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Abstract
Exogenous application of methyl jasmonate (MeJA) could activate plant defense response 
against the two-spotted spider mite (TSSM), Tetranychus urticae Koch, in different plants. 
However, whether MeJA can also serve as an elicitor in cassava (Manihot esculenta 
Crantz) remains unknown. In this study, induced defense responses were investigated in 
TSSM-resistant cassava variety C1115 and TSSM-susceptible cassava variety KU50 when 
applied with MeJA. The performance of TSSM feeding on cassava plants that were pre-
treated with various concentrations of MeJA was first evaluated. Subsequently, the activi-
ties of antioxidative enzymes (superoxide dismutase and catalase), detoxification enzymes 
(glutathione S-transferase, cytochrome P450 and carboxylesterase) and digestive enzymes 
(protease, amylase and invertase) in TSSM were analyzed at days 1, 2, 4 and 8 post-feed-
ing. The results showed that MeJA treatment can induce cassava defense responses to 
TSSM in terms of reducing egg production and adult longevity as well as slowing devel-
opment and prolonging the egg stage. Noticeably, C1115 exhibited stronger inhibition of 
TSSM development and reproduction than KU50. In addition, the activities of all the tested 
enzymes were induced in both C1115 and KU50, the most in C1115. We conclude that 
exogenous methyl jasmonate can induce cassava defense responses and enhance resistance 
to TSSM.
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Introduction

Cassava (Manihot esculenta Crantz) is the sixth most cultivated food crop for more than 
800 million people in tropical and subtropical regions (Amelework and Bairu 2022; Otun 
et  al. 2022; Sun et  al. 2022). In South Africa, cassava is mainly cultivated for its large 
starchy roots and is the second most staple food crop after maize (Amelework and Bairu 
2022; Rauwane et al. 2018). Though cassava is not served as staple food crop in China, it is 
recognized as energy crop for producing bioethanol (Jiang et al. 2019). In addition, cassava 
starch can be used in medicine, cosmetic formulations, paper, and beer industries (Edhirej 
et al. 2017; Panghal et al. 2021). In 2020, cassava planting area in China was 300 thousand 
hectares with a production of 4.87 million metric tons (FAOSTAT 2022). The cassava mite 
is great threat to cassava production. It has been reported that approximately 45 herbivo-
rous mites may infest cassava plant in Americas, Africa and Asia (Zou et al. 2018), which 
cause enormous reduction of root yield, stem yield and leaf weight (Jiwuba et  al. 2020; 
Ovalle et al. 2020). The two-spotted spider mite (TSSM), Tetranychus urticae Koch (Acari: 
Tetranychidae), is an important agricultural pest that can infect more than one thousand 
plant species (Grbić et al. 2011). TSSM can cause cassava leaves to form green and yellow 
spots and further reduce photosynthetic activity, in addition, the severe TSSM infestation 
may result in leaf defoliation, growth arrest and even death (Golan et al. 2021; Lu et al. 
2021). Controlling TSSM with synthetic acaricides is restrained by the short life cycle, 
high fecundity, and the risk of resistance developments (Jakubowska et  al. 2022; Namin 
et al. 2020). Hence, seeking for alternative control strategies is quite necessary.

Plant hormones play remarkable role in modulating multiple developmental processes 
and coping with abiotic and biotic stress. Jasmonates (JAs) such as jasmonic acid (JA), 
jasmonoyl-isoleucine (JA-Ile) and methyl jasmonate (MeJA) are important phytohor-
mones, these chemicals can activate the JA-mediated signaling pathway and participate in 
plant defense (Dar et al. 2015; Ruan et al. 2019; Wang et al. 2021). MeJA is the volatile 
form of JA, since Farmer and Ryan (1990) reported that exogenous MeJA induced defense 
response in plants, application of MeJA on host plant to improve the resistance against 
insect herbivores had received extensive research attention. For example, foliar application 
of MeJA on rice caused higher mortality of second instar larva and adult of rice leaf folder 
Cnaphalocrocis medinalis (Senthil-Nathan 2019). Another study showed that MeJA treat-
ment of young Norway spruce (Picea abies) plants reduced the number and size of feeding 
scars which were caused by pine weevils (Hylobius abietis) (Fedderwitz et al. 2016). Par-
tial spray of MeJA on tomato and cabbage significantly reduced the larval growth perfor-
mance of Spodoptera litura (Sripontan and Hwang 2016). Additionally, the feeding area of 
Monolepta hieroglyphica decreased by 17%–43% when fed on MeJA-treated Rosa rugosa 
leaves (Yan et al. 2021). Moreover, several studies indicated that the effect of exogenous 
MeJA on triggering plant defense was highly correlated to plant variety. After pre-treated 
by JAs, the defense responses were induced in both resistant and susceptible groundnut 
genotypes while they were exposed to Helicoverpa armigera (War et  al. 2011a, 2011b, 
War and Sharma 2014) or S. litura (War et al. 2015), and the resistant ones presented bet-
ter induction. On the contrary, other studies demonstrated that for certain plant species, 
the extent of MeJA-derived defense activation was not related to the resistance level, cases 
could be seen in the interactions between Norway spruce and pine weevil Hylobius abietis 
(Puentes et al. 2021), and apple tree and TSSM (Warabieda and Olszak 2010).

