on endogenous hormone in tomato inoculated with different treatments involving different inoculants and T. absoluta. a JA (Jasmonic 
acid) of tomato. b SA (Salicylic acid) of tomato. Different uppercase letters are indicating significant differences (P < 0.05) between treatments 
with or without T. absoluta. Different lowercase letters are indicating significant difference of P < 0.05 among the four inoculations treatments. Error 
bars represent ± SD of the mean
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Effects of different inoculation treatments on the loss 
rates of tomato leaves, development duration, protective 
and detoxifying enzymes of T. absoluta
The inoculation treatment significantly inhibited the 
feeding on tomato leaf by T. absoluta. The loss rates 
of tomato leaves treated with M, P, MP inoculation 
decreased by 43.09%, 57.67%, and 74.02%, respectively, 
compared to the uninoculated treatment (Fig.  6a). The 
larval period of the T. absoluta feeding on uninoculated 
tomato was 15.50 ± 1.50 d, while the larval period for 
those feeding on the inoculated tomato (M, P, MP) was 
significantly longer, measuring 18.33 ± 0.33 d, 18.40 ± 0.24 
d, and 19.60 ± 0.24 d, respectively (Fig.  6b). Compared 
to the uninoculated treatment, the inoculation treat-
ment significantly prolonged the pupal stage of the T. 
absoluta, which was arranged in the following order: 
P > MP > M > C (Fig. 6c). Additionally, the pupal weight of 

T. absoluta feeding on tomatoes treated with inoculation 
M, P, MP were reduced, but no significant differences 
were observed among the three inoculation treatments 
(Fig.  6d). These results indicate that inoculation with 
arbuscular mycorrhizal fungi (AMF) and Pseudomonas 
influences the growth and development of the T. absoluta 
by affecting the tomatoes.

Different inoculation treatments have different effects 
on the activities of protective and detoxifying enzymes in 
the T. absoluta (Fig. 7). The M, P, and MP treatments sig-
nificantly enhanced the activity of the CYP450 enzyme, 
with the following order: MP > M > P > C. Both the M 
and MP treatments significantly increased the activities 
of SOD and GST enzymes in the T. absoluta (P < 0.05), 
while the enzyme activities of the P treatment were not 
significantly different from those in the uninoculated 
treatment. For CAT and CarE enzyme activities, only the 

Fig. 4  Effect on antioxidant defense enzymes activity in tomato inoculated with different treatments involving different inoculants and T. 
absoluta. a SOD activity. b PPO activity. c POD activity. d PAL activity. Different uppercase letters are indicating significant differences (P < 0.05) 
between treatments with or without T. absoluta infestation. Different lowercase letters are indicating significant difference of P < 0.05 
among the four inoculation treatments. Error bars represent ± SD of the mean
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Fig. 5  Density of Pseudomonas (a) and mycorrhizal colonization of tomato roots (b) infected or not with T. absoluta under different inoculations. 
Tu-, infested without T. absoluta; Tu + , infested with T. absoluta. Different lowercase letters in the figure indicate a significant difference of P < 0.05 
between treatments

Fig. 6  The effects of different inoculation treatments on growth and development of T. absoluta. a Leaf loss biomass. b Larval stage of T. absoluta. 
c Pupal stage of T. absoluta. d Pupal weight of T. absoluta. Different lowercase letters in the figure indicate a significant difference of P < 0.05 
between treatments
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MP treatment increased compared to the uninoculated 
treatment, while the other two inoculation treatments 
showed no significant difference.

Discussion
Beneficial microorganisms provide essential support to 
plants in response to herbivorous growth and survival 
through various direct and indirect mechanisms [41, 42]. 
Arbuscular mycorrhizal fungi and plant growth-promot-
ing rhizobacteria have been widely recognized for their 
roles in improving plant growth and nutritional status 
[43, 44]. Our study found that the biomass of tomato 
treated with microbial inoculation was significantly 
higher than that of the non-inoculated treatment, both 
in non-infested and infested with T. absoluta (Fig.  1). 
AMF and PGPR enhance the plant’s ability to absorb and 
transport nutrients, thereby promoting growth through 
the synthesis of essential substances such as sugars, 
proteins, starch, and chlorophyll. Our results are con-
sistent with those of Minchev et al. and He et al., which 
found that F. mosseae and P. putida can enhance tomato 
growth [19, 45]. The T. absoluta infests tomato and dam-
ages their plant tissues, leading to a decrease in various 
nutrient concentrations and causing tomato wilt or even 
death [46]. AMF and PGPR can improve plant toler-
ance to biotic stress by enhancing their growth following 
herbivory [47, 48]. Our results showed that inoculation 
with F. mosseae, P. putida and their dual-inoculation can 
mitigate the inhibitory effect of T. absoluta infestation 