Nevertheless, how different cassava varieties react to TSSM while applying with 
MeJA remains unknown. In addition, in order to decipher how the MeJA-treated plants 
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acquire better tolerance or resistance against insect pest, considerable efforts were 
focused on the defensive related physiological and biochemical alteration in plant, such 
as defense enzymes activities (Yan et al. 2021), secondary metabolites (Erbilgin et al. 
2006; Sripontan and Hwang 2016), proteinase inhibitors content (Rohwer and Erwin 
2010; Zhang et  al. 2015) and volatile organic compounds (VOCs) which can attract 
natural enemies (Puentes et  al. 2021). In comparison, limited attention was paid on 
exploring the internal change in insect pest. To fill this knowledge gap, in this study, a 
TSSM-resistant and a TSSM-susceptible cassava variety were pre-treated with differ-
ent concentrations of MeJA, and the effects on development and reproduction, as well 
as activities of several enzyme systems including antioxidative enzymes, detoxification 
enzymes and digestive enzymes were evaluated. The purpose of the study was to clar-
ify whether varietal differences of defense induction exist while cassava undergo MeJA 
treatment, and shed light on the possibility of MeJA application for TSSM management 
in cassava production.

Materials and methods

TSSM rearing and plant material cultivation

TSSM were reared on cowpea plants (Reke1#) in a growth chamber under a L16:D8 h 
photoperiod, 26 ± 2 °C and 65 ± 5% relative humidity. The TSSM-resistant cassava vari-
ety C1115 and the susceptible cassava variety KU50 were supplied by the National Cas-
sava Germplasm Nursery of China, Chinese Academy of Tropical Agricultural Sciences 
(CATAS). Uniform cuttings of healthy cassava stems (20  cm in length) were planted 
into small plastic pots (18 cm width, 18 cm length, 20 cm height) with a 1:1 mixture 
of peat (Pindstrup Mosebrug A/S, Denmark) and vermiculite. Cassava seedlings were 
watered three times a week and cultured in greenhouse. Seedlings were grown for 
90 days and then used for experiments.

MeJA treatment

The 1,089 μL of MeJA was fist dissolved in the mixture of 10 mL of ethanol and 0.5 mL 
of Tween-20, and then the mixture was diluted to 1 L of distilled water to prepare the 
5.0  mM MeJA stock solution. Furthermore, the stock solution (5.0  mM) was diluted 
successively with distilled water containing 0.05% Tween-20 (vol/vol) to form the rest 
four MeJA solutions such as 1.0, 0.2, 0.04 and 0.008 mM (Bhavanam and Stout 2021). 
The control solution was distilled water containing 0.05% Tween-20 and 1% ethanol 
(vol/vol).

Cassava seedlings (90  days after planting, approximately 80–100  cm height) were 
sprayed with MeJA or control solution using a 100 mL pressurized hand sprayer until 
runoff. Every single sprayed cassava seedling was immediately covered with a sealed 
transparent plastic box (60 × 60 × 120 cm). After 6 h treatment, the sealed plastic box 
was removed and to allow the wetted leaves to dry for another 2 h. The plants treated 
with identical dose of MeJA were placed in separate growth chambers to minimize the 
interruption effects of volatile MeJA.
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Bioassays with TSSM

To evaluate the effect of MeJA-treated cassava seedlings on population growth and fecun-
dity of TSSM, six treatments were set up including five concentrations (5.0, 1.0, 0.2, 0.04 
and 0.008 mM) of MeJA solution and control. Cassava seedlings were treated following 
the methods described above. After the cassava plant were pre-treated by MeJA for 8 h, 
three adult mites were carefully transferred to the leaf with a bristle brush. Once the egg 
hatched, only one newborn larva was remained on each leaf and the rest mites and eggs 
were all removed. Petiole of each inoculated leaf was smeared with lanolin to prevent mites 
from escaping. Each MeJA-treated concentration as well as control was performed on five 
cassava plants (5 replicates), in addition, six fully expanded leaves in the middle of each 
cassava plant (7th, 8th, 9th 10th 11th and 12th above from the bottom leaf) were selected 
for inoculating TSSM as described above, which was 30 leaves in total for each treatment 
(6 leaves × 5 cassava seedlings). The developmental duration (total pre-adult period) and 
adult longevity of TSSM were recorded. Additionally, the number of eggs was counted 
every 12 h to assess egg production. When the TSSM adult began to spawn, the first batch 
of freshly laid eggs (within 24 h) were transferred on to a small leaf disk (cut from cowpea 
Reke1# leaf with a hole pincher) and the egg stage (incubation period) were recorded.

Enzymatic activity assay

Cassava seedlings were pre-treated with 0.2  mM MeJA solution and control solution as 
described in Section “MeJA treatment”. Three fully expanded mature leaves from the mid-
dle of each cassava plant (10th 11th and 12th above from bottom leaf) were selected, and 
fifty adult TSSM were carefully transferred to one single leaf. Besides, petioles of inocu-
lated leaves were smeared with lanolin to prevent mites from escaping. After the cassava 
plants were infested by TSSM for 1, 2, 4 and 8 days, all the inoculated adult mites were col-
lected in 1.5-mL centrifuge tubes. Here, for each sampling time, mites from three cassava 
plants (150 mites from one plant represented one replicate) were considered as a treatment.

The TSSM sample was homogenized in 1 mL of 0.01 M of ice-cold PBS (pH 7.2–7.4) 
using a small handheld homogenizer. The homogenate was then centrifuged at 8000×g 
for 10 min at 4 °C. The supernatant was used directly as the crude extract for enzymatic 
determination. Activities of antioxidative enzymes (superoxide dismutase (SOD) and cata-
lase (CAT)), detoxification enzymes (glutathione S-transferase (GSTs), cytochrome P450 
(CYP450) and carboxylesterase (CarE)) and digestive enzymes (protease, amylase and 
invertase) were all determined according to the ELISA kit instructions (Shanghai Enzyme-
linked Biotechnology Co. Ltd, Shanghai, China). The detection principle and operation 
method of each kit was similar, in which the Sandwich ELISA (monoclonal antibody of 
insect enzyme-tested aphid enzyme-horseradish peroxidase (HRP) labeled insect enzyme 
complex) was used. A 50 μL aliquot (10 μL of tested enzyme solution + 40 μL of sup-
plied sample diluent) was transferred to the antibody-coated 96-well plate and the enzy-
matic activity was performed as described by the manufacturer’s protocol: the plate was 
first incubated at 37 ℃ for 30 min, then the plate was washed by the washing solution for 
five times, after that, 50 μL of HRP-labeled antibody was added to the sample well, and 
then repeated the incubation and washing step. After washing, 100 μL of TMB (Tetrameth-
ylbenzidine) chromogen solution was added as substrate and incubated for another 10 min 
at 37 ℃. Finally, 100 μL of stop solution was added and incubated at 37 ℃ for 15 min, and 
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the optical density (OD) value was measured using the Tecan Multimode Reader Platform 
(Spark M200, Grading, Austria) with the wavelength of 450 nm. The linear standard curve 
was established (using the standard solution within the kit, the series of standard activities 
of the standard solutions (U/L) were set as ‘X’, and the corresponding OD values were set 
as ‘Y’) in parallel with the tested samples. The activity of each enzyme was presented as 
U/L (calculated via the standard curve).