on tomato by increasing the concentrations of soluble 
sugar, protein, starch, and chlorophyll (Table  1). Previ-
ous studies have also shown that F. mosseae and P. putida 
significantly enhance tomato tolerance to both biotic and 
abiotic stresses by improving nutrient concentration and 
photosynthesis [13, 49, 50]. Additionally, our study found 
that co-inoculation with F. mosseae and P. putida resulted 
in the highest biomass of tomato infested by T. absoluta, 
indicating that the dual-inoculation treatment was most 
effective in improving the tomato tolerance to this pest. 
Previous studies have demonstrated that AMF and PGPR 
not only enhance plant tolerance but also improve plant 
resistance to herbivores, thereby reducing herbivore per-
formance [12]. Further research is needed to identify the 
defense mechanisms of beneficial microorganisms in 
tomato and their effectiveness against T. absoluta.

An increasing number of studies have demonstrated 
that microorganisms can facilitate plant in allocating 
resources to both tolerance and resistance traits simul-
taneously [51]. Plant resistance to herbivores may be 
closely related to the presence of microbial communities 
in the soil [52]. The physiological process of plant defense 
against insect feeding primarily involves the synthesis of 
secondary metabolites, phytohormone regulation, and 
the enhancement of antioxidant defense enzymes activ-
ity [53, 54]. Our results showed that the total phenol and 
flavonoid concentration in tomato infested with T. abso-
luta was significantly increased, which is consistent with 
previous studies that reported an increase in total phenol 

Fig. 7  The effects of different inoculation treatments on protective detoxification enzyme activities of T. absoluta. a SOD activity. b CAT activity. c 
GST activity. d CYP450 activity. e CarE activity. Different lowercase letters in the figure indicate a significant difference of P < 0.05 between treatments
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and flavonoid accumulation in plants following insect 
feeding [12]. The inoculation of F. mosseae, P. putida, 
and their dual-inoculation resulted in the production 
of substantial amounts of total phenols and flavonoids, 
with further increase in their concentration observed 
upon infestation by T. absoluta. In the infestation of T. 
absoluta, the total phenol concentration of tomato was 
significantly higher in inoculation with F. mosseae com-
pared to the uninoculated treatment, conformity with 
the suggestions of Fateme et  al. [12] that the total phe-
nol concentration in plants treated with increased signifi-
cantly following T. absoluta infestation, thereby initiating 
a defense response. In the infestation of T. absoluta, the 
flavonoid concentration was significantly enhanced by 
inoculation of F. mosseae, P. putida, and their dual-inocu-
lation. Flavonoids serve to protect plants from herbivores 
by influencing the behavior, growth, and development of 
insects [55]. Additionally, our results showed that inocu-
lation of F. mosseae, P. putida, and their dual-inoculation 
significantly increased jasmonic acid (JA) and salicylic 
acid (SA) concentrations in tomato. Numerous studies 
have demonstrated that JA and SA pathways play cru-
cial roles in AMF and PGPR mediated defense initiation, 
thereby triggering systemic resistance against pathogen 
or insect infestation [54, 56]. However, the infestation by 
T. absoluta did not significantly increase in the levels of 
these two hormones. Chen et al. [57] compared the bio-
chemical responses of tomatoes and eggplants to T. abso-
luta feeding and found that the concentrations of JA and 
SA in tomato affected by the T. absoluta did not increase 
and were significantly lower than tose in eggplants, ren-
dering tomato more susceptible to feeding. Thereby, 
inoculation with F. mosseae, P. putida, and their dual-
inoculation can enhance tomato resistance by increasing 
JA and SA concentrations and modulating the associ-
ated signaling pathways. Biological stress often leads to 
the production of reactive oxygen species (ROS), which 
can be toxic to plant cells [58]. AMF and Pseudomonas 
have been shown to stimulate the production of antioxi-
dant defense enzymes, thereby promoting plant growth 
[59, 60]. Our results found that the inoculation of F. mos-
seae and P. putida, whether alone or in combination, can 
enhance the activities of antioxidant defense enzymes in 
tomato infested by T. absoluta. Furthermore, the infesta-
tion of tomato by T. absoluta significantly increases the 
activities of SOD, POD, and PPO in tomato leaves, which 
is plant response to insect feeding. These enzymes also 
play a role in mediating the synthesis of certain second-
ary metabolites, which can inhibit insect feeding and per-
formance [60, 61]. Our results are consistent with those 
of Fateme et  al. [12] and Senthilraja et  al. [41] which 
showed that the antioxidant defense enzymes in tomato 
inoculated with AMF or PGPR significantly increases 

during insect infestation, rendering the plants less suit-
able for the insects. Overall, our results indicated that F. 
mosseae and/or P. putida can indirectly enhance tomato 
resistance to T. absoluta by increasing secondary metab-
olite concentrations, phytohormone concentrations, and 
antioxidant defense enzyme activities.