Statistical analysis

The data were analyzed using GraphPad Prism v.8.0 (GraphPad Software, San Diego, CA, 
USA) and IBM SPSS v.19.0 (IBM, Armonk, NY, USA) after checking for normality and 
homogeneity of variance. If necessary, data were transformed to normalize the error vari-
ances using log or square-root transformation. The effects of MeJA treatments on egg pro-
duction, adult longevity, egg stage, and development duration were analyzed using one-
way ANOVA. Statistical analysis of enzyme activity between treatment and control within 
the same day was based on Student’s t-test with the level of significance α = 0.05. To bet-
ter interpret the effect of variety and MeJA application on the performance and enzyme 
activity of TSSM, a two-factor multivariate analysis of variance (MANOVA) was further 
conducted, with MeJA treatment and cassava variety as factors and egg production, adult 
longevity, development duration or egg stage as dependent response variables. For enzy-
matic data, variety and treatment time were set as factors and activities of antioxidative, 
detoxification or digestive enzymes as dependent response variables.

Results

Mite performance on MeJA‑treated cassava seedlings

The egg productions of TSSM fed on MeJA-treated C1115 and KU50 cassava plants pre-
sented a decreasing trend when compared with their corresponding controls (Fig. 1A). In 
particular, the high concentrations (i.e., 0.2, 0.1 and 5 mM) (F5,30 = 21.30, P < 0.01) exhib-
ited significantly stronger suppression effect on fecundity than the control and low concen-
trations and (i.e., 0.008 and 0.04 mM) (F5,30 = 43.79, P < 0.01). Moreover, the MANOVA 
on egg production indicated significant effects of MeJA treatment (F5,60 = 52.03) and vari-
ety (F1,60 = 46.09, both P < 0.01). The MeJA treatment × variety interaction effect was not 
significant (F5,60 = 0.30, P = 0.91) (Table 1). In addition, the fecundity reduction rates were 
ranged from 4.13 to 22.99% in C1115, which were higher than those of KU50 (from 2.91 
to 21.81%), indicating that the TSSM-resistant variety C1115 showed better inhibition of 
egg production compared with the TSSM-susceptible variety KU50. 

The adult longevity of TSSM fed on MeJA-treated C1115 and KU50 cassava plants also 
presented a decreasing trend when compared with their corresponding controls (Fig. 1B). 
Similarly, the high concentrations (i.e., 0.2, 0.1 and 5 mM) (F5,30 = 30.28, P < 0.01) could 
better shorten the adult longevity compared with the control and low concentrations (i.e., 
0.008 and 0.04  mM) (F5,30 = 24.11, P < 0.01). MANOVA on longevity indicated signifi-
cant effects of MeJA treatment (F5,60 = 51.82, P < 0.01), whereas the variety (F1,60 = 0.49, 
P = 0.49) as well as MeJA treatment × variety interaction (F5,60 = 1.79, P = 0.13) effects 
were not significant (Table  1). These results demonstrated that MeJA application may 
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decrease the TSSM adult longevity, but would not differentiate the performance when fed 
on resistant or susceptible variety.

The development durations of TSSM fed on MeJA-treated C1115 (F5,30 = 5.37) and 
KU50 (F5,30 = 20.25, both P < 0.01) cassava plants were significantly prolonged when com-
pared with their corresponding controls (Fig.  1C). MANOVA on development duration 
indicated significant effects of MeJA treatment (F5,60 = 14.48) and variety (F1,60 = 20.03, 
P < 0.01). The MeJA treatment × variety interaction effect was not significant (F5,60 = 0.28, 
P = 0.92) (Table  1). In addition, the duration increasing rates were ranged from 5.18 to 
13.46% in C1115, which were higher than those of KU50 (from 4.86 to 10.52%), indicating 

Fig. 1   Effects of different concentrations of methyl jasmonate (MeJA) treatment on the performance of two-
spotted spider mite: mean (± SE) A egg production (no. nymphs/female), B adult longevity (days), C devel-
opment duration (h), and D egg stage (h)

Table 1   MANOVA testing for the effect of  cassava variety (C1115 or KU50) and MeJA treatment (0, 
0.008, 0.04, 0.2, 1 and 5 mM) on two-spotted spider mite egg production (no. nymphs/female), adult lon-
gevity (days), development duration (h) and egg stage (h)

Factor/Source DF Egg production 
(no. nymphs/female)

Adult longevity 
(days)

Development 
duration (h)

Egg stage (h) 

F P F P F P F P

Variety 1 46.09  < 0.01 0.49 0.49 20.03  < 0.01 4.616 0.036
Treatment 5 57.94  < 0.01 51.82  < 0.01 14.48  < 0.01 68.63  < 0.01
Variety × Treatment 5 0.30 0.91 1.79 0.13 0.28 0.92 0.23 0.95
Residual 60
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that the TSSM-resistant variety C1115 slowed development more than the TSSM-suscep-
tible variety KU50. Similar results were seen for the egg stage: significant effects of MeJA 
treatment (F5,60 = 68.63) and variety (F1,60 = 4.62, P = 0.036) were observed on egg stage, 
but their interaction effect was not significant (F5,60 = 0.23, P = 0.95) (Table 1). Addition-
ally, MeJA treatment significantly prolonged the egg stage on both C1115 (F5,30 = 48.64) 
and KU50 (F5,30 = 26.54, both P < 0.01) and C1115 rendered better performance (Fig. 1D).

In summary, the higher concentration exhibited better performance in hindering the 
normal development and reproduction of TSSM, on the other hand, for either C1115 or 
KU50, 0.2, 1.0 and 5.0 mM of MeJA were the concentrations that significantly suppressed 
the fecundity and longevity, and significantly prolonged the development duration and egg 
stage, besides, there was no statistically difference among those three concentrations, there-
fore, we finally chose 0.2 mM as the optimal concentration for further enzymatic assay.

Activities of antioxidative enzymes in TSSM fed on MeJA‑treated cassava seedlings

As Fig.  2 depicts, when fed on MeJA-treated C1115 or KU50, the activities of SOD 
(Fig. 2A) and CAT (Fig. 2B) in TSSM were all significantly increased (all P < 0.01) com-
pared with their corresponding controls (enzyme activities from TSSM fed on MeJA-free 
plant at the same sampling time). More specifically, the activities of SOD in TSSM fed 
on KU50 and C1115 increased by 2.2-, 3.5-, 2.9- and 5.4-fold, and 2.4-, 5.0-, 9.6- and 

Fig. 2   Effects of methyl jas-
monate (MeJA)-treated cassava 
seedlings on the antioxidative 
enzyme activities of two-spotted 
spider mite at 1, 2, 4, and 
8 days after treatment. * and ** 
indicates significant differences 
between control and MeJA 
treatment at 0.05 and 0.01 levels, 
respectively. A SOD (superoxide 
dismutase); B CAT (catalase 
peroxidase). Embedded figures 
represent the fold change of 
enzyme activity for the two cas-
sava varieties
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5.2-fold, respectively, when compared with controls (corresponding to 1, 2, 4 and 8 days 
post treatment (dpt), respectively) (see the embedded panel in Fig. 2A), besides, the activi-
ties of CAT in TSSM fed on KU50 and C1115 increased by 17.3-, 9.1-, 7.9- and 16.3-fold, 
and 16.0-, 21.9-, 78.7- and 36.2-fold, respectively, when compared with controls (Fig. 2B). 
MANOVA on fold change of enzyme activity indicated significant effects of TSSM infesta-
tion time, variety and their interaction on SOD and CAT activity (Table 2). 

Activities of detoxification enzymes in TSSM fed on MeJA‑treated seedlings

As depicted in Fig. 3, when fed on MeJA-treated C1115 or KU50, the activities of CYP450 
(Fig. 3A), GSTs (Fig. 3B) and CarE (Fig. 3C) in TSSM were all significantly increased (all 
P < 0.01) compared with their corresponding controls (enzyme activities from TSSM fed 
on MeJA-free plant at the same sampling time) except GSTs activity (KU50) at 1 dpt. More 
specifically, the activities of CYP450 in TSSM fed on KU50 and C1115 increased by 3.7-, 
5.1-, 12.3- and 12.1-fold, and 13.2-, 6.4-, 24.6- and 71.3-fold, respectively, when compared 
with controls (corresponding to 1, 2, 4 and 8 dpt, respectively) (see the embedded panel in 
Fig. 3A). The activities of GSTs in TSSM fed on KU50 and C1115 increased by 1.2-, 1.7-, 
1.9- and 1.6-fold, and 2.0-, 2.4-, 2.2- and 2.7-fold, respectively, when compared with con-
trols (Fig. 3B), besides, the activities of CarE in TSSM fed on KU50 and C1115 increased 
by 4.8-, 3.3-, 9.4- and 5.7-fold, and 6.2-, 28.9-, 20.9- and 36.0-fold, respectively, when 
compared with controls (Fig. 3C). MANOVA on fold change of enzyme activity indicated 
significant effects of TSSM infestation time, variety and their interaction  on CYP450, 
GSTs and CarE activity (Table 2).