Several studies have demonstrated that AMF and 
Pseudomonas spp. can mutually promote the growth 
and development of both microorganisms [62, 63]. Our 
results showed that F. mosseae and P. putida mutually 
promoted their growth; the dual-inoculation treatment 
significantly increased both the AMF colonization rate 
and Pseudomonas density. Insect feeding can have posi-
tive, neutral, or negative effects on AMF colonization 
rates and the bacterial density in rhizosphere soil [64, 
65]. Our findings revealed that infestation with T. abso-
luta did not significantly affect the density of P. putida 
in the rhizosphere soil, while it did significantly enhance 
the AMF colonization rate in tomato roots. This result is 
similar to those documented in Fateme et al. [32], which 
also reported that T. absoluta infestation increased the 
AMF colonization rate and mitigated the impacts of 
insect feeding by enhancing nutrient absorption. This 
phenomenon is attributed to alterations in root exudates 
induced by AMF due to herbivory, as well as the potential 
increase in photosynthetic rates or root carbon exudation 
following plant tissue damage, which may facilitate AMF 
colonization [66]. The AMF colonization rate of root and 
bacterial density in rhizosphere soil are positively corre-
lated with the feedback of these two microorganisms to 
plants [49, 67]. Our correlation analysis found that both 
the AMF colonization rate and P. putida density were 
positively correlated with most of the growth and defense 
traits in tomatoes infested by T. absoluta. This positive 
correlation was further enhanced by dual-inoculation 
treatment (Table  S1, S2). Our results found that dual-
inoculation with F. mosseae and P. putida significantly 
alleviated the inhibitory effects of T. absoluta infestation 
on tomato biomass, and significantly increased the flavo-
noids and jasmonic acid concentrations in the infestation 
of T. absoluta. These findings are consistent with previ-
ous studies that demonstrate dual-inoculation treatments 
with AMF and Pseudomonas significantly enhance plant 
defense against both biotic and abiotic stresses [49, 68], 
while also promoting plant growth and yield [44, 69]. 
Further studies on the growth and development of T. 
absoluta are necessary to confirm the alterations in these 
plant indicators.

This study also investigated the effects of different 
microbial treatments on leaf loss rate, development dura-
tion, and enzyme activities of T. absoluta. We found 
that larvae consumed fewer leaves in inoculated plants, 
with minimal leaf consumption in the dual-inoculated 
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treatment. Fateme et  al. [12] also found that inocula-
tion with AMF inhibited leafminer feeding by enhancing 
nutrient absorption and stimulating the production of 
phenolic compounds. PGPR can also regulate the vola-
tiles, metabolites, and defense structures of plant leaves, 
thereby inhibiting insect herbivory [59, 70]. Our findings 
indicate that the larval and pupal stages of the T. abso-
luta were significantly prolonged, and the pupal weight 
was significantly reduced in feeding on tomato leaves 
treated with inoculants. Our results are consistent with 
the findings of Fateme et  al. [12] and Senthilraja et  al. 
[41], which indicated that inoculation with AMF and 
PGPR prolongs the generation time of T. absoluta. This 
extended developmental period may result in prolonged 
exposure to natural enemies, potentially enhancing the 
effectiveness of biological control. When T. absoluta fed 
on tomato leaves treated with different inoculants, the 
protective and detoxifying enzyme activities increased, 
suggesting that the tomato treated with inoculation had 
enhanced defense against the T. absoluta compared to 
the non-inoculated treatment. Tomato inoculated with 
F. mosseae and/or P. putida presence compounds that 
inhibit feeding, reduce development, and decrease egg 
laying, thereby impeding the growth and development of 
the T. absoluta. This experiment utilizes pot experiments 
to investigate the effect of F. mosseae and/or P. putida on 
the responses of tomato to T. absoluta herbivory. Given 
that the function of microorganisms is highly depend-
ent on environmental conditions, their influence on plant 
growth and defense mechanisms may be significantly 
affected by various environmental factors [71]. Therefore, 
our experimental methods and results require further 
validation in field conditions.

Conclusion
Our results indicated that F. mosseae and/or P. putida can 
enhance both the growth and defense abilities of tomato, 
and these two microorganisms can form a synergistic 
effect to have stronger positive feedback on the tomato. 
The T. absoluta exhibits reduced adaptability when feed-
ing on tomato leaf inoculated with F. mosseae and/or P. 
putida, manifested as a decrease in leaf loss rate, inhi-
bition of growth period and egg weight, and increased 
activity of protective and detoxifying enzymes. In the 
future, F. mosseae and P. putida may be utilized to resist 
pests and enhance yields in tomato production, which is 
an important way to achieve green, healthy, and sustain-
able agricultural development.
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