Activities of digestive enzymes in TSSM fed on MeJA‑treated seedlings

As depicted in  Fig.  4, when fed on MeJA-treated C1115 or KU50, the activities of 
AMY (Fig.  4A), PRO (Fig.  4B) and INV (Fig.  4C) in TSSM were all significantly 
upregulated (all P values < 0.01) compared with their corresponding controls (enzyme 
activities from TSSM fed on MeJA-free plant at the same sampling time) except INV 
activity (KU50) at 2 dpt. More specifically, the activities of AMY in TSSM fed on 
KU50 and C1115 increased by 2.6-, 1.9-, 1.7- and 2.6-fold, and 3.0-, 2.9-, 3.7- and 
2.1-fold, respectively, when compared with controls (corresponding to 1, 2, 4 and 8 
dpt, respectively) (see the embedded panel in Fig. 4A). The activities of PRO in TSSM 
fed on KU50 and C1115 increased by 1.9-, 2.4-, 2.4- and 2.1-fold, and 4.7-, 3.4-, 
4.4- and 2.4-fold, respectively, when compared with controls (Fig.  4B), besides, the 
activities of INV in TSSM fed on KU50 and C1115 increased by 1.2-, 1.1-, 1.3- and 
1.5-fold, and 1.4-, 1.5-, 1.9- and 3.2-fold, respectively, when compared with controls 
(Fig. 4C). MANOVA on fold change of enzyme activity indicated significant effects of 
TSSM infestation time, variety and their interaction on AMY, PRO and INV activity 
(Table 2).
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Discussion

MeJA application could activate plant defense response against TSSM, this phenomenon 
was demonstrated in several different plants (Montazersaheb et  al. 2021; Rohwer and 
Erwin 2010; Warabieda and Olszak 2010). By contrary, whether MeJA also possesses 
identical effect on cassava remains unknown. In present study, both a TSSM-resistant vari-
ety C1115 and a TSSM-susceptible variety KU50 treated with MeJA presented negative 

Table 2   MANOVA testing for 
the effect of cassava variety 
(C1115 or KU50) and two-
spotted spider mite infestation 
time (1, 2, 4 and 8 dpt) on 
protective, detoxification and 
digestive enzyme activities

Variables Factors DF F P

Protective enzyme
 SOD activity Variety 1 59.39  < 0.01

Infestation time 3 39.69  < 0.01
Variety × Infestation time 3 35.41  < 0.01
Residual 16

 CAT activity Variety 1 29.35  < 0.01
Infestation time 3 7.42  < 0.01
Variety × Infestation time 3 11.14  < 0.01
Residual 16

Detoxification enzyme
 CYP450 activity Variety 1 121.76  < 0.01

Infestation time 3 76.07  < 0.01
Variety × Infestation time 3 47.52  < 0.01
Residual 16

 GSTs activity Variety 1 102.17  < 0.01
Infestation time 3 11.86  < 0.01
Variety × Infestation time 3 5.37  < 0.01
Residual 16

 CarE activity Variety 1 206.66  < 0.01
Infestation time 3 29.12  < 0.01
Variety × Infestation time 3 30.62  < 0.01
Residual 16

Digestive enzyme
 AMY activity Variety 1 96.39  < 0.01

Infestation time 3 7.51  < 0.01
Variety × Infestation time 3 53.86  < 0.01
Residual 16

 PRO activity Variety 1 339.84  < 0.01
Infestation time 3 39.25  < 0.01
Variety × Infestation time 3 46.81  < 0.01
Residual 16

 INV activity Variety 1 88.72  < 0.01
Infestation time 3 39.11  < 0.01
Variety × Infestation time 3 18.54  < 0.01
Residual 16
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effects on TSSM in terms of reducing egg production and adult longevity as well as pro-
longing development duration and egg stage. Our results are in agreement with a previ-
ous study demonstrating prolongation of protonymph, deutonymph and total pre-adult 
period of TSSM, while they fed on MeJA-treated kidney bean (Montazersaheb et al. 2021). 
Another study stated that MeJA application can reduce TSSM proliferation rate on impa-
tiens and pansy (Rohwer and Erwin 2010). Moreover, there was a dose–effect relationship 
between herbivore performance and MeJA concentration, as the effect that different con-
centrations of MeJA posed distinct induced resistance to insect herbivores had been well 
documented (Puentes et al. 2021; Yang et al. 2013; Zhang et al. 2015). In this study, five 

Fig. 3   Effects of methyl jas-
monate (MeJA)-treated cassava 
seedlings on the detoxification 
enzyme activities of two-
spotted spider mite at 1, 2, 4, 
and 8 days after treatment. * 
and ** indicates significant 
differences between control and 
MeJA treatment at 0.05 and 0.01 
levels, respectively. A CYP450 
(cytochrome P450); B GSTs 
(glutathione S-transferase); C 
CarE (carboxylesterase). Embed-
ded figures represent the fold 
change of enzyme activity for the 
two cassava varieties
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MeJA concentrations (0.008, 0.04, 0.2, 1.0 and 5.0 mM) were tested, and the mites per-
formed more poorly while fed on cassava plant that treated with high concentrations, i.e., 
0.2, 1.0 and 5.0 mM, additionally, there was no statistically difference among these three 
concentrations. Furthermore, several studies indicated that improper use of MeJA could 
cause potential phytotoxicity to plants, i.e., negative impacts on plant growth and flower-
ing, reducing yield (Bhavanam and Stout 2021; Boughton et  al. 2006; Kraus and Stout 
2019), taking the above factors into account, 0.2 mM was selected as the optimal concen-
tration for the following enzyme assays.

Fig. 4   Effects of methyl 
jasmonate (MeJA)-treated 
cassava seedlings on the 
digestive enzyme activities of 
two-spotted spider mite at 1, 2, 
4, and 8 days after treatment. 
* and ** indicates significant 
differences between control and 
MeJA treatment at 0.05 and 0.01 
levels, respectively. A AMY 
(amylase); B PRO (protease); 
C INV (invertase). Embedded 
figures represent the fold change 
of enzyme activity for the two 
cassava varieties
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Plants treated with MeJA will induce many defensive components, such as plant defen-
sive proteins, protective enzymes and toxic secondary metabolites, which presents negative 
effect on the feeding, growth and development of insect herbivory (Puentes et  al. 2021; 
Sripontan and Hwang 2016; Wei et  al. 2021; Yan et  al. 2021). Correspondingly, insect 
herbivory usually adjust their feeding habits (Cao et al. 2014), digestive physiology (War 
and Sharma 2014), host selection (Sanches et al. 2017; Slesak et al. 2001) and oviposition 
behavior (Disi et al. 2017) to protect them from stress damage. While applying MeJA as 
elicitor, previous studies basically focused on the enhanced defensive response in plant, or 
the visible performance change of insect pest, nevertheless, the internal biochemical pro-
cesses in herbivory attracted less attention. Therefore, this study aims to the explore the 
activity alternations of antioxidative, detoxification and digestive enzymes in TSSM.

SOD, CAT and POD are important antioxidative enzymes in insects involved in pro-
tecting the organism against high concentrations of reactive oxygen species (ROS) (Zhang 
et al. 2014). SOD convert O2

− into H2O2 and O2. CAT and POD are activated to catalyze 
the H2O2 into H2O and O2 (Felton and Summers 1995; Lushchak 2014; Lyakhovich et al. 
2006). The present study demonstrated that TSSM fed on MeJA-treated C1115 and KU50 
showed significant elevation of SOD and CAT activities than controls. Our results are in 
line with a previous study in which Clostera anachoreta larvae fed on MeJA-treated Popu-
lus showed increased SOD and CAT activities (Tianzi et al. 2018). The elevation in anti-
oxidative enzyme activity suggested that feeding on MeJA-treated cassava produced exces-
sive ROS in TSSM. The MeJA treatment activated the antioxidative enzymes of TSSM 
were responsible for detoxifying ROS and alleviating oxidative damage.

CYP450, GSTs, and CarE are important detoxication enzymes involved in metabo-
lism of synthetic pesticides and plant allelochemicals via oxidation, reduction, hydroly-
sis, sequestration and conjugation (Després et al. 2007; Heidel-Fischer and Vogel 2015). 
In present study, the CYP450, GSTs and CarE activities in TSSM fed on MeJA-treated 
C1115 and KU50 were all up-regulated. These increased enzyme activities may attribute to 
xenobiotics defense and normal physiological function maintenance. These results are con-
sistent with a previous study in which C. anachoreta larvae fed on MeJA-treated Populus 
showed increased GSTs and CarE activities (Tianzi et al. 2018). By contrast, the study con-
ducted by Yang et al (2022) indicated that cotton bollworm feeding on JA-treated cotton 
plant presented lower GSTs, CYP450 and CarE activities compared with control. In addi-
tion, the activities of CarE and GSTs in adult Monolepta hieroglyphica were significantly 
inhibited when fed on MeJA-treated Rosa rugosa (Yan et al. 2021). We assumed the inhibi-
tion of detoxication enzyme activity might be due to the overwhelmed antioxidant system 
by the greater production of poisonous phytochemicals.

MeJA-mediated plant defense has been reported in many plant species involved in the 
induction activity of some anti-nutritional or anti-digestive proteins (Chen et al. 2005; Sun 
et al. 2011).The activity change of digestive enzymes in insect pest may reflect the palat-
ability of the host plant. It is reported that digestive enzyme activities of Spodoptera lit-
toralis on various mung bean cultivars may reveal the potential tolerance traits (Fard et al. 
2022). Here, the activities of digestive enzymes in TSSM were also induced when fed on 
MeJA-treated C1115 and KU50. It seems likely that the TSSM increased digestive enzyme 
activities to cope with the alteration of nutrients contents and types.

The induction of plant defense by MeJA treatment exhibited a plant variety-dependent 
pattern. Studies illustrated that the MeJA-treated insect-resistant plant varieties performed 
greater defensive induction compared with the susceptible ones, examples can be related 
to the interactions between groundnut genotypes and moths (War et  al. 2011a, b, 2015, 
War and Sharma 2014), in addition, the authors speculated that the stronger induction 
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of defensive chemicals and proteins, for instances, secondary metabolites like flavonoid, 
tannins and phenols, protective enzymes such as peroxidase and polyphenol oxidase, and 
other defensive compounds such as malondialdehyde and hydrogen peroxide, were attrib-
uted to the better apply effect on the resistant plant (War and Sharma 2014; War et  al. 
2015). However, the studies conducted on apple tree (Warabieda and Olszak 2010) and 
spruce (Puentes et  al. 2021) offered different results, in which the induced performance 
was basically equal for either resistant and susceptible plant varieties. These diverse results 
mentioned above suggest the necessity to reveal whether varietal-difference exists in cas-
sava while applying MeJA. By employing two-factor MANOVA (including variety as a 
factor), the significant effect of variety on the MeJA apply effect was demonstrated. We 
found that the resistant variety C1115 can better inhibit the development and reproduction 
of TSSM, moreover, several defense-related enzymes were induced to significant higher 
level, in comparison with the susceptible variety KU50. In a recent study, five years of field 
experiments found that without applying any plant protection agents, C1115 can effectively 
reduce the TSSM population and leaf infestation, and maintain more than 60% of the yield, 
while KU50 suffered serious damage and yield loss (Liang et al. 2022). The present study 
provides promising prospect in combining used of resistant variety and plant elicitor to 
acquire better TSSM control effect. However, more effort should be devoted to verify this 
potential synergistic effect, besides, whether MeJA application may result in yield reduc-
tion should also be examined.

In conclusion, exogenous application of MeJA induced cassava defense response against 
TSSM, besides, the TSSM-resistant cassava variety C1115 possessed better capability in 
resistance strengthening than the TSSM-susceptible variety KU50. In addition, this study 
can elucidate the MeJA-mediated plant defense activation mechanism from physiological 
and biochemical perspectives of insect pest.
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